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Status of UTC:
– Atomic clocks
– Time transfer
– Primary and Secondary Frequency Standard (PSFS)

Computation of UTC:
– Stability algorithms

Weight and prediction
Clock analysis 

– Accuracy
TT(BIPM) - Primary and Secondary Frequency Standard

UTCr, the rapid UTC:
– Stability algorithm 

Atomic clocks, time transfer
– Accuracy 

Steering to UTC

Presentation Plan
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UTC, UTCr and TT(BIPM)

≈ 420 atomic clocks
in 85 laboratories

≈ 26 PFS/SFS

Measurement of Earth’s 
rotation

steering

leap seconds

UTC(k)]

weighted average

≈ 300 atomic clocks
in 62 laboratories

Circular T

weighted average

≈ 26 PFS/SFS

weight and prediction algorithms

steering algorithm

weight, prediction and steering  
algorithms
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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
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Difference between UTC  and 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)
fTAI

d

xUTC(0)

[UTC-UTC(k)]

T1=T0+Δt T2=T1+Δt T3=T0+Δt T4=T3+Δt
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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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UTC algorithms



8

Status of Atomic clocks in UTC - 2025

Credit: N
TSC

Hydrogen M
asers

Caesium ClockNTSC Rubidium Fountain

Number of clocks in UTC
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400 atomic clocks contributing to UTC of which:

- ~200 H-Masers (from 160 to 200 in 5 years)
- ~200 Cs-clocks (from 250 to 200 in 5 years)
- 5 Rubidium Fountains in UTC
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Status of Atomic clocks in UTC - 2025
Number of H-Masers at Maximum Weight

Change of the 
Maximum 
weight

Total weight of clocks in percentage terms
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The total weight of the contributing clocks to UTC:

- ~ 94 % is assigned to H-masers
- ~ 1 % to Cs-clocks
- ~ 5 % to Rubidium Fountains
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The time links in UTC are :
– Global Navigation Satellite Systems (GNSS)

GPSPPP, GPSP3, GPSMC
– Two-Way Satellite Time & Freq. Transfer (TWSTFT)

TWSTFT, TWSDRR, TWGPPP (combination)

                     In the last Circular T 
                             July 2025

Time links in UTC
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The PSFS are used for UTC in:
 

– the algorithm used to evaluate EAL (prediction and weight) 
(stability).

– the algorithm to calculate TT(BIPM).
– the algorithm to evaluate the difference between TAI and PSFS 

(accuracy).

The role of PSFS in UTC
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Primary and Secondary Frequency Standards (PSFS)

Number of evaluations from 2018 to 2025 Repartition of the PSFSs 
(lattice and Ions clocks) 

2018 2019 2020 2021 2022 2023 2024 2025

Years

0

20

40

60

80

100

120

140

160

180

200

To
ta

l n
um

be
r o

f e
va

lu
at

io
ns

Number of 
evaluations 

par years

133Cs ≈ 78%

87Rb ≈ 7%

88Sr+ ≈ 1%

171Yb+Oc ≈ 1%

171Yb ≈ 10%

87Sr ≈ 4%

The accuracy of TAI is based on the 
availability of PSFSs
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First step: EAL - 1

( ) ( ) ( )[ ]∑
=

′+=
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i
iii ththwtEAL

1

•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

1
1

=∑
=

N

i
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:

( ) ( ) ( )thtEALtx ii −=where

( ) ( ) ( )[ ]∑
=

−′=−=
N

i
jiiijj txthwhEALtx

1
,

Prediction

Weigth

The main algorithms used are:

- the prediction algorithm (quadratic model)
- the weighting algorithm (each clock is weighted 
wrt to their stability/predictability)
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The laboratories contribute to UTC with:

By combining these data (and using the PTB as pivot we have UTC(k)-UTC(PTB)), we obtain:
– EAL-1351135
– EAL-1405628 etc. 
– but also, EAL-UTC(k)

EAL – practical implementation

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:
1
0
0
𝑤𝑤1

0
1

−1
𝑤𝑤2

−1
−1

1
0

0
0
0
0

×

𝐸𝐸𝐸𝐸𝐸𝐸 − 1351135 
𝐸𝐸𝐸𝐸𝐸𝐸 − 1405628
𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑈𝑈𝑈𝑈𝑈𝑈(𝑘𝑘)

𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑈𝑈𝑈𝑈𝑈𝑈(𝑃𝑃𝑃𝑃𝑃𝑃)

  =   

𝑈𝑈𝑈𝑈𝑈𝑈 𝑘𝑘 − 1351135
𝑈𝑈𝑈𝑈𝑈𝑈 𝑘𝑘 − 1405628
𝑈𝑈𝑈𝑈𝑈𝑈 𝑘𝑘 − 𝑈𝑈𝑈𝑈𝑈𝑈(𝑃𝑃𝑃𝑃𝑃𝑃)
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

EAL – practical implementation

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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The prediction algorithm has the scope to avoid/minimize any time and frequency 
steps to UTC when a clock is added or eliminated from the ensemble.
Any deterministic signatures (x0, y0 and frequency drift) are estimated and 
eliminated by the clocks to avoid affecting UTC.
The quadratic prediction for the interval (tk, tk+1) is used:

�ℎ𝑖𝑖′(𝑡𝑡) = �𝑥𝑥0(𝑡𝑡𝑘𝑘) + �𝑦𝑦0 𝑡𝑡 − 𝑡𝑡𝑘𝑘 + 1
2
𝑑̂𝑑(𝑡𝑡 − 𝑡𝑡𝑘𝑘)2

The prediction algorithm

EAL-hi at date tk 
Frequency of hi  relative 
to EAL predicted over the 
period [tk ,t]

Frequency drift of hi  relative to 
a frequency reference predicted 
over the period [tk ,t]; the data 
used are y(TT-hk)
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Parameters estimation

Five Years frequency analysis (2018-2022)
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Parameters estimation
Five Years frequency analysis (2018-2022)

ns
/d

ay
2

Drift analysis over the same period



20

It is a key issue for using at the best the hydrogen masers
The reference used to estimate the frequency drift is the most 
important point; EAL and TAI are not enough stable to 
estimate the drift.
The BIPM realization of TT, called TT(BIPM) is used to evaluate 
monthly  the frequency drift of the hydrogen masers.
The main components of TT(BIPM) are EAL and the PSFS.

The estimation of the frequency drift
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Drift estimation – Rb Fountain

T-test on over the 5 years monthly frequency – 
returns a test decision for the null hypothesis that the 
data comes from a normal distribution with mean 
equal to zero (drift zero) and unknown variance.

The alternative hypothesis is that the population 
distribution does not have a mean equal to zero. 

The result is always drift equal to 0: the test accept 
the null hypothesis at the 99% significance level.
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Linear model vs quadratic model Rb Fountains

The dispersion of the  
residuals is very reduced 
in case of linear model 
for the prediction.

The weights of the Rb fountains are 
calculate with and without the 
frequency drift (quadratic and linear 
model).
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EAL is currently free from frequency drifts affecting H-Masers 
even if they are contributing with a global weight of 90%.
This result is obtained because of the availability of PSFS 
allowing us to generate TT(BIPM) each month.
We can conclude, as some extent, that PSFS allow to the 
BIPM: 
– To use at the best the Hydrogen Masers
– To ensure a long-term stability to EAL

Long-term stability of EAL
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Weighting algorithm

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). 

hi
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UTC – Weight Distribution – July 2025

BEV
0.18%

BY
0.39%

CH
0.43%

DFM
0.37%

OP
5.30%

IT
1.90%

JV
0.94%

KRIS
0.52%

NICT
2.82%

NIM
9.01%

NIST
1.03%

NPLI
2.70%

NRC
1.75%

NTSC
21.38%

ORB
1.96%

PL
3.80%

PTB
4.90%ROA

0.11%

SCL
0.13%

SMD
1.64%

SP
4.17%

SU
19.32%

USNO
14.65%

VSL
0.59%

UTC -  Weight Distribution

Only laboratories with a total weight exceeding 0.1% are reported.
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As TAI is computed in almost real time and never corrected in 
retrospect, it is not optimal. Therefore, the BIPM computes a post-
processed time scale TT(BIPM).
Each new version TT(BIPM) updates and replaces the previous 
one.
TT(BIPM) calculation
– Post-processed using all available PFS data, as of year 20xx.
– f(EAL) is estimated each month using available PFS. Monthly estimates are 

smoothed and integrated to obtain TT(BIPMxx).
– Last realization: TT(BIPM24), released in February 2025.

TT(BIPM)
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We want to estimate the frequency of EAL, over an estimation interval T 
from  N PFS evaluations,  

       where:
– Wj is the rate difference between EAL and a PFS on a given interval Tj
– The filter coefficients aj, are normalized and depend on

The uncertainty of the evaluation j. It is fully characterized by its components uA, uB. uA is 
the combined uncertainty from that originated in the instability of the PFS, that of the 
link between the PFS and the clock participating to TAI (dead time included), and that of 
the link to EAL. uB  is the combined uncertainty from systematic effects
The distance between Tj and T
The instability of EAL, which transfers the evaluation from Tj to T

Algorithm used for estimating f(EAL)

∑ =
=

N

j jj Way
1
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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

𝑓𝑓 𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑓𝑓 𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑓𝑓(𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑇𝑇𝑇𝑇𝑇𝑇) − 𝑓𝑓 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

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.
The frequency accuracy of TAI is estimated at the level of ~10-16

Applied and foreseen steering's

-y(TAI) and uncertainty
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d values
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If the short term of the Allan Variance is not useful because EAL and TT are strictly correlated at the 
short term, we can evaluate the long-term performances of EAL by analyzing it.

EAL freq stability 
          1.5 x 10-16

          @ 30-40 days

By using TT(BIPM) we can estimate the long-term stability of EAL.
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Estimation of UTC Instability
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Frequency stability : UTC
 
< 2 x 10-16 @ 30-40 days

Frequency accuracy of UTC : ~10-16



33

We consider TT(BIPM) our best frequency reference to evaluate the performance 
of EAL, TAI and all the primary and secondary standards. Frequency accuracy 
improves with the standards:

–  < 1x10-15 since 2007
– < 0.5x10-15 since 2009
– ≤ 0.3x10-15 since 2012
– ≤ 0.15x10-15 since 2020

Uncertainty of f(TT(BIPM2024))

U
nc

er
ta
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ty
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UTCr algorithms
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UTCr – the rapid realization of UTC

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. 
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UTCr versus UTC

For the week 2534 for example we had 62 participating laboratories with 271 atomic clocks.

Concerning the time links, we apply the following rules:
• 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 (±1 𝑛𝑛𝑛𝑛) 

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 

Steering algorithm to prevent large adjustments to UTCr when UTC data are 
available. The correction to get UTCr=UTC is introduced gradually.

Stability and Accuracy of UTCr
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UTCr algorithms

The differences and interactions between the algorithms used to 
generate UTC and UTCr are the following:

UTC UTCr
Frequency drift of 
the clocks

Estimated over the last three 
month on [clock-TT] data.

The values used are the UTC values 
updated after each Circular T.

Maximum weight 6/N (N = number of clocks) 3.8/N1 (N1 = number of clocks)
Weight parameter 12 months of EAL-clock data 

are used to establish the 
most stable clock

4 values (1 par week) of UTCr-clock 
are used to establish the most stable 
clock

Steering algorithm Algorithm developed based 
on the availability of PSFS

The values of UTC-clocks are used to 
steer UTCr on UTC
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UTCr algorithm update

The algorithm generating the UTCr was updated (weighting and steering) less than a 
month ago:

1. During the first stage, the analysis was carried out over a specific period (1 year).
• The parameters of the new weighting and steering algorithms were optimized.
• Different values for the maximum weighting were tested.

2. During the second stage, we tested the algorithm in real time by running it in 
parallel with the current algorithm.

3. Finally, the new algorithm was made official in mid-July 2025.
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First step – parameters optimisation

The difference between UTC and UTCr obtained with the 
new (green: M=3 and Wmax=3.8/N) and the old (black) 
algorithms. 

The difference between UTC and UTC(PTB) (light 
blue), together with UTCr - UTC(PTB) obtained with 
the new (green) and the old (black) algorithms. 

The new algorithm succeed in maintaining UTCr close to UTC at the level of ± 1 ns.   
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Results – Effects prediction error distribution

The histograms clearly show that the distribution of the weighted 
prediction errors obtained with the new algorithm is more centered 
around zero and that the approximate Gaussian distribution has a 
smaller variance.

prediction error = 
predicted time offset of each clock versus UTCr – its measured value 
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Second stage – real time analysis

Applying the old algorithm a step is visible as in UTCr(USNO) as in the 
difference between UTC and UTCr. 
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New weighting 
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Weight distribution
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– The algorithms used for UTC and UTCr were presented.
– The current status and performance of both were discussed.

– The development and maintenance of the algorithms used to 
calculate UTC and UTCr are fundamental to the BIPM in order to 
maintain UTC and UTCr at the best possible performance.

– Any changes to the algorithms require a significant level of analysis 
and study to ensure that no unexpected long-term effects occur.

Conclusions
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Thank you very much for your attention
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