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TIME

The most measured physical quantity
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Accurate pendulum clock and the equation of time
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v’ 2. Las escalas de tiempo EAL, TAI, UTC, UTC(CNM ), SIMT and GPS-time




Time measurement is of great importance for science, technology and commerce.
Among physical quantities, time appears as the most measured quantity worldwide and
it stands for the highest accuracy measurement made by the human kind.
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The base units of the International System of units
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The base units of the International System of units
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Time Scales

1. Apparent solar time
2. Mean solar time (1660)

3. Sideral time

4. Greenwich Mean time (1766)
5. Universal time (1928)

6. Ephemeris time (1895)

7. Atomic time (1955)

8. Terrestrial Dynamical Time (TDT) and Barysentric Dynamical (TDB) (1976)
9. Terrestrial Time (TT) (1991)

10. Coordinated Universal Time (UTC) (1972)

11. Barysentric and Geocentric Coordinated Times (1980)
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CIRCULAR T 275 ISSN 1143-1393

2010 DECEMBER 08, 12h UTC
BUREAU INTERNATIONAL DES POIDS ET MESURES
ORGANISATION INTERGOUVERNEMENTALE DE LA CONVENTION DU METRE
PAVILLON DE BRETEUIL F-92312 SEVRES CEDEX TEL. +33 1 45 07 70 70 FAX. +33 1 45 34 20 21 tai@bipm.org

1 - Coordinated Universal Time UTC and its Tocal realizations UTC(k). Computed values of [UTC-UTC(k)]
and uncertainties valid for the period of this Circular. From 2009 January 1, 0Oh UTC, TAI-UTC = 34 s.

Date 2010 0h UTC OCT 30 NOV 4 NOV 9 NOV 14 NOV 19  NOV 24  NOV 29 Uncertainty/ns |
MJD 55499 55504 55509 55514 55519 55524 55529 u, 78 u
Laboratory k [UTC-UTC(k)]1/ns
AOS (Borowiec) -3.8 -2.1 -0.2 2.3 2.2 1.1 -0.6 0.5 5.3 5.3
APL (Laurel) -2.6 -5.9 -1.0 -1.0 -3.7 -2.5 -4.7 1.5 5.3 5.5
AUS (Sydney) 196.2 208.0 212.6 229.6 233.6 247.2 256.0 0.3 5.2 5.3
BEV (Wien) -15.1 -23.3 -34.8 -42.1 -45.9 -57.3 -64.0 1.5 3.4 3.7
BIM (Sofiya) -6474.1 -6456.2 -6436.4 -6418.8 -6405.5 -6403.6 -6401.1 2.0 7.2 7.5
BIRM (Beijing) -11830.4 -11869.0 -11921.4 -11961.5 -12010.2 -12056.2 -12109.4 2.0 20.1 20.2
BY (Minsk) 13.1 15.6 19.8 27.2 36.0 45.8 57.2 2.0 7.2 7.5
CAO (Cagliari) -4740.8 -4749.6 4770 8 -4796.0 -4818.4 -4822.0 -4840.4 1.5 7.1 7.3
CH (Bern) 5.0 4.2 1.7 1.7 0.3 -1.5 -5.9 0.6 1.9 2.0
CNMP (Panama) -46.7 -21.2 -25.9 -46.1 -44.3 -71.7 -75.6 3.0 5.3 6.1
DLR (Oberpfaffenhofen) 9.3 1.0 -11.8 -19.0 -0.3 12.8 11.3 0.3 5.3 5.3
DMDM (Belgrade) -21.3 -8.2 0.5 3.0 3.6 11.8 25.7 2.0 7.2 7.4
DTAG (Frankfurt/M) -441.5 -429.5 -395.5 -357.9 -351.6 -337.2 -335.6 0.3 10.1 10.1
EIM (Thessaloniki) 6.6 6.4 0.6 6.1 -1.6 -3.7 -3.0 3.5 5.3 6.3
HKO (Hong Kong) 97.7 107.5 114.9 120.3 121.2 125.8 132.5 2.5 5.3 5.8
IFAG (Wettzell) -36.3 -39.7 -40.9 -39.6 -49.1 -56.7 -58.8 0.3 5.2 5.2
IGNA (Buenos Aires) - - - - - - -
INPL (Jerusalem) - - - - - - - - -
INTI (Buenos Aires) 42.4 7.8 -15.9 -46.7 -60.8 -83.1 -48.4 4.0 20.1 20.5
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THE IBEROAMERICAN CONTRIBUTION TO INTERNATIONAL
TIME KEEPING

E. F. Arias'?

RESUMEN

Las escalas internacionales de tiempo, Tiempo Atémico Internacional (TAI) y Tiempo Universal Coordinado
{UTC), son claboradas en of Burcau Internacional des Poids et Mesures (BIPM), gracias a la contribucion de
57 laboratorios de tiempo nacionales que mantienen controles locales de UTC. La contribucion iberoamericana
al edleulo de TAI ha aumentado en los dltimes afics. Diez Inboratorios en las Américas y uno en Espadin
contribuyven a la estabilidad de TAl con el aporte de datos de relojes atdmicos industriales; una fuente de cesio
mantenida en uno de ellos contribuye a mejorar la exactitud de TAL Este articulo resumne las caracteristicas
de las esealas de tiempo de referencia y describe la contribucion de los laboratorios iberoamericanos,
ABSTRACT

The international time scales, International Atomic Time (TAI) and Coordinated Universal Time (UTC), are
elaborated at the Bureau International des Poids ¢t Mesures (BIPM), thanks to the contribution of 57 national
time laboratories that maintain local realizations of UTC. The Iberoamerican contribution to TAI has increased
in the last years, Ten laboratories in America and one in Spain participate to the caleulation of TAL, increasing
its stability with the data of industrial atomic clocks and improving its accuracy with frequency measurements
of a cacsium source developed and maintained at one laboratory. This paper summarizes the characteristies of
the reference time scales and describes the contributions of the Iberoamerican timne laboratories to them.

Key Wands: TIME — REFERENCE SYSTEMS
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Time Scale Differences/s

Next June 30, 24h00, UTC, a new leap
second will be added to the UTC
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The SIM Time Network
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The Sistema Interamericane de Metrologia
(SIM) is a regional metrology organization
(EMO) whose members are the national
metrelogy mstitutes (WMIs) located in

the 34 nations of the Orgamzation of
American States (OAS). The SIM/OAS
region extends throughout North, Central,
and South America and the Canbbean
Islands. About half of the SIM NMIs
maintain national standards of time

and frequency and must participate in
international comparisons m order to
establish metrelogical traceabulity to the
Internaticnal System (5I) of units. The
SIM time network (SIMTN) was
developed as a practical, cost effective,
and technically sound way to automate
these comparisons.

The SIMTN continueusly compares the
time standards of SIM NMIs and produces
measurement results in near real-time by
utilizing the Internet and the Global
Positioning System (GPS). Fifteen SIM
NMIs have joined the network as of
December 2010, This paper provides a
brief overview of SIM and a technical
description of the SIMTMN. It presents
mternatienal comparison results and
examines the measurement uncertamiies.
It alse discusses the metrelogical
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Working to support time and frequency metrology throughout the Americas
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SIM Time Network

(real-time measurement results for the 10-minute period ending on 05-23-2011 at 1720 UTC)

CENAMEP AIP
fo S StBs
ok @ m ‘) I("B w B INN - CHILE
United States Mexico Canada Panama Brazil Costa Rica Colombia Argentina Guatemala Jamaica iy v Peru Trinidad St. Lucia Chile
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Peru 5193 -10742.7 929395879

SIMT(INDF)

Trinidad K 5 ] 393601
SIMI(TIBS) h. ’ ;

St. Lucia 11087.9 11068.3 11088.9 112915 11292.7 113175 11319.4 10742.7
SIMT(SLBS)

s [\(['}' [‘:i = _97933619.9 879385029 _92938595.4 929386370 -92939040.6 | 929390436 | 929390469 - -97930021.8 | 929390185 -92939587.9 -92939360.2
1740

1740 1740 1740

Last Update (HHMNMI) 1720 1720 1720 1720 1720 1720 1740 1740 1740 - 1740 1740

This table was created at 05-23-2011 QMID

04) 17:26:43 UTC and will refresh every five minutes. Values are in units of nanoseconds.

Click on a time scale or country name to view a ene-way GPS graph for the current day (GPS-NMI). Click on a number to view a commeon-view graph between two laboratories for the current dav.



SIM Time Scale
(SIMT - SIMT(k) for the 1-hour period ending on 2012-02-20 at 17:20:00 UTC)

National Vahuual SIMT National Vanunal SIMT
Standard S =R, = Contribution Standard SILAIT = IR o Contribution

United States Paraguay
SIMT(NIST) SIMT(INTN)
Canada Guatemala
SIMT(NRC) I*l SIMT(LNM) .Li,l -
Mezxico 8 Jamaica ‘
SINT(CNM) = SIMT(BST)
Brazil Peru o
SIMT(ONRJ) “ SIMT(SNND IL@I el
Panama * Trinidad
SIMT(CNMP) h’ “ SIMT(TTBS) kl 528
Argentina St. Lucia
SIMT(INTI) ‘ ez SIMT(SLBS) - e
Costa Rica Chile
@ i 5845
SIMT(ICE) E “ SIMT(INN) L 8451448

Colombia Antigua
SIMT(SIC) h SIMT(ABBS)
Uruguay - Ecuador
SIMT(UTE) SIMT(CMEE)

Click on a SIMT - SIMT(%) value to view todav's graph. New values are computed at 30 minutes after the hour. This table was updated at 17:37:31 UTC and
refreshes every 30 minutes.

J.M. Lopez-Romero, M. Lombardi, N. Diaz and E. de Carlos,
“The SIM time scale”, to be submited to Metrologia
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GPS Satellite Constellation

24 satellite constellation

Semi-synchronous, circular orbits
(~20,200 km/10,900 nautical
miles altitude)

Six orbital planes, inclined at 55
degrees, four vehicles per plane

Orbital period is 11 hours, 58 minutes

Spares can bring number of satellites up
to 32 — new satellites are launched as
necessary, lately 2 or 3 per year

Designed to cover entire earth, with
at least four satellites always in view

Cesium and/or rubidium oscillators are on
board each satellite



GPS Signal Structure

Two L-band carrier frequencies
L, =1575.42 MHz L, =1227.60 MHz

Two PRN Codes

P(Y): Military Code
267 day repeat interval
Encrypted — code sequence not published
Available on L1 and L2

C/A: Coarse Acquisition (Civilian) Code
1 millisecond repeat interval
Available to all users, but only on L1

Code modulated with Navigation Message Data

Provides ephemeris data and clock corrections for the GPS
satellites

Low data rate (50 bps)




The GPS common view technigue

The common-view method involves a GPS satellite (S), and
two receiving sites (A and B). Each site has a GPS receiver, a local
time standard, and a time interval counter.

Measurements are made at sites A and B to compare the
received GPS signal to the local time standard.

Two data sets are recorded (one at each site):
¢ ClockA-S
# Clock B - S

The two data sets are then exchanged and subtracted from
each other to find the difference between Clocks A and B. Delays
that are common to both paths (ds, and dsg) cancel, but delays
that are not common to both paths contribute uncertainty to the
measurement. The equation for the measurement is:

(Clock A—S) —(ClockB-S) =
(Clock A — Clock B) + (dga — dgg)

Satellite S




All-in-view GPS J—

Receivers at remote stationary locations track all the satellites in
view

Each receiver makes the all-in-view measurements, (REF.iion i —

GPS): time difference between a local reference clock and the

received composite timing signal from all the satellites being
tracked

The all-in-view measurements from two receivers are

differenced to obtain the time and frequency difference of two
remote clocks

Works when no satellites are in common-view

Performance is about the same as common-view for short

baselines (2500 km or less), better than common-view for long
baselines (5000 km or longer)




SIM Receiver
Calibrations

SIM systems are calibrated at NIST
prior to shipment. Calibrations are
performed using the common-
view, common-clock method. The
SIM laboratory installs the same
antenna cable and antenna that
were used during the calibration.

Calibrations last for 10 days. The
time deviation (Type A uncertainty)
of the calibration is less than 0.2 ns
after one day of averaging. The
combined uncertainty is estimated
at 4 ns, because a variety of factors
can introduce a systematic offset.

GPS Antenna T

GPS Receiver

1 pps

Time Interval
Counter

Start Stop

L

1 pps

UTC(NIST)

T GPS Antenna

GPS Receiver

1 pps

Time Interval
Counter

Start Stop

L
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Monitor of the GPS Signal at CENAM
50 days time interval ending at October 14, 2011
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v" 3. Relojes atémicos: microondas




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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The concept of an atomic clock

Electromagnetic

radiation

Frequency counter

Oscillator

More than one posibility to
choose the reference AbSOI’ti on

signal

Detector

Periodic Table
of Elements

Error signal N,
A} CENAM

CENTRO NACIONAL DE METROLOGIA



First atomic clocks
(1957)

Ramsey Method

Generador de Lazo de
el —

Cavidad de Ramsey

Campo Magnético

Campo Magnético :
Inhomogéneo

Contenedor con Inhomogéneo
Cesio 133 (Campo A) {Campo B)

@...5%

"o A

Filamento Detector
Incandescente

CampoMagnético Constante (lonizador)

(Campo C)

ﬁCENAM

CENTRO NACIONAL DE METROLOGIA




Commercial availabe Cs atomic clock using the magnetic selection of N. Ramsey
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Ramsey method with optical pumping

(1985)
A > Detector
Cavidad de
Horno microondas
de Cs
Laser de Laser de
bombeo deteccion

CENTRO NACIONAL DE METROLOGIA
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Ramsey method with optical pumping betection F=5
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Optically pumped thermal Cs beam clock
CENAM CsOp-2

CsOP-2 m=0—>m=0 transition

Rabi pedestal

?ﬁt”csmng

CENTRO NACIONAL DE METROLOO.
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Cs Fountain Clock
(1990)

Wayne M. Itano, Norman F
Ramsey, Accurate Measurement
of Time, Scientific American, July
1993.

0

Microwaves cavity Detector

Detection laser

Optical molases

Cooling beams
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Clock transition

Wayne M. Itano, Norman F
Ramsey, Accurate Measurement

of Time, Scientific American,
1993.

Resolution of the peak

~1x107" -1x107*°

TiempoyFrecuencia



CENAM CsF-1
physical package

22.0cm

Magnetic
Returning point

shielding

Vacuum tube and

C-field coild ~45 em
TE001 Cavity TE0O1 Cavity |
0 Ly ?
Preparation cavity 15 em
etection region
Detection g IR ST = = = = = =
15¢m

region

Cooling and _, J ===
trapping region

ssan | m ' o

Anti-Helmholtz 4}'
3A* CENAM

—
Photodetector Probe laser
(Perpengicularta the plane]
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pump
H <+— Cs container



Cesium fountain clock

CENAM CsF-1

Optical system Physics package




ULTRA COLD MATTER for ULTRA PRECISE CLOCKS

CENAM CsF-1 Temperature
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Optical spectroscopy and a new definition of the second

laser |

frequenéy N
measurements\|

relative accuracy
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Frequency combs
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Power per Mode (dB)
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Pulse Spectra (fr=802 MHz & 900 mW Average Output)

CENAM Ti:Sa Frequency comb
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State-of-the-art Time & Frequency Standards

Cesium fountain clocks use a large number of
atoms for a limited period of time:
HIGH stability: 1014 in 1s,
Accuracy: 2x10-16,
(Accuracy limit reached in 10 minutes)

lon clocks use atoms trapped for

HIGH accuracy: 107,
Stability: 5x10% in 1s.

(Accuracy limit reached in one
month)

Lattice clocks combine the advantages of
trapped ion clocks and cooled neutral atoms
clocks: large number of atoms for extended
periods of time:
HIGH stability 1017 in 1s
AND HIGH accuracy: 1017,
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El Sistema Internacional actual




El Sistema Internacional en el ;20147
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