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Computation of UTC:
– Stability 

Atomic clock, time transfer

Algorithms (small example), new development

– Accuracy

Primary and Secondary Frequency Standard, new development

UTCr, the rapid UTC
– Stability 

Atomic locks, time transfer

– Accuracy 

steered to UTC

Publication of UTC and other related products

Presentation Plan
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Number of laboratory distribution/geographical distribution

60

65

70

75

80

85

90

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

# 
o

f 
p

ar
ti

ci
p

at
in

g 
la

b
o

ra
to

ry
 t

o
 U

TC

Even during the COVID-19 
period the number of 
participating laboratories is 
continually increased. 
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Computation of UTC (monthly) at the BIPM
Similarly (weekly) for rapid UTC

 420 atomic clocks
in 85 laboratories

 12 primary and 
secondary frequency

standards

Measurement of 
Earth’s rotation (IERS)

EAL

TAI

UTC

weighted average

frequency steering

leap seconds

BIPM Circular T[UTC - UTC(k)]

Echelle
Atomique Libre

International
Atomic Time

Coordinated 
Universal Time

freq stability 

2 x 10-16

@ 30-40 days

freq accuracy ~10-16
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UTC, UTC(k) and [UTC-UTC(k)]

UTC                     Stability based on the atomic clocks (420)
                            Steering procedure based on PFSF availability

UTC(k)                Stability based on the laboratory equipment
                            Steering procedure to be close to UTC 

[UTC-UTC(k)]     UTC, UTC(k) and time links used to compare clocks



6

Estimation of UTC Instability
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EAL calculation
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First step: EAL - 1
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•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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iwThe weights of the clocks obey the relation:

Weighting algorithm Prediction algorithm
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First step: EAL - 2
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The system solved by the algorithm:

The solution is:
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The laboratories contribute to UTC with:

By combining these data (and using the PTB as pivot we have UTC(KRIS)-
UTC(PTB)), we obtain:

– EAL-1351135

– EAL-1405628 etc. 

– but also, EAL-UTC(KRIS)

EAL – simple example

UTC(KRIS) – REFGPS UTC(KRIS)-clocks

Time transfer data Clock data
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We solve a system Ax=b to obtain x where:
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1
0

0
0
0
0

×

𝐸𝐴𝐿 − 1351135 
𝐸𝐴𝐿 − 1405628

𝐸𝐴𝐿 − 𝑈𝑇𝐶(𝐾𝑅𝐼𝑆)
𝐸𝐴𝐿 − 𝑈𝑇𝐶(𝑃𝑇𝐵)

  =   

𝑈𝑇𝐶 𝐾𝑅𝐼𝑆 − 1351135
𝑈𝑇𝐶 𝐾𝑅𝐼𝑆 − 1405628
𝑈𝑇𝐶 𝐾𝑅𝐼𝑆 − 𝑈𝑇𝐶(𝑃𝑇𝐵)

𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 𝑡𝑒𝑟𝑚

EAL – simple example

A design matrix x solution b input data

Many complex algorithms are used at this stage:
• Weighting algorithm
• Prediction algorithm
• Outliers, time and frequency steps detection etc.
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Status of atomic clocks in UTC

420 atomic clocks contributing to UTC of which:

- ~180 H-Masers (from 140 to 180 in 2 years)
- ~230 Cs-clocks (from 270 to 230)

The weight of the clocks:

- ~ 90 % is assigned to H-masers
- ~ 7 % to Cs-clocks
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Weighting algorithm – new development

The algorithm is an iterative 
procedure where the weight is 
calculated as the inverse of a 
statistical estimator and subject 
to a maximum weight (6/N, N is 
the total number of clocks). 

Generalization maximum weight constraints by 
using the Karush–Kuhn–Tucker conditions.

The idea is to allow the weight algorithm to select 
the correct number of most stable/predictable 
clocks and assign them the maximum weight.
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f(EAL)-f(PSFS) (TT(BIPM))

TT(BIPM) is a time scale calculated at BIPM and representing the best reference 
in frequency              used as reference to estimate the long-term stability of EAL. 

Improvement in the long term stability of EAL, UTC



15www.bipm.org

The Rb fountains (USNO) contribute to EAL (UTC) each month and represent a 
good reference to estimate the frequency stability of EAL.

Rb-EAL analysis

The use K-K-T conditions shows consistent results with the previous analysis 
i.e., improved results.
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Clocks in different laboratories are compared by 
suitable time and frequency transfer techniques

Global Navigation Satellite Systems (GNSS)
GNSS are based on time broadcasting from satellites to ground 
receivers (one-way time transfer). Distant labs equipped with GNSS 
receivers periodically compare their clocks to the broadcasted time 
and send the result to the BIPM. Typical algorithms are All in View, 
Common View, and Precise Point Positioning

Two-Way Satellite Time & Freq. Transfer (TWSTFT)
dedicated ground terminals simultaneously receive and 
transmit time transfer signals (two-way time transfer) on 
geostationary telecom satellites. Two-way method cancels 
out (at first order) the propagation time of the signal.

Progress in TWSTFT 
Software Designed Radio and TWSTFT Carrier Phase

Progress in GNSS measures 
GPS+ GLONASS + Beidou + Galileo
IPPP : Precise Point Positioning with integer 
ambiguity resolution

In development : Optical Fiber links 
A growing number of UTC laboratories are gaining access to fiber links dedicated to time 
and frequency. Although few of them are currently interconnected by operational, high-
duty cycle links, this number is expected to grow quickly during the next decade.
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Time Links used for UTC calculation

The calibration is a key issue to ensure the quality of UTC. 
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Future development: Regular computation of 
continuous IPPP links

•Significant diurnal in TW data

•Small but clear long-term drift-like instability.

Example:
NIST-PTB
TW and IPPP
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TAI calculation
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Primary and Secondary standards contributing to UTC
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UTC, UTC(k) and [UTC-UTC(k)]

fPFSF

• UTC a time scale optimized to be 
stable in frequency at very long 
term. EAL provides the stability

• UTC unit is the SI second

• UTC is steered in FREQUENCY to 
be close to the frequency of PFSF
(d published monthly in CirT)

• UTC(k) is generally steered in 
FREQUENCY and in TIME to be 
close to UTC

xUTC(k)(0)

fTAI(0)
fUTC

d

xUTC(0)

[UTC-UTC(k)]

T1=T0+Δt T2=T1+Δt T3=T0+Δt T4=T3+Δt
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Several laboratories in the world contribute to the accuracy of 
UTC providing the evaluations of PSFS to the BIPM.

In Sec. 3 of Circular T:
– The PSFS are evaluated singularly with respect to TAI

– The algorithm used to calculate the Terrestrial Time (TT) is used to 
evaluate the frequency deviation of TAI (d = -y(TAI)) with respect to the 
ensemble of PSFS. 

Accuracy of UTC – Calculation of d

𝑓 𝑇𝐴𝐼 − 𝑃𝑆𝐹𝑆 = 𝑓 𝐸𝐴𝐿 − 𝑐𝑙𝑜𝑐𝑘 − 𝑓(𝐸𝐴𝐿 − 𝑇𝐴𝐼) − 𝑓 𝑆𝐹𝑆 − 𝑐𝑙𝑜𝑐𝑘

Laboratory contributionBIPM calculation
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Section 3 of Circular T

If d >= 1 x 10-15 a correction of about 0.2 x 10-15 is applied two months later.

Applied and foreseen steering

-y(TAI) and uncertainty
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d values

https://webtai.bipm.org/database/d_plot.html

https://webtai.bipm.org/database/d_plot.html
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The scope of this study is to evaluate different steering strategies to achieve:

– Improvement of long-term stability/accuracy of UTC/TAI

– a value d as small as possible over the different months

In doing so it is important to avoid a degradation of the middle term stability (EAL 
contribution) due to steering procedures.

New development – new steering strategies

Median

Min Max

0.25 0.75 percentile
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• Applying a regular 
steering  improves the long-term 
stability of UTC.

• From the stats (previous 
slide)  better results are 
obtained with proportional 
steering technique

• In the most recent period, 
particularly quiet for TAI, there is 
almost no need of steering.

Preliminary results of new strategies
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EAL and TAI versus PSFS

The Primary and secondary frequency standards (PFSF) are also used to 
evaluate the behaviour of EAL and TAI. After each calculation month the we 
evaluate the plot the f(EAL-PSFS) and f(TAI-PSFS) to check and verify them.
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UTC calculation

Since 1975, UTC is obtained from the International Atomic 
Time (TAI) plus leap seconds. 

When the difference between the Earth rotational angle 
UT1 time scale and UTC reaches 0.9 second, an integer
second is inserted to UTC to keep it within 1 s of UT1. 

UTC = TAI + leap seconds

UTC = TAI + n seconds

|UTC - UT1| < 1 second 

23:59:59
23:59:60
00:00:00

23:59:58
00:00:00

Can be negative (never
happened until now)



29

Circular T – [UTC-UTC(k)]

The laboratories have direct 
access to UTC through your local 
realization of UTC, so called 
‘UTC(k)’, via the BIPM CircularT 
monthly publication: differences 
[UTC-UTC(k)] are published, with 
time spacing of 5 days.
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Circular T - Relations of UTC and TAI with predictions of 
UTC(k) disseminated by GNSS
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Future development GNNS Broadcast solution

Publication of 
GPS, GLONASS, Galileo and Beidou
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UTCr – the rapid realization of UTC
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Since 2013 a rapid evaluation of UTC is available, UTCr.

The data are on daily batches and published each week, the Wednesday.

The number of participating laboratories is slightly increased in the last years. 



33

UTCr versus UTC

For the week 2303 for example we had 63 participating laboratories with 260 
atomic clocks.
Concerning the time links we apply the following politics:
• if in UTC the combination of TW and GPS PPP is used         in UTCr the TW
• If in UTC we use GPS PPP        in UTCr GPS P3
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UTCr was not conceived to have a very good long-term 
stability (major difference from UTC) but to give access to UTC 
with a short latency to the participating laboratories .

The goal for UTCr is to be as close as possible to UTC (±2 𝑛𝑠) 

The algorithm used for the stability is like UTC algorithm
– quadratic prediction 

– weight algorithm attributing to the clocks a weight based on the 
predictability/stability 

Stability of UTCr
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The accuracy for UTCr means that UTCr must be as close as 
possible to UTC.

No frequency steering is applied

Steering in time is applied each month after the publication of 
Circular T.

Accuracy of UTCr

Applied corrections
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UTC data available on the BIPM web site 

http://webtai.bipm.org/database/ and https://www.bipm.org/en/time-ftp

• UTC-UTC(k), UTCr-UTC(k)

• Several plots and data of time transfer links UTC(j)-UTC(k)

• Comparison between techniques

• Integer Precise Point Positioning (for some links), Galileo links

• UTC-GNSS Times

• Weights, frequency, frequency drifts of the clocks

http://webtai.bipm.org/database/
https://www.bipm.org/en/time-ftp
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Publication examples – graphical representation

Link comparisons
• GPS P3 and GPS PPP
• TW SDR and IPPP
• UTC-UTC(k)
• UTC-UTCr(k)
• UTC-GNSS Time
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An important amount of data are published and are used by the 
time laboratories for internal generation of their time scale.

Publication exemples - Data availability - Digitalisation

Allow machines and applications to collect 
data according to custom requests :
- Customized period
- Customized output file format (JSON, 
CSV, Text)

Currently, only : 
- [UTC-UTC(k)]
- [UTCr-UTC(k)] 
- [UTC-GNSS times] are proposed.

But the service is planned to provide a 
larger variety of data in the future.

The API is still in testing version…

API development in 
progress

https://webtai.bipm.org/api/v0.2-beta/

• UTC-UTC(k)
• Rates and drifts of the clocks
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The BIPM starting develop a database and a 
preliminary API (information in XML format).

BIPM

NMI
Meter realization 

according to the MeP

NMI laser 
queries the 
BIPM server

BIPM server 
responds with 
structured 
database

The MeP for the meter and the second 
(recommended values of standard frequencies) 
are published as PDF files.

The NMIs will be able to report the traceability 
to SI in digital certificates.

New service coming soon - Digitalisation
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How UTC is universally used - traceability

SI

BIPM UTC

NMI’s – UTC(k)
National Metrological Institutes

Networks of Laboratories

Users
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Conclusions

Overview of the UTC and UTCr calculation.

Special attention to the actions made to ensure their long-term 
stability and the accuracy.

Status of clocks, PFSF, time links in UTC and in UTCr.

The current developments made in order to improve the 
performance of UTC in term of algorithms, time transfer and 
publication form.

Thank you for your attention!
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