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TIME
The most measured physical quantity







Dennis D. McCarty, Evolution of Time Scales from astronomy
tophysicasl metrology, Metrologia 48 (2011), S132 – S144. 



Ch
ris

tia
an

H
uy

ge
ns

 (1
66

0)

Accurate pendulum clock and the equation of time



Lo
ng

itu
de

 A
ct

 o
f 1

71
4

John Harrison 
cronometers



G
re

en
w

ic
h 

m
er

id
ia

n 
as

 
in

te
na

tio
na

lr
ef

er
en

ce
 (1

88
4)



Fi
rs

t
at

om
ic

cl
oc

k
at

 N
PL

 (1
95

7)



Atomic definition of 
the second, 1967



At
om

ic
cl

oc
ks

er
a 



Ultracold matter and 
Cs fountain clocks



Frequency combs
and Optical
transitions



1. Introducción

 2. Las escalas de tiempo EAL, TAI, UTC, UTC(CNM ), SIMT and GPS-time

3. Relojes atómicos: microondas 

4. Relojes atómicos: frecuencias ópticas

5. Conclusiones

Pasado Presente y Futuro de la Metrología de Tiempo y Frecuencia
J. Mauricio López Romero 

División de Metrología de Tiempo y Frecuencia
Centro Nacional de Metrología, CENAM

Contenido



Communications

Fundamental Physics

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.

Commerce

Navegation



The base units of the International System of units
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The base units of the International System of units

CENTRO NACIONAL DE METROLOGÍA



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)

Time Scales
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 350 atomic clocks
in  70 laboratories

 10 primary 
frequency
standards ( 5 labs)
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Next June 30, 24h00, UTC, a new leap
second will be added to the UTC

2015
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CENAM Active Hydrogen Maser

CENAM ensamble of Cs commercial clocks







TIME AND FREQUENCY METROLOGY WORKING GROUP
Working to support time and frequency metrology throughout the Americas

1. United States, 2005

2. Mexico, 2005

3. Canada, 2005

4. Panama, 2005

5. Brazil, 2006

6. Costa Rica, 2007

7. Colombia, 2007

8. Argentina, 2007

9. Guatemala, 2007

10. Jamaica, 2007

11. Uruguay, 2008

12. Paraguay, 2008

13. Peru, 2009

14. Trinidad & Tobago, 2009

15. Chile, 2010

16. Saint Lucia, 2010







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





• 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 Satellite Constellation



• Two L-band carrier frequencies
L1 = 1575.42 MHz       L2 = 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)

GPS Signal Structure



 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):
 Clock A - 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 (dSA and dSB) cancel, but delays 
that are not common to both paths contribute uncertainty to the 
measurement.  The equation for the measurement is:

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

The GPS common view technique



All-in-view GPS

A B

 Receivers at remote stationary locations track all the satellites in 
view

 Each receiver makes the all-in-view measurements, (REFstation_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 commonPerformance is about the same as common--view for short view for short 
baselines (2500 km or less), better than commonbaselines (2500 km or less), better than common--view for long view for long 
baselines (5000 km or longer)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.
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Monitor of the GPS Signal at CENAM
50 days time interval ending at October 14, 2011



Monitor of the GPS Signal at NIST
50 days time interval ending at October 14, 2011
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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



First atomic clocks
(1957)



Commercial availabe Cs atomic clock using the magnetic selection of N. Ramsey 
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Ramsey method with optical pumping
(1985)
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Optically pumped thermal Cs beam clock
CENAM CsOp-2
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Cooling beams

Detection laser

Microwaves cavity Detector

Optical molases

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

Cs Fountain Clock
(1990)
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Wayne M. Itano, Norman F.
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Cesium fountain clock

CENAM CsF-1

MOT

Optical system Physics package
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ULTRA COLD MATTER for ULTRA PRECISE CLOCKS
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Optical spectroscopy and a new definition of the second
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Frequency combs



CENAM Ti:Sa Frequency comb
0.8 GHz repetition rate, pulsewidth  50 fs



10/30/2012

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 10-17 in 1s
AND   HIGH accuracy: 10-17.

Cesium fountain clocks use a large number of 
atoms for a limited period of time:

HIGH stability: 10-14 in 1s,
Accuracy: 210-16.

(Accuracy limit reached in 10 minutes)

Ion clocks use atoms trapped for 
extended periods of time:

HIGH accuracy: 10-17,
Stability: 510-15 in 1s.

(Accuracy limit reached in one 
month)

State-of-the-art Time & Frequency Standards
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El Sistema Internacional actual
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