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Timescales maintained at the BIPM

International Atomic Time (TAI) � Continuous

� Interval unit is the SI second

� Calculated monthly at BIPM

� No clock representation, no 

broadcast

Coordinated Universal Time (UTC) � 1-second discontinuities

� Interval unit is the SI second

� Calculated monthly at BIPM, 

derived from TAI

� Clock representations UTC(k), 

broadcast

� Continuous

� Interval unit is the SI second

� Calculated annually at BIPM

� Monthly predictions

� No clock representation, no 

broadcast

Terrestrial Time (TT(BIPM))
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UTC

Coordinated Universal Time

Coordinated 
broadcast of 
time signals

(ITU-R)

Related to the Earth’s rotation; Universal 
Time (UT) was the name of the time scale 
derived from the apparent daily motion of 
the Sun

•GMT (Greenwich Mean Time) was replaced by UT in 1948    
(IAU)

•UT was replaced by UTC in 1972 (CGPM)

TAI differs from UTC in an integral number of seconds 

Leap second announcement is the responsibility of the IERS
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68 participants Each month:

~400 clocks, 

one measurement / 
5 days, t&f corr.

monthly

~180 time transfer 
files

daily, weekly, monthly

13 primary freq. standard 
data

monthly

ftp server

Data submission deadline 
4/mm/yy/

Datation is in « Modified Julian Date », a contiuous 
count of days since an arbitrary origin 



99th Meeting of the CIPM, 13 October 
2010

3

Bureau International des Poids et Mesures 5

≈ 400 atomic clocks
in ≈ 70 laboratories

13 primary frequency
standards (8 labs)

Measurement of 
Earth’s rotation (IERS)

EAL

TAI

UTC

“average”

“steering”

“leap seconds”

Circular TUTC(k)

Echelle
Atomique
Libre

Temps 
Atomique
International

Temps
Universel
Coordonné

Role of the BIPM

Elaboration of TAI and UTC - ALGOS

freq stability 
0.4 x 10-15

@30-40 days

freq accuracy
~10-15
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First step: from clock readings to clock differences

- Remote clock comparison by time transfer techniques

• Global Navigation Satellite Systems

• GPS (currently)

• GLONASS (currently)

• Galileo, BeiDou (future)

• Two-way satellite time and frequency transfer
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Sat2

AUS

Sat1

PTB

Sat1PTB

NICT

Measure with each clock a common external signal: 
GNSS

Each station measures 
• (Local clock – Satellite clock)

Then two solutions
• Common-view

UTC(PTB)-UTC(NICT) = [UTC(PTB)-Sat1] - [UTC(NICT)-Sat1]

• All-in-view

UTC(PTB)-UTC(AUS) = 
[UTC(PTB)-Sat1] - [UTC(AUS)-Sat2] + [Sat1-Sat2]

with [Sat1-Sat2] provided by external global analysis
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GNSS time transfer

•Calibrated receivers

•Common-views / all-in-view

•Corrections for the orbital 

motion of the satellite

•Signal propagation delays

• Ionosphere

• Troposphere

•Quasi continuous observations

•Environmental conditions limit 

the performance of multi-

channel receivers

single-channel, single 

frequency

multi-channel, single 

frequency

multi-channel, dual 

frequency

Uncertainty improves
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Time comparisons by correlation: example of GNSS 
code

Typical uncertainty

• σC ≈ k/(B/SNR) where B is the transmitted 
bandwidth i.e. 1/B is the chip length

• GPS: B = 1/10 MHz =>  σC ≈ 10/1 ns

Local signal

Remote signal GPS/GLONASS 
SC, MC, P3
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Frequency comparisons: example of GNSS phase

Continuous mixing of remote signal vs. local signal

• Uncertainty on phase  σφ ≈ 1/(f/SNR) where f is the 
transmitted frequency

• GPS: f = 1.5 GHz =>  σφ ≈ 1 ps

Remote signal

Local signal

GPS PPP
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TWSTFT

• simply computation of clock offsets

• direct link of clocks 

• no models necessary 

• clock effects can be separated from 

others

• Calibrated receiving/emitting 

stations

• Telecommunications satellite

• No clock on board used

• Geostationary

A measurement technique used to compare two clocks or

oscillators at remote locations.

TWSTFT, TWPPP
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Participating 

laboratories and their 

time transfer 

equipment
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GPS

SF

GPS

SF

GPS

DF

GPS

DF

TW/

GPS

DF

GPS/

GLO

SF

Time transfer techniques in UTC (October 2011)
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Uncertainty of time transfer in UTC

2000          2003                           2005       2005 2009         2011

Uncertainty
Type A
Type B

/ns

4

3

0

2

1

5

7

6

uB /CA/GNSS 

uB /C|P/GNSS/TW 

MC/CV MC/AV P3/AV PPP/TW

uA

GPS SA ON | Off

uB / TW

0.3ns PPP+TW
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σ= 0.84 ns
GPS P3

σ= 0.43 ns
TWSTFT

σ= 0.06 ns
GPS PPP

σ= 0.04 ns
TW PPP
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Clocks in UTC

Stability 1x10-14 (1 day)

Accuracy 5 x10-13

Accuracy some 10-16

Stability 7x10-16 (1 day)

Stability 
algorithm

Accuracy 
algorithm
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Stability algorithm

In an ideal situation, 
• Simultaneous clock readings xi,
• Fix set of contributing clocks,
• Continuously participating clocks

So, EAL (t) = {xi} (t)   (weighted average)

In the real situation, 
• Weights change,
• Clocks are interrupted, clock frequencies suffer changes
• New clocks arrive

So, EAL (t) = {xi} (t) + A + B(t-t0)
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EAL: Weighting Algorithm

The weight attributed to a clock reflects its long-term stability, since the

objective is to obtain a weighted average that is more stable in the long

term than any of the contributing elements.

In the time scale algorithms clock weights are generally chosen as the

reciprocals of a statistical quantity which characterizes their frequency

stability, such as a frequency variance (classical variance, Allan

variance....)

EAL: Prediction Algorithm

In the generation of a time scale, the prediction of the atomic clock

behavior plays an important role;

The prediction is useful to avoid or minimize the frequency jumps of

the time scale when a clock is added or removed from the ensemble

or when its weight changes.
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......EAL (cont.)
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The system solved by ALGOS:

The solution is:
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Prediction

Weigth

•N is the number of atomic clocks

•wi the relative weight of the clock Hi.

•hi(t) is the reading of clock Hi at time t

•hi'(t) is the prediction of the reading of clock Hi
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.........Weighting Algorithm

N

A
LimitUpper MAX =⇒ω
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Two particular situations are checked:

1. Clock Hi shows abnormal behaviour

2. The weight is bigger then the upper limit fixed to avoid that a

clock has a predominant role.

A=2.5 empirical constant

The weight attributed to clock Hi is the reciprocal of the individual

classical variance σi
2

The weight attributed to clock Hi is computed from the frequencies of

the clock, relative to EAL, estimated over the corrent 30 day interval

and over the past five consecutive 30 days period. The weight

determination thus uses clock measurement covering one year.

1
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=

N

i
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Individual variances   

are estimated

Weighting procedure for EAL

2
iσ

The system is solved (xi) 

with normalized weights ωi

calculated in the previous 

interval. 

The frequency yi are 

estimated for each 

clock using xi

The relative weight ωiTEMP

of each clock is obtained 

An iterative process, including 4 iterations, is used in ALGOS:

1) Abnormale behaviour

2) The weight is bigger then the 

upper limit
∑

=

= N

i i

i
TEMPi

1
2

2

1

1

σ

σω

Weight test
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.....Prediction Algorithm

it1−it 1+it

30 days

EAL(ti-ti-1)
30 days

EAL(ti+1-ti)

In two different intervals 
the clock ensemble can 
change

The consequences:

Time step Frequency step
it1−it 1+itit1−it 1+it

E
A
L

E
A
L
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Clock behaviour

The atomic clocks are caracterized by different behaviour:

1) Deterministic behaviour 

• Linear – cesium clocks

• Quadratic – Hmaser clocks

2) Stochastic behaviour

A statistical method used to determine instabilities given by 
the stochastic component is the: 

Allan Variance
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Prediction Algorithm on EAL

( ) ( ) ( )( )iipiii tttBtath −+='

The correction term hi’(t) for clock Hi is :

Time correction frequency frequency drift 
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EAL was affected by a drift relative to TT(BIPM) of about 4 x 10-16/month.
The new frequency prediction model is stopping the drift and improves the 

stability of EAL. 
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Quad. Pred. 2008
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Linear Prediction
Quad. Pred. 2008

Improvement of the frequency stability of EAL 
with the new clock frequency prediction model (since July 2011)



99th Meeting of the CIPM, 13 October 
2010

14

Bureau International des Poids et Mesures 27

From EAL to TAI

EAL is a free-running atomic time scale optimized to be a time 
scale stable a long term.

We evaluate the EAL frequency (f(EAL)) by means the primary 
frequency standards (PFS).

TAI is expected to be stable (from EAL) and accurate (from PFS).

Accuracy is obtained by frequency steering: 

f(TAI) = f(EAL) + steering frequency
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Primary frequency standards – 13 in the last five years (KRISS, INRIM, 
LNE-SYRTE, NICT, NIST, NMIJ, NPL, PTB), 11 are Cs fountains

Primary frequency standards
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TT(BIPM)

The BIPM computes in deferred time TT(BIPM), which is based on 
a weighted average of the evaluations of TAI frequency by the 
PFS.

TT(BIPM) is computed in deferred time and updated every year.

Predictions of TT(BIPM) are computed monthly.

It is the same algorithm used to evaluate f(EAL) but in post
processing.

We consider TT(BIPM) the frequency reference to evaluate:

1.f(EAL) performance

2.f(TAI) performance

3.PFS performance
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f(TAI) – f(TT(BIPM))

f(TAI)-f(TT(BIPM))
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-14

10

TAI is close to its definition (< 5x10-15 over last 2 years), but still off

The goal!
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Stability of TAI respect to TT(BIPM)

The long-term instability of TAI is between 1x10-15 and 2x10-15, a factor 

two or three worse than the value for TT(BIPM).
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Traceability of UTC(k) to UTC
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Improving UTC for the 21st century applications

� Better clocks (in labs)
� New pfs (in labs)

� Optical frequency standards (in labs)

–Accurate time and frequency transfer 
(labs, BIPM)

� Improved clock comparisons by refining time transfer
(labs, BIPM)

� Improved algorithms (labs for UTC(k), BIPM for UTC)
� Providing UTC more frequently (BIPM Rapid UTC project)

� Impact on UTC(k)

� Impact on steering GNSS times to a representation of UTC

� Rendering UTC continuous (ITU)
� Benefits displayed at this meeting
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Many thanks for your 

attention!


