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What time it 1?

What is the Univ
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[1me Coordinated?



Timescale: the # coordinate of a spacéme system

From the observation of a position,

based on Newtoniatynamics nvnan::: T:::: scﬂlﬂ

to the time coordinate

From theintegratecaccumulation
of time units, defining an origin Inlegr,.n-.l Tima scale
‘I‘V'I .

to a proper time scale
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Dynamic Time Scale

Time is the parameter of a mathematical equation
describing the dynamics of an observable system

For any configuration of the dynamical system a uniqt
(or distinguishable) time instant is associated

Example:Keplerolaw gives a relation between observed
positions of the Earth and particular time instants

Measuringiime means measuringosition

A coordinating organisation is needed,

Bureau

1 Infernational des time unit is not directly accessible
oids et
T 4 Mesures ’



el

 Time Scale

-

Error of the yuiami

Observation errors

] Mecrease as technology improves

Definition errors

| Ain the mathematical equations
g!’f Ain the knowledge of initial conditions
Aimperfect knowledge of influencing factors
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Integrated Time Scale

Let 0s take a physical system
two identifiable different states. If the time interval
between the two states is constant

< we can define a unit of time

Choosing arbitrarily an origin and summing up successive time
units (without dead time)

< we build up a time scale.

Any time interval is easily measured as difference betwe
s, 1Naland initial dates, the time unit is easily accessible
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Frror of the Integrated Time scale

Definition errors
g  Athe origin has not a unique definition

Realisation errors

| Adifficult to reproduce the time unit always in same
g!’f conditions
Aif the time unit realisation differs from the definition,
the error accumulatesdthe realised time scale
diverges from the definition



For centuries

The time was given by the rotating Earth

PR

G

on which we set the clock

From 1967

PR The time is given by atomic clock

used to study Earth rotation
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Along centuries...

Adayandnightarethefi n a t tinte anit o

Ait was observedhat during the yearthe length of day
changedutthei Me &atarD a ywasdeemedtonstant

andUniversal

—
==
<D

Univg

AJniversalSecond = 1/86400 of rotational day (Mean

Solar Time)
A 884Greenwichreferencemeridian

A 925 International Astronomical Union fixes the

B‘;rr,f::’nqﬁond des beginningof the meansolarday at h. 00 anddefinesthe
T Poids et _ _
} Mesures UniversalTime
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Univer-! Time

the rotation rate Is constant?
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Polar motion

Suspected around 1850 from astronomers

The Polar
is higher!

Polar motion can be measured but is not
predictable
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Polar motion
Solid line : mean pole displacement,

Figure 1 1: Polar motion, 1995-1998. Eawrralue of Tshle O0-4.
dolide line: mean pole disgd scement, 15900 19497

http://Www.iers.org InternationalEarth Rotation andReferencéSystemsService
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http://www.iers.org/

http://www.iers.org

Pole coordinates (xp,-yp)
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year Atmospheric excitation in 2010
Units and conversion  of units
1 149 597 numerical
astronom UA 870.691( km 0'0200 IERS
ical unit 6) Standards
From milliarcseconds (mas) to

radians

What represents an arc of 1mas
from the center of the Earth at
distance equal to the polar radius
(6 356 755 m)?

Conversion of arc units in hour,
minute, second to arc units in
degre , arcminute , arcsecond

1 mas =4.8481 (1) 10-° rad

3.1(1) cm
24h=360 ° 1h=15 °
1 min = 15' 1s=15"

1 ms =15 mas
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http://hpiers.obspm.fr/eop-pc/images/lod.png
http://hpiers.obspm.fr/eop-pc/images/lod.png
http://hpiers.obspm.fr/eop-pc/images/pole.png
http://hpiers.obspm.fr/eop-pc/images/pole.png

Seasonalvariation:
in summerwesspindaster

e A.Scheibe 1936 in Berlin N~ -

« N. Stoykg 193 in Paris (BIH) jk l

with crystal clock the day was measured shorter of about 1.2 ms
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Variations
In the duration of the
day

http://www.iers.org
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Total rariation, sond tides are remored
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Hessonal meillation
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Recidual cecillation
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Effect of sonal tides, pariods up 10 35 dayrs

Figure II-5: Vari stions in the dararion of the day
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Secutarssiovwing/dawn

Advance of one second per ye

LENGTH OF DAY exceeding86400 s

M

Delay of one second per year

N O
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The Universal imewasimproved

UT = Universdlimescale

UT1 = Universdlimecorrectedby polar motion

UT2 = Universdlimescale correctedby seasonalariations
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XikM60m pc n

Athe i r e v o |ofitheiEarth aroundthe Sun s
constant

Avieasuringthe longitudeof the Sunandusingthe
equationof theapparenSunorbit

AThe newtime scale EphemerisTime startsfrom

Ephe| S Time h. O UT of Januaryls, 190Q

ATime unit is the EphemerisSecond=
1/31 556 925.9747 of the tropical year on day
January 0, 1900

that duration!
Aany new definition of the Second has to be in
agreement with the previous one. For continuity
with UT, this is the duration of the second in 1900

Bureau in 1960 this duration was
International des already shorter than 1/86¢
1 T Poids et of the Mean Solar D%
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Xik 3

Aton
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M@CT

Time

AAtomic Second= 9 192 631 770 periodsof the

radiationcorrespondindo the transitionbetween
thetwo hyperfinelevelsof the groundstateof the

Csl133atom

Airst comesthe second then the time scale in
1971 Temps Atomique International TAl,
InternationalAtomic Time

ATAI startsfrom h. 0 UT of Januarylst, 1958

Arhe lengthof the atomicseconds in agreement
with the Ephemerisecond

therefore shorter
than 1/86400 of the
MeanSolar Day

19



So farwe havelearnt that the Atomic Seconds, by definition,
shorterthanthe current RotationalSecondUniversalTime

becausat wasdefinedin agreementwith
the duration of the RotationalSecondn 1900 and
the Earthis (slowly!) slowingdown
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In a relativistic fframe

Any clock realissa properlocal time ()

Theaverage of many different proper
times may be aoordinatdime
(as the International Atomic Time)
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Thelnternational Astronomical Uniorecommends time scales
and reference frames for the different applications in
Geocentric o6olarSystemBarycentricframes.On theEarthor
In thevicinity (50000 km) theeferencdime scale (1991js the

Terres! Jar-Time

The Terrestrial Time is @ordinatedime scale defined

In ageocentriaeference framecénteredat the centre

of the Earth), with scale unit the Sl second as realised
on therotatinggeoid i.e. differing by a constantate

with respecto ageocentricclock
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The Sl seconds realised on the

The IS an empirical surface known with relative uncertainty c
about 167 . In addition, the velocity impacts at 1& level.

The definition of the Terrestrial Time@asupdated AU 2000) as

The Terrestrial Time is @& time scale defined
In a reference framecenterecht the centre
of the Earth), with scale unit the Sl secatiffiering

by a constantateL ;= 6.969290134 *10° with
respecto ageocentriaclock.

Bureau L;equalsUg/c? where U, is thegeopotentialat the geoid
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The [nternatic l Atomic Time

IS the best realisation of the Terrestrial Time

But which isNOW the angular position of fheEA‘ rH?
I
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Some users need to know the relationship between the
Universal Time UT1 (rotational) and the Atomic Time

e nnnvdinat

TheUniversal Coordinated Tim@JTC)isa
tradeoff definedwith thesame time unit as TAI
but with insertion of additionaéapsecond

TAI-UTC =n seconds n=0,°1"° 2, ...

IUT1-UTC| < 0.9 s

UniversalTimeUTO,
UT] uTtT2, ..
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Universal Coordinated Time and leap seconds

07,

UTC - TAI

_5:
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year

Last leap
second
Dec31, 2016

Today
TAIl - UTC
=37s
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File Modifica Visualizza Cronclogia Segnalibri Strumenti  Aiuto v “ - =

|ERS Home IERS *® | http://datacent.../5Rgv/latest/16 W+
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datacenter.iers.org/web/guest/eop/-/somos/5Rgv/latest/16 E’— (

INTERNATICHNAL EARTH ROTATICHN AND REFERENCE SYSTEMS SERVICE (IERS)
SERVICE INTERNATICHNAL DE LA ROTATION TEREESTRE ET DES SYSTEMES DE REFERENCE
SERVICE DE LA ROTATICH TERRESTRE DE L'IERS

CBSERVATCIRE DE PARIS
6l, Av. de 1'Cbservatoire 75014 PARIS (France)

Tel. : 33 (0) 1 40 51 22 26
Fax 1 33 (0) 1 40 51 22 91
e-mail : gervices.iers@cbspm.fr

http://hpiers.obspn. fr/eop-pc

Paris, 5 January 2015

Bulletin C 49

To authorities responsible for the measurement and distribution of time

UTC TIME STEP
on the 1st of July 2015

A positive leap second will be introduced at the end of June 2015.
The sequence of dates of the UIC second markers will be:

2015 June 30, 23h 58m 55s
2015 June 30, 23h 55m &0s
2015 July 1, Oh Om Os

The difference between UIC and the International Atomic Time TAT is:

from 2012 July 1, Oh UTC, to 2015 July 1 ©Oh UTC : UTC-TAI - 3Es
from 2015 July 1, 0Oh UTIC, until further notice 1 UIC-TAI = - 363

Leap seconds can be introduced in UIC at the end of the months of December
or June, depending on the evolution of UT1-TAT. Bulletin C is mailed every
six months, either to announce a time step in UIC or to confirm that there
will be no time step at the next possible date.

Daniel Gambis

Head

Earth Orientation Center of IERS
Cbzervatolire de Pari=s, France



Leap seconds are
useful or annoying?

= |dea first raised in public in 1999

Source:
GPS World
Nov 1999

{ational
Aeasurement
iystem




Global Positioning System: navigation and timing services

GPS time was set in agreement with UTC on h. 00 Jan 6, 1980

UTCG GPS Time

UTC- GPS Time=18s

UTC- GPS Time=17s
o—

UTGC GPS Time=0s

r T
06/01/80 31/12/2016 1/1/2017

v

The accumulate time difference between UTC
and GPS time is now of 18 seconds. GPS time is ahead 18 s

Bureau
T International des

T Poids et 29
4 Mesures



Leap seconds in Global Navigation Satellite System time scales

GNSSprefernot to applyleapsecondgexceptGLONASS)eir time scalas
easilyavailableall over the world inside th@avigationmessagereference
time scalediffer from seconds source of CONFUSION!!!

utc  GLONASS time

ﬂloou time

23S GPS
= time
- — o 1
o & ° fﬂ- GALILEO time ?
E .
= TA
_5 1 1 1
1970 1980 1990 2000 2010
Year
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Shouldwe abandonleapsecond?

BIPM press release 13 October 2011

The proposed redefinition of Coordinated
Universal Time, UTC

Today, leap seconds keep UTC, a time sca
based on atomic clocks, in phase with the

slightly variable rotatlon of the Earth.
The possibility of

popular press as t0"w .
There are an increasing number of users o
precise timing for whom the leap second
causes serious technical problems.
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———-

_ - [MNTERMATIONAL Special Rapporiear Group 7A

Leap Seconds are LAY TELECOMMUNICATION [TNION mﬂﬁ';‘:'tl'ﬁ:u'-’t-‘lﬁ_i_;'.'!I!I!xnﬂmt
useful or annoying? ‘w
\""- o

The current ‘ '
proliferation of time Colloquium on the UTC Timescale

scales is generating Torino. 28-29 May 2003

confusion and -
possible danger

RADICOCOMMUNICATION
STUDY GROUPS

Severainternationalorganisationsreatedworking
groupsto evaluatethisissue In November2015I1TU
GeneralAssemblydecidednot do changetill 2022.1TU
would continue to be responsible for the dissemination
of time signals vieadiocommunicatiorand BIPM for
establishing and maintaining the second of the
International System of Units (SI) and its disseminatior
through the reference time scale.

Rendez/ousin 2023 at the next ITU World Assembly
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Coordinated sal Time. (UTC)

¢ UTC is the reference time scale for world wide time

coordination.

¢ It serves as the basis of legal times in the different

countries.

¢ UTC is calculated at the BIPM on the basis of readings of

clocks in the national laboratories.

¢ Local realizations of UTC named UTC(k) are broadcast by

time signals.






The International Atomic Timand the
Universal Time Coordinated atiee ultimate
time referencéutavailable

In-defered-time

Local time scale UTC(k) are
realised by national laboratories

In-re: <time

. The UTC computation is international, the lotale scale UTC(K)
uredu

1 Infernational des @r€ based on similar principles (sdeldotomorrow)

T Poids et 35
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Geographical distribution of the laboratories that contribute to TAIl and time transfer equipment (2018)

= Two-way and GNSS Equipment
e GNSS Equipment




Computation of UTC (monthly) at the BIPM

° 500 atomic clocks weightedaverageE AL Echelle
in 80 laboratories Atomique Libre N
freq stability
3 x 1016
S RRRRAREEEESRE l @ 30-40 days
© 10 primary frequency | frequencysteerin :
International
standards gT -
| Atomic Time

I R B O R R RETSIR S P

freq accuracy ~1016

leap seconds
| ERS)

Measurement of
Earth’ s ro

UTC

Coordinated
Universal Time

tation (

>[UTC— UTQk)] I BIPMCircular TI
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Ime error

time
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Ime error

time
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About 500 Clocks participating in TAI

A Cesium clocks 60%
A Hydrogem masers
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Remote clock comparison

Evolution of time linkand uncertaintiesince 2000 ;2

usz/ CA/IGNSS navigation systems
20 Hb-------cmmmmm e
7)) :
c
> M
T o ug/ CA/IGNSS
= O P
g > 7
g = L
e ZE 2 U/ CAIGNSS/
D) % 5 =k
= 4 GNSS
Ua
3 [ :
ug /GNSS/since 2015
O BERREt Ch R E Rt e L b ug/ TWSTFT Two Way Satellite Time Frequency Transfer
I Il Bat s vvalh e N S | SW Defined Receiver
e, .Optical fibre
0 GPB SA ON | Off MC/CVTW MCICV ~ P3/AV TW/PPP TW+PPP  O.F. e
2000 2003 2004 2005 2009 2012 2018 year




Primary and secondary frequency standards

A Primaryandsecondargtandardseportedo the BIPM

2016: 56 reportfrom 8 fountains(the bests slightly below2x1016)

2017: 45 reportfrom 7 fountains+ 2 opticallattices

Primary Type Type B std. Uncertainty Qperation Camparison Number/typical duration
Standard /selection / 10-15 with of camp.
IT-CsF2 Fountain 0.17 Discontinuous Hmaser 3/20dto30d
NIM5 Fountain 1.4, then 0.9 Discontinuous Hmaser 3/15dto20d
PTB-CS1 Bean Mag. 8 Continuous TAI 12 /25d to35d
PTB-CS2 Bean Mag. 12 Continuous TAI 12 /25d to 35d
PTB-CSF1 Fountain 0.35 to 0.40 Nearly continuous Hmaser 7 /15d to 30d
PTB-CSF2 Fountain 0.20 to 0.24 Nearly continuous Hmaser 12 /20d to 35d
LJ-CsFO2 Fountain 0.24 Nearly continuous Hmaser 6 /15d to 35d
SYRTE-FO2 Fountain 0.24 to 0.37 Nearly continuous Hmaser 9/10d to 35d
Secondary Type Type B std. Uncertainty Qperation Camparison Nurber/typical duration
Standard /selection / 10715 with of camp.
SYRTE-FORb Fountain 0.28 to 0.30 Nearly continuous Hmaser 9/10d to35d
SYRTE-Sr2 Lattice 0.04 or 0.20 Discontinuous Hmaser 4 /10dto20d
SYRIE-SIB Lattice 0.05 Discontinuous Hmaser 1/15d -

A Development of new standards is encouraged

Cs fountains (~& currently under development)

Secondary Frequency Standardssarenglyexpected to contribute




Primarystandardscalibratethe frequencyof the
Echelle Atomique Libre EAL

f(EAL)-f(PSFS)

® NIST-F1
NIST-F2
FPTB-CSF1
® PTB-CSF2
® SYRTE-JFPO
SYRTE-FO1
SYRTE-FO2
® SYRTE-FOM
® |T-CSF1
IT-CSF2
NPL-CsF1
NPL-CsF2
NICT-CsF1
SU-CsFO2
NIM-NIMS
NMIJ-F1
NPLI-CsF1
KRISS-1
SYRTE-FORD
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FromEAL to TAVith the PFSteering

f(TAI)-f(PSFS)

G/ sirce 2012
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N

= 0.4 AcC Cc urZaq
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L=
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-0.6 i

2012 2018
-0.8 | . . =
56000 58000
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Periodof estimation d departureof TAI unit u
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5829958329 0.63x1015 0.25x10'
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ftp://ftp2.bipm.org/pub/tai// CirculafT/cirthtm/cirt.367.html

UTC.-UTC(l: \PM.Circular

Bli':::nationc] des CIRCULART367 ISSN 1143-1393
’ Poids et
+ Mesures 2018 AUGUST 10, 12h UTC

BUREAU INTERNATIONAL DES POIDS ET MESURES
THE INTERGOVERNMENTAL ORGANIZATION ESTABLISHED BY THE METRE CONVENTION
PAVILLON DE BRETEUIL F-92312 SEVRES CEDEX TEL. +33 1 45 07 70 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 "
wailable at fip://fip2 bipm org/pub/tai’publication/'notes/explanatory_supplement v0.1 pdf

© | _Difference between UTC and its local realizations UTC(k) and corresponding uncertamnties. From 2017 Janvary 1, Oh UTC, T4I-UTC =37 5.

23496 24157 24713 25330 - - 21 04 32 32
-46.5 -33.7 -36.6 -393 -384 -38.9 =577 07 31 31
- - - - - 15.7 146 30 113 117

-03 -0.7 -0.2 03 0.0 0.0 -04 04 31 31
331 68.8 811 90.0 102.1 110.0 1281 04 78 78
-63.7 -33.6 -513 -35.9 -26.8 -35.8 -47.8 5.0 200 207
-9323 -930.6 -930.5 -929.1 -9313 -9333 -9469 04 32 52
=525 -71.0 -833 -883 -114.8 - 42 25 200 202
oo oA 24 A

DMDM  (Belgrade) 123
DTAG (Frankfurt/M) 123
EDM {Thessalonik:) 123
Bureau ESTC  (Noordwijk) 123

InternatiorfK0  (Hong Kong) 123

. ICE (San Jose) 123
T Poids et 45

IFAG (Wettzell) 123
l MeSU récNa (Buenos Aires) 123

TAADLT Fd ~ ey %

Date 2018 0h UTC JUN30 JULS JUL10 JUL15 JUL20 JUL25 JUL30 Uncertainty/ns Notes

MID 38299 58304 58309 58314 58319 58324 58329 uy  wg o«
Laboratory k& [UTC-UTC(k)]'ns
A0S (Borowiec) 123 |/ 03 04 0.7 16 23 235 22 05 32 33
APL (Laurel) 123 |/ -14 -16 -14 09 2.6 33 38 04 110 110
AUS (Sydney) 123 |/ 35 2.6 03 18 -14.0 153 -160 04 64 64
BEV (Wien) 123 |/ 75 -16.5 173 238 231 2201 242 04 31 32
BIM (Sofiva) 23 [/ - - - - - - -
BIRM  (Beijing) 123 |/ 6.8 104 12.0 13.0 124 103 105 05 31 31
BOM (Skopje) 123 |/ 3735 - - - - - 5244 15 82 83
BY (Minsk) 123 |/ 0.6 0.6 14 14 14 235 29 15 122 123
CAO (Cagliari) 123 |/ - - 33490 54416 -53404 56424 57338 15 200 201
CH (Bern-Wabern) 123 |/ 15 -14 12 1.1 0.7 1.7 09 04 22 22
CNES  (Toulouse) 123 |/ 0.1 0.2 12 18 14 47 08 0 46 46
CNM (Queretaro) 123 |/ 38 6.8 18 235 73 6.3 63 25 112 115
CNMP  (Panama) 123 |/ 223 8.8 1.0 -10.9 -143 8.1 370 74 74
DENT  (Tunis) 123 |/ 31694.6 2212 393.0 586.1 7762 9821 11781 07 200 201 (D)
DLR {Oberpfaffenhofen) 23 [/ - - - - -

%

2

2

%

2

2

%

/,

W

0 o A7 1 £ N1 N2


ftp://ftp2.bipm.org/pub/tai/Circular-T/cirthtm/cirt.367.html

Since 2013 a rapid evaluation of UT@wvailable

every week,
on Wednesdays

the resultsare

UTCr. ITC (k)

In the previousveek (MondaySunday)
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4 Mesures
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Results are available In th

Atabase http://webtai.bipm.org/databasé

and https:// www.bipm.org/en/bipmservices/timescales/tim&p

+ Allows to generate dynamic
plots using Time Department ol A

products :

i UTGUTC(K)

i UTCRUTC(K)

U UTCGNSS Times

Nanoseconds
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\ /\4 ] N
500 ﬂ/V \ / \\V \ // \\\\
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S

-1000
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2

>
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Modified Julian Date

UTC-GNSS Time
UTCr-UTC(CNM)
= UTC-GPS Time = UTC-GLONASS Time
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© 2 10 | ; y Y
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s - Modified Julian Date
Modified Julian Date
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http://webtai.bipm.org/database/
https://www.bipm.org/en/bipm-services/timescales/time-ftp

ftp://ftp2.bipm.org/pub/tai/other -products/etoile/et18.07
--- Fractionnafrequencyof EAL for CirT.367 TAI367

Measurements in 10**-13

Code Standard Start End f(EAD-f(st.)Unc.A Unc.B  Coef Residual Norm.Res
1920001 PTBS1 57934 57964. 6.53409.06001 0.08000 0.000003 0.03940 0.39401
1920002 PTB CS2 57934 57964. 6.55145 0.03003 0.12000 0.000002 0.05676 0.45888
1920803 OP FO2 57934 57944. 6.49370 0.00930 0.00240 0.0008830099-0.10269
1920803 OP FO2 57949 57964. 6.50082 0.00552 0.00240 0.000700 0.00613 1.01903
1920502 PTB CSF27934 57954. 6.50325 0.00275 0.00240 0.001964 0.00856 2.34622
1930803 OFFORDb 57934 57944. 6.49550 0.00775 0.00662 0.000296 0.00082 0.08027
1930803 OFFORDb 57949 57964. 6.49592 0.00597 0.00662 0.000319 0.00124 0.13889
1920001 PTB CS1 57964 57994. 6.57614 0.06002 0.08000 0.000002 0.08145 0.81444
1920002 PTB CS2 57964 57994. 6.50245 0.03005 0.12000 0.000001 0.00776 0.06276
1924801 NIM NIM557969 57989. 6.50262 0.00913 0.01400 0.000056 0.00793 0.47468
1920803 OP FO2 57964 57984. 6.50575 0.00467 0.00260 0.000710 0.01106 2.06992

# Estimate of d by individual PSFS measurements and corresponding uncertainties.

1
SUCsFO2 56684 56718.50 0.29 0.50 0.10 0.33 0.67 PFS/NA [3] 0.50 1403
SUCsFO2 56899 56929 0.85 0.24 0.25 0.10 0.33 0.49 PFS/NA T315 (@489
SUCSEP%,38929 56959 0.13 0.22 0.25 0.11 0.33 0.48 PFS/NA T315 OK(O0
SUCsFO2 56959 56989 0.53 0.23 0.25 0.11 0.33 0.48 PFS/NA T315 0501



Howsecondanyfrequencystandard

cancontributeto UTC ?

www.bipm.org
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They are already contributing

In Circular T there are the
PFS evaluations

In July 2015 we can see th
SYRTERDfountain

in March 2017 the SYRTE
Strontium standards

Secondary Standards
contribute to the steering o
TAIl since July 2013,
deemed not detrimental.

=> new column introduced

Standard Period of d u, u, Uyriin  Mirtan u urep Ref(u,) Ref(u,) u,(Ref) Note
Estimation

PTB-CS1 57199 57234 -9.80 6.00 &8.00 0.00 0.06 10.00 PFS/NA T148 8. (1)
PTB-CS2 57199 57234 -1.60 3.00 12.00 0.00 0.06 12.37 PFS/NA T148 12 (1)
1T-CsF2 57199 57229 0.09 0.29 0.30 0.12 0.20 0.48 PFS/NA T315 0.18 (2)
SYRTE-FO2 57199 57234 0.86 0.35 0.27 0.11 0.17 0.49 PFS/NA T301 0.23 (3)
SYRTE-FORb 57204 57224 0.87 0.20 0.31 0.11 0.28 0.48 1.3 [1] T301 0.32 (3)
SU-CsFO2 57199 57234 0.7¢ 0.19 0.25 0.13 0.51 0.61 PFS/NA T215 0.50 (4)
Notes:

(1) Continuously operating as a clock participating to TAl
(2) Report 29 JUL. 2015 by INRIN July 2015
(3) Report 03 AUG. 2015 by LNE-SYRTE
(4) Rogort 03 JUL. 2015 by SU
[1] CIPM Reconmendation 1 (CI-2013) : Updates to the list of stenderd frequencies in Proces-Verbaux

des Seances du Comite International des Poids et Mesures, 102nd meeting (2013), 2014, 188 p.

The second table gives the BIPM estinate of d, based on all available PFS and SFS measurements over the period MJD
56839-57234, taking into account their individual uncertainties and characterizing the instability of EAL as
noted above. v is the computed standard uncertainty of d

Period of estination d u
57199-57234 0.55x10%* 0.27x10°%* (2015 JUN 26 - 2015 JUL 31)

Standacd Pericd of d uh uB  ul/Lab ul/Tai u uSrep Ref(us) Ref(uB) uB(Ref)/Steer\ Note

Estimaticn
PTB=CS1 57784 57805 =-18.71 6.00 g.00 0.00 0.15 10.00 EFES/NA T148 8. ¥ {1)
PTB-CE2 S7784 37B0% -0.28 3.00 12.00 OQ.00Q 0.15 12.37 FFS/NA T148 12. ¥ {1}
SYRTE-FO2 57784 S780% -1.30 0.40 0.32 0.11 0.32 0.51 PFS/NA T301 0.23 ¥ {2)
SYRTE-FORb 57784 5780% -0.9%1 0.20 0.2% 0.11 0.32 0.4% 0.7 [i1 T328 0.34 T {2)
SYRTE-SRZ 56554 56964 g.81 0.20 0.04 0.10 0.53 0.57 0.5 [1] [21 0.05 N (3p
SYRTE-SRZ 57179 57199 0.486 0.20 0.04 0.10 0.28 0.36 0.5 (L] [2] .05 H {3)
SYRTE-SR2 57469 57479 -1.39 0.25% 0.20 0.11 0.53 0.63 0.5 [1] [21 0.0% .} (3}
SYRTE-SR2Z 57539 57554 -1.24 0.30 0.04 0.11 0.37 0.4%9 0.5 [1] [21 0.05 M {3)
SYRTE-SRE 5753% 57554 -1.22 0.25 0.05 0.10 0.37 0.48 0.5 [i [21 0.05 N {3)
PTB-CSF2 57779 3780% -1.36 0.0% 0.20 0.03 0.13 0.2¢ FFE/NA TZ87 0.41 ¥ {4}
Notes:
{1) Continuously operating as a cleeck partieipating to TAI

(2)
i3
(4)
(1]

Repart 03 MAR. 2017 by LNE-SYRTE

Report 16 AUG. 201& by LNE-SYRTE

Report 02 MAR. 2017 by PTB

CIPM Recommendatienm 2 (CI-2015) : Updates to the
des Seances du Comite International des Poids ec
optical to microwave clock fregquency ratios with
Bilicki ., Beookjans E., Rebyr J.L., Shi C., Vallet G., Le Targat R., Nicelodi D., Le Cog Y., Guena J.,
Rosenbusch P. and Bize 5.. Metrologia 53(4), 1123, Z016.

March 2017

list of standard fregquencies in Proces-Verbaux

Mesures, 104th meeting (2015), 2016, 47 p.

a nearly continuous strontium optical lattice clock. Lodewyck J.,
Abgrall M.,

(2

Table 2: Estimate of d by the BIPM based on all PSFS measurements identified to be used for TAI steering
cver the pericd MIDST424-57809, and corresponding uncestainties.

Period of estimation d

u
57784-57809 =1.24x10%*=15 0.28x10%*=15 {2017 JAN 31 - 2017 FEB 25)




Resolutionl

Thesecondsthe durationof 9 192631 770 periodsof the radiation correspondingdo the transition betweenthe

13" CGPM (1967)

two hyperfinelevelsof the groundstate of the caesiuml33atom.

Resolution2

Consideringhat the cesiumfrequencystandardis still perfectibleand current experimentsallow the hope of

producingother standardswith evenbetter qualitiesto definethe second

invitesX. laboratoriesin the field of atomicfrequencystandardsto activelypursuetheir studies

Metrologia 55 (2018) 188
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Figure 3. Graphical summary of the recommended frequency standard values (as of 2017) and their specific use for optical
communications, for the realization of the metre, or for SRS.

See httpd/www.bipm.org/en/publications/misesen-pratigue/standardfrequencies.html



https://www.bipm.org/en/publications/mises-en-pratique/standard-frequencies.html

How aSecondaryrequencystandardcanbe evaluatedwith
respect to the Sl second?

+ By comparing against a primangq standard, like a CS fountain, connected by a short
cable or a long fibre

+ By measuring SFS with respect to a UTC(k) time scale or an individual clock entering
i Using Circular T monthly estimationady,,
i Comparison to the best estimate of an ensemble of (P&, estimation on demand)

If the SFS is in Lab, mmtoducing a UTC(k) time scale and not part of UTC?

A -Any | aboratory can be considered as a
in BIPM computation if ils equipped for example with a GNSS (Global Navigation Sate
System) receiver.

i Thisevaluation will be limitedby frequency transfeuncertainty, the TAfleadtime(if the measurement is
shorter than 1 month)and by the accuracy &fFS/SFS, as for a UTC laboratory.

| SeeG.Petit G.Panfilp  “ O praceafily to the Sl second
wwbipmorg throughTAI ” Proceedi ngs Gbtomomoew EF TF



How primaryandsecondaryfreqguencystandard PSFS
canbetter enter in UTC?

UTQGs aweightedaverageof clockreadingbasedon clocktime
comparison

The PSFS afeequencycalibrationsusuallyof a «clock»
participatingto UTC

Y1arYpsks (yTAI'ycIock)+ chocl\'\yPSF)S

FromPSFS
calibration

Lasting one
month?

FromUTC
monthly
computation

www.bipm.org 53



Howdeadtimecanaffect the estimation?

Study case a PSFSs used as referenceto measurethe frequencyof a H maser,
whose frequencydeviation evolution can be modeled as a straight line affected by
white frequencynoise PSF#easuresare availableonly a few daysduringthe month

Avallablemeasures
versus PES

0 7 15 22 30
Time [Days]




Deadtime on a Least Square linear fit

We estimatethe effect of deadtimeon the leastsquareestimationof a straightline

Foreasyvisualizationwe usea barycentrecoordinateA the origin of the newtime
coordinateis placedin the centerof the availablemeasurespochs

< "t O T




LeastSquareapproach

Estimateof B U ‘
the mean & _ c o0 ©
frequency ol [(B OU)

O

Estimateof
the linear
drift

1 dependsonly on the numberof measuresandthe uncertaintyof eachof them

1 depends on the uncertainty 0 of the measures and on the sum of the
distance between all measurement epoch t; and the baricentre time tg



Study case: H maser participating to UTC measured versus PSFS

We want to estimate the Y4
mean frequency of the H Maser vs PSFS
in 0 the center of the previous month

In presence of dead time T
the estimation timed could be
different from thebarycentreo 0.

—
L 3

w w Qo0 o
0 6 0 0 o



N (. B U B OU . .
H maserparticipating to UTC U _— O O
measured versus PSFS ) . ;
Estimate ot is always good O =5 O O
\ .

the best case with lower uncertainty on the the worst case is whenq is very distant

estimate of« 4 corresponds from 4 and the measures are very close
to the caseq o, to eachother
Yn y.n,
N=6 N=6
te= 1ty tz# ty

k J

T

tB: tm t t; tu

1 day 30 days



H maserparticipating to UTC
measured versus PSFS

When 0 0 the uncertainty depends on théistance among the measures
and betweeno a n d

CASE A CASEB

Distant Measures Contiguous Measures

Z

I
+ Z
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- =+ =+

w o
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wn
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—_— OO ~— 12
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o
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o5}
Lh
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S Best case

International des
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H maserparticipating to UTC
measured versus PSFS

¢ The estimate of the frequency offset does not
depends on dead times and it is always correct
(under these assumptions)

¢ Minimum uncertainty Is obtained when the
measures are symmetric with respect to tbenter
of the month

¢+ Measures not symmetric and very close to each
other leads to the worst case



How primaryandsecondarnyfreqguencystandard PSFS
canbetter enter in UTC?

Which are the affecting noises and are them
stationary?

Time and Frequency spectral analysis
IS a useful tool

Not only estimatingvhichfrequencies existed

But also estimatingvhenthey existed



Time- frequency analysis

It describeshow the frequencie®f a signathange with time

Bowhead whale

1.4
— 12 N
3
g 1.0 +
= o8 -
=
H
= 0.6 1
0.4
0.2 +
180 175 200 225 250 275 300 325 350
FREQUENCY (Hz.)
‘*‘,“ H‘WJ/W'W iW‘U
Bureau
International des
T Poids et L. CohenTimefrequency analysjgrenticeHall, 1995
+ Mesures
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A Dymamic Allam variance

slidingthe Allanvarianceestimatoron the data

Bureau
T International des

T Poids et 63
4 Mesures



stability may vary with time

2 _ stability sliding
g 0 : estlmator
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Simulation results Bump
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The Dynamic Allan variance
Discretetime formulation from the phasesamplesn]

1 1 n+va/.2-k-1 5
8 E|(x,[m+K]- 2x,[m]+ %, [m- k)]

s%[nk]=
Y[ ] 2k2[-02 NW- 2k m=n- Nw/ 2+k

where:
3 Nw is the window length
3 Xy IS the phase signal in the window Nw
3 [, is the sampling time

the DAVAR estimator
has no expectation value E because we have one realization only

Bureau

International des
P -d L.GalleanjP.Tavella “ Dynami ¢ Al | an v ar iUkaseniesFerroelectiie€ Bnd Freqaemcy Eantrol, URFG, vob 56, no. 3, March 20094pg450
oldas 91' L. GalleaniP.Tavella The Dynamic All an Variance V: Recent Adyv aUlitasosics FermroelEcyrics aamd FeequEncyaQoritrdl,i t y66\ nal
Vol. 63, No. 4Pag 624- 635, April 2016

+ Mesures


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin="Authors":.QT.L. Galleani.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin="Authors":.QT.P. Tavella.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7339453&filter%3DAND(p_IS_Number:7445917)

G25 vs GPS Time Normalized Frequency Offset
September 2012

10"
0 X : , 25 vs GPSTime - Active clock: RAFSA

Frequency Offset [rel. units]
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Comingback toopticalclock

www.bipm.org
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Whenare we readyfor anoptical definition of the second?

1. ...atleast three different optical clocks (either in different laboratories, or of different species)
have demonstrated validated uncertainties of about two orders of magnitude better than the b
Cs atomic clocks at thétme
2. 2. .. at | east three Iindependent measur emen
compared in different institutes (e.@ h &5 x 10-18 ) either by transportable clocks, advanced
links, or frequency ratio closures
3. there are three independent measurement
milestone 1 with three independent Cs primary clocks, where the measurements are limited
essentially by the uncertainty of these Cs fountain clocks eig.r 3 x 1016 ).
4. optical clocks (secondary representati ol
5. optical frequency ratios between a few |
performed; each ratio measured at least twice by independent laboratories and agreement we
found (with e. gD h r 5x10-18).
3 clocks
L Av v~ 1018
3 comparisons
Alviv) <5x 1018
3 clocks ]
Aviv <3 x 10-1°
Regular contribut. to TAI
2 comp. betw. 5 clocks
AV v £ (v iv) <5 x 1018
Roadmap to a redefinition (CCTF 2917 Validalion and decision for opical standard

https://www.bipm.org/utils/en/pdf/CCTF : 1 1
strategydocument.pdf 2017 2020 2025 2030




Arewe readyfor anopticaldefinition of the second?

A The WGFS typicallyevises
the list of transitions and
recommended values for
each session of the CCTF
(every 23 years)

Example of thé’Sr
transition
A Value and

uncertainty revised
5 times since 2006

Conventional
uncertainty now at
4x1016 [imited by
Cs uncertainty.

Metrologia 55 (2018) 188

F Riehle af af

rel. uncertainty

-
L=

-
Q

-
=

»

0

l W I
; Yo YblYb'.
w | Rb Cs Optical Sr Sr' Realization of the metre Hg" Hg HIn'
communications Al
0s0, Ca’ ||Ca
CH, CH, Rb 1 ‘l“’
11, (050 1,
-1, L1 R
T I | I I | I I -
0.01 200 400 600 800 1000 1200
Frequency / THz

https://www.bipm.org/en/publications/misesen-pratique/standardfrequencies.html

- 429 228 004 229 000 Hz

v

880

875

870

Y T T T T T T T T T T T
_

12 14 16 18

o

1
¢ g o ¢ =
o o o N o <
N N N ~ ~N
= = = - =
- a o - (&)
®) ®) ®) (®) (®)

F. Riehle, P. Gill, F. Arias & L. Robertsson, Metrologia 55, 188 (2018)



How to compare optical clocks at distance?

+ Atthel0O*®accuracy level
Only fiber links can make it within hours ﬁ
Presently limited to (sub) continentlhks

¢+ Atthel0'"accuracy level
Several techniques can provide symrformance

GPSIntegerPPP Two wayCarrier Phase ACES MWL
< 1x101% after several days < 1x10'® after one day? 1x1017 after one/several days
Readily available, no constraint Available, with constraints To be launched > 2020
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Relativistic geodesy

To compargwo clocksat a distance, one has taccount
for their relativistic frequencyshift

dt,/ dt gF 1 + (W, - W,)/c? where W isthe gravity
potential

+ Atthel0'accuracy level one needs to
know the clocks height with 1 cm accuracy

Converselyone candirectly measurethe
geopotential (height) difference betweenany
two clocks(1 cm® 1x10%9) if

Arheclocksare accurateto 1018

Arheirfrequencydifferencecanbe measured
to 1018

Theclockis measuringhe geopotentialor the
knowledgeof the geopotentialis usedto correct the
clock? Shallwe definetime scalein spac&



... optical ¢l ocks (second
second) contribute regularly to TAI

We look forward to your evaluatiord secondary
standards

| to gain experience and promote their use
I to determine / check their reference frequency
| to prepare for future changes

Standard Period of d uh uB wul/Lab ul/Tai u uSrep Ref(us) Ref{uB) uB(Ref) Steer Note
Estimation
PTB-CE1 537784 3780% -18.71 &.00 g.00 0.00 0.15 10.00 EFE/NA T1l48 8. ¥ {1}
PTRB-CS2 57784 537809 -0.2B 3.00 12.00 ©.00 0.15 12.37 FES/NA T148 12. ¥ {1)
SYRTE-FO2 57784 S7T802 -1.30 0.40 0.32 0.11 0.32 0.61 FES/NA T301 0.23 ¥ {2)
SYRTE-FORb 57784 5780% -0.91 0.20 0.2% 0.11 0.32 0.4% 0.7 [11 T328 0.34 ¥ {2}
SYRTE=SHZ 56554 56%64 0.81 0.20 0.04 0.10 0.53 0.57 0.5 [il [21 0.05 N 3
SYRTE-SR2 57179 537199 0.486 0.20 0.04 0.10 0.28 0.38 0.5 [1i] [2] 0.05 ] {3)
S¥RTE-SR2 57469 57479 -1.39 0.2% 0.20 0.11 0.53 0.63 0.5 [11 [2] 0.0%5 H {3)
SYRTE-SR2 57530 57554 -1.24 0.30 0.04 0.11 0.37 0.49 0.5 [11 [21 0.05 N {3)
SYRTE-SRE 5753% 57554 =1.22 0.25 0.05 0.10 0.37 0.48 0.5 [11 [21 0.05 N {3)
PTR=CSF2 57779 5780% =1.386 0.09 0.20 0.03 0.13 0.26 EFES/HA TZ2B7 0.41 ¥ {4)

Hotes:

{1) Ccontinuously cperating as a clock participating to TAI

(23 03 MAR. 2017 by LME-SYRTE MarCh 2017

(3 16 AUG. 2016 by LNE-SYRTE

(4) Raport 02 MAR. 2017 by PTB

[1] CIPM Recommendation Z (CI-2015) : Updates to the list of standard freguencies in Proces-Verbaux
des Seances du Comite Internatiopal des Poids et Mesures, 104th meeting (2015), 2016, 47 p.

(2] optical te microwave clock fregquency ratios with a nearly continuous strontium coptical lattice clock. Lodewyck J.
Bilicki 5., Beckjans E., Rebyr J.L., Shi C., Vallet G., Le Targat R., Nicelodi D., Le Cog ¥., Guena J., Abgrall M.,
Rosenbusch P. and Bize 5.. Metrologia S53(4), 1123, 2016.

Table 2: Estimate of 4 by the BIPM based on all PEFS measurements identified to be used for TAI steering
over the period MIDST424-57809, and correspending uncertainties.

Pariod of estimation d u
57784=-5780% =1.24x10%*=15 0.25x10%*=15 (2017 JAN 31 - 2017 FEB 25)




ADVERTISEMENT: CGPM 2018 is expected to change

Bureau

International des 25“ L{_,PM
\ Poids et
+ Mesures

General Conference on Weights and Measures (CGPM)
Palais des Congres, Versailles

Friday 16th November 2018 CGPM open

Open session fo consider the re-definition of the SI base units. session

on FridayNov16th
morning

Keynote lectures

"The quantum Hall effect and the revised SI"
Klaus von Klitzing [Mobel laureate, Max Planck Institute, Stuttgart)

"The role of the Planck constant in physics" ava| |ab|e| N
Jean-Philippe Uzan (Centre national de la recherche scientifigue [CHRS), Paris)

"Optical atomic clocks — opening new perspectives on the quantum world" streamin g
Jun Ye [JILA, Boulder)

"Measuring with fundamental constants; how the revised SI will work"
Bill Fhillips [Mobel laureate, MIST, Gaithersburg)

Infroduction to the Resclution “On the revision of the International System of Units (31)”
Martin Milton (BIPM Director]

oting on Draft Resolution A and closing remarks
Barry Inglis

Bureau | .
International des https://www.bipm.org/utils/en/pdf/26
T T Poids et th-CGPMopen-session.pdf )
4 Mesures



THANK YOU

Bureau
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