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1 Introduction on the subject and exact definition of the measurand(s) of the comparison 

a) Introduction on the subject of the comparison 

The KC in TF domain (CCTF-K001.UTC) gives participating laboratories traceability to SI second 
by determination UTC-UTC(k) corrections, which allows to determine frequency offsets of the 
local timescales and clocks as well as is generally sufficient to perform time and frequency 
measurements correctly. However, CCTF-K001.UTC does not directly confirm the measurement 
proficiency in TF domain, in principle. Whereas time interval measurements are crucial for the 
correct calibration of time transfer systems, determination delays of signals and timing control. 

This Supplementary Comparison (SC) is aimed to support CMC claims in time interval 
measurements. It was preceded by the experience with a cable delay measurement within #828 
EURAMET Project [1], that showed that a cable delay is not well-defined measured quantity and 
its value is significantly dependent on the shape of signals used for cable delay measurements. 
For the needs of this SC, two types of TI standards were prepared within #1288 EURAMET 
Project [2]: (a) TI Generator (TIGen) based on PLL loops and programmable logic and counters, 

which can generate 127 different time intervals within the range from c. 20 ns to c. 12 s (4 of 
them are chosen for this SC) and (b) 3 Delay standards (InLambda standards) based on stabilised 
fiber delays of c. 20 ns, c. 100 ns and c. 300 ns respectively. TI are generated by TIGen with 
instability and reproducibility not exceeded 3 ps of assigned expanded uncertainty and by 
InLambda standards with instability and reproducibility not exceeded 10 ps of assigned expanded 
uncertainty - verified within #1288 EURAMET Project [2]. 

In this comparison, GUM (Central Office of Measures, Poland) was selected as a pilot laboratory, 
which is responsible for preparing the technical protocol, coordinating the schedule, collecting 
and analysing the comparison data, and preparing the report. The support group, consisting of 
SIQ (Klemen Starc – instead of Borut Pinter, Slovenia), LNE/OP (Joseph Achkar, France), VSL 
(Erik Dierikx, Netherlands), NPL (Peter Whibberley, United Kingdom), FTMC (Rimantas Miskinis, 
Lithuania), support the pilot laboratory in organization of the comparison, preparation the technical 
protocol, data analysis and preparation the report. 

The SC follows the rules described in EURAMET Guide on Comparisons – EURAMET Guide No. 
4, Version 1.0 (05/2016), replaced by Version 2.0 (04/2021) [3] as well as in CIPM MRA-D-05: 
Measurement comparisons in the CIPM MRA [4] 

 

b) Exact definition of the measurand(s) of the comparison 

As measurands of the comparison, there were selected 7 different time intervals between the 
pulse signals at the START and STOP outputs of each transfer standard defined between 
appearing rising slopes of the pulses at the outer ends of the dielectric of the SMA connectors 
(for TIGen) / BNC connectors (for InLambda standards) at the START and STOP outputs at the 
same trigger level. The START and STOP pulse outputs were precisely matched, so the 
amplitude and the shape of output signals were closely the same. However, in order to avoid 
ambiguity: 

The recommended and reference trigger level was fixed to 0,5 V (at 50 ). 

The complete reference conditions are specified in the Table 1. 

 

Table 1. The reference conditions 

 TIGen (base unit) InLambda standards 

Warm-up time to perform measurements after 
adaptation to local 
environmental conditions and 

to perform measurements after 
adaptation to local environmental 
conditions and after the warm-up 
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after the warm-up time – at least 
15 min 

time – until “Stabilized” diode 
stops blinking 

External input signals Standard freq.. 10 MHz  1 Hz 
(<1E-7 fractional frequency), 

(0,5  2) Vp-p / 50  

(the increased noise of external 
frequency can cause the 
increased noise of the 
generated time intervals) 

Pulse signals:  

low level – 0 V, 

high level – (1,75 ÷ 2,25) V / 50  

frequency: ≤ 200 Hz, 

rise time: < 10 ns (it can be 
applied 1 pps signals) 

duty cycle: ≤ 50% 

pulse width: to avoid the pulse 
widths close (<± 10 ns) to the 
measured time intervals 
(observed resonance) 

Ambient conditions Temperature: (22 ± 4) C,  Humidity: (50 ± 30) % 

Other information  Alarm diode is off 

Required a double configuration 
(as in Fig. 2c) 

START and STOP 
Trigger level  
(fixed reference value) 

0,5 V / 50  0,5 V / 50  

2 Description of the scheme/topology of the comparison 

The comparison was realized in a form of three consecutive circulation loops, each of them 
starting from and ending in the pilot laboratory. In each circulation loop, all transfer standards 
travelled together being circulated around the participants. The third circulation loop was arranged 
with ATA carnet. 

The first loop included 10 participants, together with the pilot laboratory. The second loop included 
7 participants and the third one included 7 participants. 

3 Participants 

Table 2. The list of participants 

No Institute Acronym Country 
Date of 

measurements 

1 Central Office of Measures GUM Poland 16-17.12.2019 

2 Center for Physical Sciences and Technology FTMC Lithuania 
27.12.2019-
03.01.2020 

3 VTT Technical Research Centre of Finland Ltd. VTT MIKES Finland 17.01.2020 

4 RISE Research Institutes of Sweden RISE Sweden 29.01.2020 

5 Physikalisch-Technische Bundesanstalt PTB Germany 18-20.02.2020 

6 VSL VSL Netherlands 28.02-10.03.2020 

7 
FPS Economy, S.M.E.s, Self-employed and 

Energy Budget en Beheerscontrole 
SMD Belgium 08-12.06.2020 

8 Instituto Portugues da Qualidade IPQ Portugal 29.06-02.07.2020 
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No Institute Acronym Country 
Date of 

measurements 

9 Real Instituto y Observatorio de la Armada ROA Spain 08-09.07.2020 

10 SIQ Ljubljana SIQ Slovenia 21-22.07.2020 

End of the first loop, pilot verification measurements and beginning of the second loop 

11 Slovak Institute of Metrology SMU Slovakia 20-24.08.2020 

12 BRML-INM INM Romania 09-10.09.2020 

13 Bulgarian Institute for Metrology BIM Bulgaria 25.09.2020 

14 Hellenic Institute of Metrology EIM Greece 06-14.10.2020 

15 Bundesamt fur Eich-und Vermessungwesen BEV Austria 23.10.2020 

16 
Institut luxembourgeois de la normalisation, de 

l’accrėditation, de la  sėcuritė et qualitė des 
produits et sevices 

ILNAS Luxembourg 02-05.11.2020* 

17 National Physical Laboratory NPL 
United 

Kingdom 
04-07.12.2020* 

End of the second loop, pilot verification measurements and beginning of the third loop 

18 TUBITAK UME UME Turkey 05-12.01.2021 

19 Ministry of Economy – Bureau of Metrology BoM 
North 

Macedonia 
25.02-03.03.2021 

20 Directorate of Measures and Precious Metals DMDM Serbia 20-23.03.2021 

21 Montenegrin Bureau of Metrology MBM Montenegro 15.04.2021 

22 
Institute of Metrology of Bosnia and 

Herzegovina 
IMBIH 

Bosnia and 
Herzegovina 

20.05.2021 

23 
Saudi Standards, Metrology and Quality Org  

National Measurement and Calibration Center 
SASO Saudi Arabia 27.06.2021 

24 Justervesenet JV Norway 10.10.2021 

End of the third (last) loop and pilot verification measurements 

* - Missed one measured Time lnterval (InL 20 ns had stopped working – disconnection of the DC 
supply connector inside, before the next loop repaired successfully, no influence for results) 

 

4 Description of the transfer (travelling) standards and the handling of the equipment 

4.1 General information 

For this comparison, there were selected two types of traveling standards: TIGen – 1 item, and 
InLambda standards – 3 items. 

A. TIGen is an electronic based time interval generator developed by AGH University of 
Science and Technology and GUM (Poland). TIGen is property of GUM. TIGen required 
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external 10 MHz input frequency and generates 127 different time intervals between 1 pps 
outputs. The set of generated time intervals is determined by the applied PLL lines and 
programmable logic and counters. All signal inputs/outputs are ended with SMA-female 
connectors. TIGen is equipped with DC power supplier which has to be connected to the 
input terminal in the rear panel. Three auxiliary SMA-male-BNC-female adapters are 
attached in order to facilitate the measurements if the usage of BNC-connectors is 
possible only. 

B. InLambda delay standards were developed by InLambda company (Instrumentation 
Technologies) in cooperation with SIQ (Slovenia) and are based on temperature stabilised 
fiber delays of approximately 20 ns, 100 ns and 300 ns respectively. InLambda standards 
are purchased and owned by SIQ. InLambda standards require external input pulses and 
should be used in pairs (in double configuration) – details are described in further sections 
precisely. Small influence of external temperature on the measured time intervals between 
output signals is recognized. All signal inputs/outputs are ended with BNC-female 
connectors. Power supplying – 230VAC, IEC C14 socket. Power cords are not attached. 

No measurement cables were attached to the standards. 

4.2 Description of the transfer standards 

4.2.1 Photos 

A. TIGen: 

 

a)   b)  

c)   d)  
 

e)  
Fig 1. TIGen: a) the base unit (blue and red buttons – used for the selection of numbers of 
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output time intervals), b) DC power supplier, c) front panel of the base unit,  
d) rear panel of the base unit, e) three auxiliary SMA-male-BNC-female adapters 

 

B. InLambda standards – 3 items. 

a)  
 

b)   
 

c)  

Fig 2. InLambda standards: a) front panel (1 – nominal value of delay: 20 ns, 100 ns or 300 ns,  
2 – status diodes: System On, Stabilized, Alarm, 3 – input for external pulses, 4 – output of 

START pulses, 5 – output of STOP pulses), b) rear panel, c) required double configuration for 
measurements (external input pulses are passed onto the input of the auxiliary device and start 

output signals from the auxiliary device are passed onto the input of the device under tests 
(DUT)) 

 

4.2.2 Data  

Table 3. Mechanical dimensions and specifications 

 TIGen (base unit) InLambda standards 

depth x width x high c. 18 cm x 8,5 cm x 5,5 cm c. 26 cm x 17 cm x 6 cm (each item) 

Weight < 1000 g <1500 g (each item) 

Connectors: SMA female connectors, 50  BNC female connectors, 50  

External input signals Standard frequency: 10 MHz 

 1 Hz (<1E-7 fractional 

Pulse signals: Low level – 0 V, High 
level – 2 V 

1 

3 4 52

DUT Auxiliary Device 
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 TIGen (base unit) InLambda standards 

frequency),  

(0,5  2) Vp-p 

Outputs 2 x 1 pps, 2,25 V / 50  2 x pulse signals, 2 V / 50  

Rise time of output 
pulses (20%-80%) 

<0,5 ns <0,5 ns 

Number of time 
intervals 

127 (dn0, ..., dn126) single nominal value for every item 

Range of time intervals from about 20 ns to 12 s c. 20 ns for “In 20” 

c. 100 ns for “In 100” 

c. 300 ns for “In 300” 

AC Power 85-264  VAC/ (50  60) Hz 85-264 VAC/ (50  60) Hz 

Warm-up time 15 min < 15 min – until “Stabilized” diode 
stops blinking 

Influence of 
temperature 

not observed at least within: 

 (22 ± 5) C 

when Alarm diode is off 

c. (0,6 ± 0,2) ps/ K for “In 20” 

c. (1,4 ± 0,2) ps/ K for “In 100” 

c. (2,5 ± 0,3) ps/ K for “In 300” 

not observed difference between a 
single and a double configuration 

Influence of the rise 
time of input pulses 

not applicable in a single configuration: c. 9 ps/ ns 

in a double configuration: 
not observed if rise time <10 ns 

c. 0,5 ps/ ns if rise time 10 ns 

Stability, repeatability 
and reproducibility of 
the phase difference 
between output signals 

not exceed ±3 ps 
(in reference conditions) 

not exceed ±10 ps 
(in reference conditions) 

Other information Blue and red buttons: up and 
down buttons for selection 
time intervals 

status diodes: System On, 
Stabilized (blinking until 
stabilization is reached),Alarm 
(blinking during warm-up and 
overheat problems) 

4.2.3 Designation 

A. TIGen: 

Identification name: Time Interval Generator,   Ser. No.  n/a 

B. InLambda standards:  

Identification name: Time Interval Standard TIE-10 

- In 20 (nominal value of delay: 20 ns)  Ser. No.  n/a 

- In 100 (nominal value of delay: 100 ns)  Ser. No.  n/a 

- In 300 (nominal value of delay: 300 ns)  Ser. No.  n/a 
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4.2.4 Handling of the equipment 

Before measurement the SMA and BNC connectors had to be inspected if they are clean and are 
not damaged. Next, it should be done the following operation: 

A. (in the case of) TIGen: 

- connect DC power supplier to DC terminal in the rear panel, 

- insert the plug into 230 VAC power supply (TIGen will switch automatically and display 
the current number of generated time interval), 

- connect external  standard 10 MHz frequency signal into the 10 MHz input in the rear 
panel, 

- using blue and red button select required number of time interval (dn0, dn3, dn7 or 
dn126), 

- check the presence of 1 pps output signals (c. 2,25 V / 50 ), 

- wait at least 15 minutes (warm-up time). 

B. (in the case of) InLambda standards:  

- prepare 3 power cords with IEC C14 connector and connect to IEC C14 sockets in the 
rear panels, 

- insert the plugs into 230 VAC power supply and manually switch on the InLambda 
standards (the manual switches are at rear panels), 

- with a short cable connect the START output of one InLambda standard (auxiliary device) 
with the pulse input of the another InLambda standard (device under tests) creating a 
double configuration (as in Fig. 2c), 

- prepare the source of the pulse signals, check the presence of the required parameters 
given in the reference conditions for InLambda standards and connect external pulse 
signal into the pulse input of the auxiliary InLambda standard, 

- check the presence of pulse output signals (c. 2 V / 50 ), 

- wait a few minutes until the diodes Stabilized/ Alarm stop blinking (warm-up time). 

A proper measurements should be performed after adaptation of the standards to the local 
environmental conditions and fulfilling the required reference condition. 

5 Description of the used calibration method and calibration points  

a) Used calibration methods 

The participants were free to choose their own method of measurement. However, it was 
recommended to perform measurements in such way to reduce differential channel delays of the 
used measurement system (Time Interval Counter, Oscilloscope, etc.) and differential delays of 
the used connecting cables between DUT and the used measurement system. 

The measurement setups used by the participants are shown in Fig. 3 and the Table 4. 



Final report: EURAMET.TF-S1 Time interval measurements 

Page 10 of 38 

 

   

 

   

  

  

Fig 3. Illustration of the measurement setups: (a), (a1), (b), (c1), (c2), (d1), (d2), (e1) and (e2) 
used during calibration (𝑻𝑰 − the  measured time interval, 𝑻 − period of repetition of the 

measured time interval, 𝑨,𝑩 − delays of the cables applied to connect the source of Start/Stop 
signals with A/B channels of TIC (Time Interval Counter), 𝑨𝟏𝒙 + 𝑨𝟐𝒙 + 𝑨𝟑𝒙 / 𝑩𝟏𝒙 +𝑩𝟐𝒙 +𝑩𝟑𝒙 - 
internal delays inside A/B channels of TIC, 𝑩𝑨𝒙 /𝑨𝑩𝒙 - crossing delays between (B and A)/ (A 

and B) channels during reverse direction of measurements inside TIC (from B channel to A 
channel)) 

 

Table 4. Measurement setups referred to schemes (a), (b), (c1), (c2), (d1), (d2), (e1) and (e2) in 
Fig.3 and the used base equipment (HSO means High Speed Oscilloscope) 

No Acronym 
Code of 

Lab 
Applied method 

Used 
equipment 

1 GUM A (a) preceded by (a) and (d2) T4100U 

2 FTMC B (a) preceded by (a) and (b) SR620 

3 
VTT 

MIKES 
C 

(e1) and (e2) 53230A 
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No Acronym 
Code of 

Lab 
Applied method 

Used 
equipment 

4 RISE D 
(a) preceded by measurement of systematic differential 
delays ((a1) measurement of the split pulse signal by T-

connector or splitter) 

PM6681 

5 PTB E (e1) and (e2) SR620 

6 VSL F 
(a) preceded by (a) and (d1) as well as by (a) and (b) 

(averaged results based on 2 TICs – originally the second 
TIC was to be used only for control) 

SR620 
(x2) 

7 SMD G 
(a) accompanied by measurement of systematic 

differential delays (not specified in details) 
53230A 

8 IPQ H (a) SR620 

9 ROA I 
(a) and (c1) 

averaged results based on 2 TICs 

SR620 x2 

10 SIQ J (a) and (c2) or (c1) 53230A 

11 SMU K (a) 53132A 

12 INM L (a) PM6681R 

13 BIM M (a), (c1), (b) and (c2) CNT91 

14 EIM N (a) PM6681R 

15 BEV O (a) and (b) SR620 

16 ILNAS P (a) and (d2) 53230A 

17 NPL Q 
(a) and (b) 

averaged results based on 3 TICs 
SR620 x3 

18 UME R (a) and (d2) HSO 

19 BoM S (a) and (c2) CNT91 

20 DMDM T (a) and (d2) CNT91 

21 MBM U (a) and (c2) 53230A 

22 IMBIH V (a) SR620 

23 SASO W (a) 53230A 

24 JV X (a), (c1), (b) and (c2) 53230A 

 

Comments to the applied measurement methods: 

1A single (a) measurement setup – not accompanied by other measurement setups, was typically 
used with a pair of cables A and B of nearly the same length (with very close delays). 

2Applying (a1) measurements of the same pulse signal split by T-connector or splitter, it allows to 
measure and reduce systematic differential delays of a pair of cables A and B and channels jointly. 
Anyway it works as well as the assumption of T-connector/splitter symmetry is maintained. 
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3Applying consecutive (a) and (b) measurement setups allowed to reduce cables asymmetry 
delay. 

4Applying (a) and (d1) measurement setups allowed to reduce differential channel delay of TIC’s 
inputs. 

5Applying (a) and (d2) measurement setups allowed to reduce asymmetry of the cables delays 
and differential channel delay of TIC’s inputs jointly. 

6Applying (a) and (c1) allowed to reduce some part of differential channel delay of TIC’s inputs, 
leaving a possible small residual delay asymmetry in TIC’s inputs resulting from a possible 
mismatching between the normal and reverse directions of time interval measurements. 

7Applying (a) and (c2) allowed to reduce the cables delay asymmetry and some part of differential 
channel delay of TIC’s inputs jointly, leaving a possible small residual delay asymmetry in TIC’s 
inputs resulting from a possible mismatching between the normal and reverse directions of time 
interval measurements. 

8Consecutive (e1) and (e2) measurement setups (pivot method [5]) allowed to make the 
measurement not influenced by differential channels and cables delays, however this method can 
be valid only if the phase between ref pulses and DUTs signals is fixed during measurements and 
may introduced additional jitter between ref pulses and the measured DUTs signals. 

9Most of measurements with SR620s were preceded by AUTOCAL procedure to minimise 
differential channel delays and optimise influence of non-linearities. 

b) Calibration points 

In this comparison, the following time intervals were measured: 

- dn0, dn3, dn7, dn126 (c. 20 ns, 250 ns, 1,5 s and 12 s) generated by TIGen and 

- three single time intervals generated by In 20 (c. 20 ns), In 100 (c. 100 ns) and In 300 
(c. 300 ns) respectively in a double configuration as shown in Fig. 2c. 

 

6 Measurement conditions and equipment of each participant 

The details on measurement conditions observed during measurements and applied equipment 
is included in the measurement reports attached as Appendixes from A to X to this report. The 
required reference conditions were specified in the Table 1 (Section 1.) Below, there are 
presented a summary in a form of graphs, comments and tables. 

The ambient conditions reported by the participants are arranged in Fig. 4 and 5. In the case of 

ambient temperature, most of measurements were performed in the range of (23 ± 1) C, except 

of two participants who carried out their measurement in the ambient temperature around 25 C. 

The mean value of the reported ambient temperature amounted to 22.97 C. 
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Fig. 4. Ambient temperature observed during measurements reported by participants 

(required reference conditions: (22 ± 4) C) 

 

 

 

Fig. 5. Ambient relative humidity observed during measurements reported by participants 
(required reference conditions: (50 ± 30) %) 

 

The reported by participants relative humidity met the assumed reference condition, with a small 
exception of one participant where the single reported value was given as (66 ± 18) % and 
possible range of changes of relative humidity exceeded the upper limit (80%) by 4%. However, 
during characterization of the transfer standards, there was not observed any influence of relative 
humidity for the results of measurement. So, the limits of the relative reference conditions has 
been arbitrary accepted to avoid any potential influence of wet condensation or accumulation of 
the electrostatic charge at surface of standards and connectors only. The obtained measurement 
results reported by this participant do not manifest any negative influence of a bit higher relative 
humidity observed during measurements. 
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Fig. 6. Reported by participants the high level of the used pulses for pending auxiliary InLambda 

standards in a double configuration (required reference conditions: (1,75 ÷ 2,25) V / 50  ). 

 

The reported by participants the high level of the used pulses for pending auxiliary InLambda 
standards in a double configuration was out of the assumed reference condition in the case of 8 
participants per 24 total. However, the reference conditions for input pulses were specified 
originally based on a single configuration of InLambda standard, but all measurements were 
performed in a double configuration. 

The influence of the high level pulse signals for InLambda standards in a double configuration 
were verified by the pilot laboratory after finishing the last comparison loop and showed in Fig. 7. 

The obtained results for the high level of the used pulses within the range of (1 ÷ 3) V / 50  
confirmed, that a double configuration of InLambda standards allows successfully to extend the 
reference conditions of the acceptable values of the high level of the input pulses at least up to 

the range of (1 ÷ 3) V / 50 . There was not observed any systematic offset in the range below 
1,75 V and above 2,25 V nor increased measurement noise (between 5 ps and 9 ps in all cases 
– a typical for the used TIC) with regard to the specified stability, repeatability and reproducibility 
of InLambda standards within of ± 10 ps. 

 

a)  



Final report: EURAMET.TF-S1 Time interval measurements 

Page 15 of 38 

 

b)  

c)  

Fig.7. Results of verification measurements of the influence of the high level of the used pulses 

within the range of (1 ÷ 3) V / 50  for InLambda standards in a double configuration (performed 
in March 2022). In every case, the observed TI variations were calculated with reference to TI 

values determined for 2 V of the high level of the input pulses. 

 

The reported applied equipment is gathered in the Table 4 and 5. Despite the usage of the same 
type of equipment, different uncertainty budget’s assumptions referred to different conditions was 
typically adopted or a different measurement configuration was applied (see: Table 4.) resulting 
in different treatment of uncertainty budget’s components.  

 

Table 5. The equipment applied by participants with chosen assigned standard uncertainty 
components related to a residual nonlinearities and other dominant not reduced systematic 
effects 

Used 
brand of 

TICs 

Number of 
participants 

applied  
a given TIC 

Code 
of 

Lab 

Declared by participants in the uncertainty budgets of measurement 
results 

standard uncertainty component 
related to a residual 

nonlinearities  

other dominant not reduced 
systematic effect (standard 
uncertainty components) 

SR620 8 B 

E 

F 

H 

I 

O 

500 ps (with internal offsets) 

50 ps 

15.6 ps 

75 ps 

50 ps 

118 ps 

20 ps (trigger level timing) 

20 ps (trigger level timing) 

50 ps (internal offsets) 

289 ps (other unknown errors) 

 

2 x 10 ps (trigger level timing) 
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Q 
 

V 

250 ps (including internal 
offsets) 

75 ps 

 
 

50 ps (input filter) 

53230A 7 C 
 

G 

J 

P 

U 

W 

X 

50 ps (for each channel, tot. x 

2) 

40** ps 

 

46 ps 

100 ps (accuracy) 

144 ps 

100 ps 

 
 

8.2 ps (residual internal offset) 

250 ps (x 2 / 2) 

50 ps 

(total - 120 ps all components) 

18 ps (trigger level timing) 

43 ps (input filter) 

CNT91 3 M 

S 

T 

 

 

58 ps 

100 ps (residual components) 

289 ps (channel asymmetry) 

16 ps (trigger level timing) 

PM6681 3 D 

L 
 

N 

 

60 ps 

 

173 ps (all residual compon.) 

300** ps (inter channel 
asymmetry) 

300 ps (all systematic effects) 

53132A 1 K  0,3 ns (resolution) 

T4100U 1 A 12 ps  

HSO 1 R  ≤ 1 ps 

** Changed after circulation Report – Draft A (see: Appendix G and Appendix L) 

The lack of uniformity in dealing with the same equipment and, likely, different level of knowledge 
about their metrological characteristics and the arbitrary choice of estimations of uncertainty 
budget’s components are clearly visible in the collected data. Therefore, a quick and simply 
comparison of the assigned values is not justified here, but it may be valuable for a deeper 
individual analysis of the relevant, with the applied equipment, uncertainty budgets. 

7 The stability determination of the transfer standard(s) and required corrections (if applicable) 

 

Stability check of the transfer standards were performed by measuring the standards in the 
beginning and the end of comparisons and between loops by the pilot laboratory (total - 4 times), 
i.e: in Dec 2019, Aug 2020, Dec 2020 and Nov 2021. All checking measurements were performed 
with expanded uncertainty U = 0.030 ns. The obtained results are shown in the Table 6. 

Table 6. Results of stability checking performed by the pilot laboratory 
 dn0, ns dn3, ns dn7, ns dn126, ns In20, ns In100, ns In300, ns 

Dec 2019 22.655 250.012 1508.965 12039.490 24.196 104.516 307.321 

Aug 2020 22.661 250.009 1508.969 12039.510 24.199 104.517 307.320 

Dec 2020 22.659 250.023 1508.975 12039.490 24.203 104.511 307.325 

Nov 2021 22.658 250.006 1508.951 12039.496 24.192 104.514 307.321 
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Fig. 8. Results of the stability checking transfer standards performed by the pilot laboratory. 

The observed maximum peak-to-peak difference between checking measurements amounted to: 
6 ps, 17 ps, 24 ps and 20 ps for TiGen and 11 ps, 6 ps and 5 ps for InLambda respectively. All 
changes are included within the non-linearities of TIC (T4100U) [6, 7] and the applied procedure 
of delay compensation by the pilot laboratory. There was not observed any signs of the loss of 
the stability of the transfer standards. 

Due to the need of quantitative assessment of temperature influence on the measurement results 

of InLambda standards, the common reference ambient temperature was considered as 22.75 C 
(the ambient temperature reported by the Lab with the smallest uncertainties of time interval 
measurements), so chosen without loss of generality to minimize the possible negative influence 
of recalculation for the results with the highest weights at determination of the reference values. 
At the same time, this temperature is very close to the mean value of the reported ambient 

temperatures by all participants equal to 22.97 C. The obtained results of analysis are gathered 
in the Table 7. 

 

Table 7. Based on the reported ambient temperatures, the list of theoretical corrections for the 

measured time intervals for InLambda standards  - In20, In100 and In300 with regard to a 
differences between the ambient temperature met during measurement and the reference 

temperature (here adopted as 22.75 C) 

 

 Ambient 
temperature 

/ C 

Correction for 

In20 / ns 

Correction for 

In100 / ns 

Correction for 

In300 / ns 

Reported 
U for TI 
measur. 

LAB Code T ±ΔT Estimate U Estimate U Estimate U U / ns 

GUM A 22.1 0.4 0.000 0.001 0.001 0.001 0.002 0.001 0.030 

FTMC B 25 1 -0.001 0.001 -0.003 0.001 -0.006 0.003 1.0 

VTT 
MIKES 

C 
22.4 0.1 0.000 0.001 0.000 0.001 0.001 0.001 0.14 

RISE D 23 1 0.000 0.001 0.000 0.001 -0.001 0.003 0.4 

PTB E 23.6 1 -0.001 0.001 -0.001 0.001 -0.002 0.003 0.16 

VSL F 22.8 0.5 0.000 0.001 0.000 0.001 0.000 0.001 0.13 

SMD G 22 0.3 0.000 0.001 0.001 0.001 0.002 0.001 0.084** 

IPQ H 24.9 0.2 -0.001 0.001 -0.003 0.001 -0.005 0.001 0.66 

ROA I 22 0.6 0.000 0.001 0.001 0.001 0.002 0.002 0.072 

 dn0 dn3 dn7 dn126 InL20 InL100 InL300 
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SIQ J 23 2 0.000 0.001 0.000 0.003 -0.001 0.005 0.42 

SMU K 23 2 0.000 0.001 0.000 0.003 -0.001 0.005 0.68 

INM L 22.5 0.5 0.000 0.001 0.000 0.001 0.001 0.001 0.61** 

BIM M 22.93 0.24 0.000 0.001 0.000 0.001 0.000 0.001 0.2 

EIM N 23.4 0.5 0.000 0.001 -0.001 0.001 -0.002 0.001 0.70 

BEV O 22.8 1 0.000 0.001 0.000 0.001 0.000 0.003 0.24 

ILNAS* P 23 0.6 ----- ----- 0.000 0.001 -0.001 0.002 0.16 

NPL* Q 22.4 1.4 ----- ----- 0.000 0.002 0.001 0.004 0.5 

UME R 22.75 0.25 0.000 0.001 0.000 0.001 0.000 0.001 0.003 

BoM S 22.3 1.8 0.000 0.001 0.001 0.003 0.001 0.005 0.61 

DMDM T 22.9 0.6 0.000 0.001 0.000 0.001 0.000 0.002 0.12 

MBM U 23.1 0.8 0.000 0.001 0.000 0.001 -0.001 0.002 0.34 

IMBIH V 23.7 0.2 -0.001 0.001 -0.001 0.001 -0.002 0.001 0.2 

SASO W 23 2 0.000 0.001 0.000 0.003 -0.001 0.005 0.29 

JV X 22.6 0.6 0.000 0.001 0.000 0.001 0.000 0.002 0.22 

* Missed InLambda 20 standard measurements due to disconnection DC supply connector inside 
the device (lack of P20 and Q20 results),  
** Changed after circulation Report – Draft A (see: Appendix G and Appendix L). 

 

Taking into account the observed very small theoretical corrections for the measured time 

intervals of In20, In100 and In300 with regard to the assigned uncertainties (except of UME 

results) to the particular measurements, and which are also below resolution of the most 
reported results (except of GUM, SMD, ROA and UME results), the influence of temperature 

can be neglected at calculation of reference values of In20, In100 and In300 time intervals 

and related degrees of equivalence. Choosing any values of the reference ambient 
temperature from the range of the reported ambient temperature values (between 22 C and 
25 C) would shift this group of 4 labs results in practice only, whereas the ambient 
temperature reported by these 4 labs are from 22 C to 22.75 C, which correspond to 
differences between temperature corrections smaller or equal to (1.9 ± 1.5) ps and may be 
omitted with regard to the specified stability, repeatability and reproducibility of InLambda 
standards within of ± 10 ps. There is no significant influence of the reported temperature on the 

interpretation of the results of the comparison. 

In conclusion, considering the results of stability analysis, results of verification of influence of 
measurement conditions and pre-assigned to transfer standards additional uncertainty 
components, there is no need to apply any corrections for calculation reference values and 
degrees of equivalence. 

8 The participants’ results, including uncertainties 

The reported by participants results are presented in the Tables 8a and 8b and Fig. 9. (estimates 
and expanded uncertainties for a coverage probability of approximately 95 %). To facilitate 
handling of measurement results an additional column with simply code for each participant has 
been added (from A to X). These codes jointly with numbers included in the adopted designations 
of the measured time intervals (numbers: 0, 3, 7 and 126 for dn0, dn3, dn7 and dn126 respectively 

as well as numbers: 20, 100 and 300 for In20, In100 and In300 respectively) allow to refer to 
each result separately, eg. as A0, A3, A7, A126, A20, A100 and A300 for all results obtained by 
the first laboratory. 

In the case of two participants, after circulation of the Report – Draft A, Laboratories had modified 
uncertainty budgets slightly. In one case (G# Lab), the uncertainty component related to the non-
linearity error was changed from 5.8 ps into 40 ps of standard uncertainty (see. Appendix G), 
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which increased the expanded uncertainties of G# results from 0.032 ns or 0.033 ns into 0.084 ns. 
The found by G# Lab issue concerned correction of evaluation uncertainty only and was the result 
of re-analysis of the measurement data obtained in the range from 1 ns to 100 ns using a stepper 
in March, 2020, before the actual measurements. In the second case (L# Lab), the missed 
uncertainty component related to inter-channel asymmetry, estimated based on manufacturer 
data at the level of 300 ps of standard uncertainty, was added to uncertainty budgets (see: 
Appendix L), which increased the expanded uncertainties of L# results from 0.13 ns into 0.61 ns. 
This issue was found by L# Lab during re-analysis of the applied measurement method. 

In both above cases, no estimates of the measurement results were changed. It has no negative 
impact on the interpretation of the results of other participants. The agreement of all participants 
was expressed by e-mail acceptance or lack of objection within up to 30 days after the request 
were sent by the pilot. 

 

Table 8a. The reported results by the participants obtained for TIGen  - dn0, dn3, dn7 and dn126 
(all values are expressed in ns) 

  dn0 dn3 dn7 dn126 

CODE LAB Estimate U Estimate U Estimate U Estimate U 

A GUM 22.655 0.030 250.012 0.030 1508.965 0.030 12039.490 0.030 

B FTMC 22.6 1.0 250.0 1.0 1509.0 1.0 12039.5 1.0 

C VTT 
MIKES 22.66 0.24 250.01 0.24 1508.95 0.24 12039.50 0.24 

D RISE 22.7 0.4 250.1 0.4 1509.1 0.4 12039.4 0.4 

E PTB 22.66 0.16 250.00 0.16 1508.97 0.16 12039.48 0.16 

F VSL 22.72 0.12 250.08 0.15 1509.05 0.13 12039.54 0.13 

G SMD 22.648 0.084** 249.998 0.084** 1508.948 0.084** 12039.477 0.084** 

H IPQ 22.999 0.66 250.39 0.66 1509.361 0.66 12039.839 0.66 

I ROA 22.684 0.072 249.997 0.072 1508.966 0.072 12039.484 0.072 

J SIQ 22.64 0.42 250 0.42 1508.95 0.42 12039.470 0.42 

K SMU 22.52 0.68 249.92 0.68 1508.86 0.68 12039.320 0.7 

L INM 22.55 0.61** 249.94 0.13 1508.93 0.61** 12039.370 0.61** 

M BIM 22.66 0.2 249.99 0.2 1508.97 0.2 12039.500 0.2 

N EIM 22.59 0.70 249.998 0.70 1508.993 0.70 12039.426 0.70 

O BEV 22.6 0.24 249.95 0.24 1508.96 0.24 12039.440 0.24 

P ILNAS 22.64 0.16 250 0.16 1508.95 0.16 12039.480 0.16 

Q NPL 22.75 0.5 250.1 0.5 1509.03 0.5 12039.570 0.5 

R UME 22.6526 0.0040 250.0002 0.0040 1508.952 0.004 12039.485 0.004 

S BoM 22.63 0.61 249.976 0.61 1508.925 0.61 12039.452 0.61 

T DMDM 22.66 0.12 249.97 0.12 1508.99 0.12 12039.49 0.12 

U MBM 22.65 0.34 249.99 0.34 1508.93 0.34 12039.48 0.34 

V IMBIH 22.674 0.2 250.052 0.2 1508.987 0.2 12039.603 0.2 

W SASO 22.81 0.29 250.18 0.29 1509.11 0.29 12039.61 0.29 

X JV 22.7 0.22 250.08 0.22 1509.01 0.22 12039.5 0.22 

** Changed after circulation the Report – Draft A. The previous values of U amounted to: 0,032 ns, 
0,032 ns, 0,033 ns and 0,033 ns for G# Lab and 0.13 ns for L# Lab respectively. 
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Table 8b. The reported results by the participants obtained for InLambda standards  - In20, 

In100 and  In300 (all values are expressed in ns) 

  In20 In100 In300 

CODE LAB Estimate U Estimate U Estimate U 

A GUM 24.196 0.030 104.516 0.030 307.321 0.030 

B FTMC 24.2 1.0 104.5 1.0 307.3 1.0 

C VTT MIKES 24.17 0.14 104.48 0.14 307.29 0.14 

D RISE 24.2 0.4 104.5 0.4 307.4 0.4 

E PTB 24.19 0.16 104.51 0.16 307.29 0.16 

F VSL 24.19 0.11 104.53 0.12 307.31 0.13 

G SMD 24.184 0.084** 104.492 0.084** 307.290 0.084** 

H IPQ 24.531 0.66 104.876 0.66 307.691 0.66 

I ROA 24.203 0.072 104.532 0.072 307.315 0.072 

J SIQ 24.18 0.42 104.48 0.42 307.28 0.42 

K SMU 24.23 0.65 104.47 0.67 307.26 0.68 

L INM 24.06 0.61** 104.44 0.61** 307.28 0.61** 

M BIM 24.23 0.2 104.54 0.2 307.34 0.2 

N EIM 24.142 0.70 104.482 0.70 307.329 0.70 

O BEV 24.14 0.24 104.44 0.24 307.22 0.24 

P ILNAS* ---------- -------- 104.48 0.16 307.28 0.16 

Q NPL* --------- -------- 104.58 0.50 307.35 0.5 

R UME 24.1870 0.0030 104.5025 0.0030 307.3302 0.0030 

S BoM 24.147 0.61 104.435 0.61 307.229 0.61 

T DMDM 24.21 0.12 104.48 0.12 307.27 0.12 

U MBM 24.17 0.34 104.46 0.34 307.27 0.34 

V IMBIH 24.217 0.2 104.526 0.2 307.358 0.2 

W SASO 24.16 0.29 104.46 0.29 307.27 0.29 

X JV 24.21 0.22 104.51 0.22 307.31 0.22 

* Missed InLambda 20 standard measurements due to disconnection DC supply connector inside 
the device (lack of P20 and Q20 results).  

** Changed after circulation the Report – Draft A. The previous values of U amounted to 0,032 ns, 
0,032 ns and 0,033 ns for G# Lab and 0.13 ns for L# Lab respectively. 

 

a)  
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b)  

 

c)  

 

d)  

 

e)  
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f)  

 

g)  

Fig. 9.a-g Reported results obtained by the participants for each measured time interval, 
including expanded uncertainties. For better clarity of the presented results, the vertical axes 
ranges were limited to 0.8 ns. Dashed lines indicate the approximated level of the reference 

values. 

 

9 Calculation of a reference value of the comparison 

The reference value 𝑥𝑅𝑒𝑓 for each measured time interval was calculated as weighted average 

of the measurement results obtained by the participants, according to the formula: 

 𝑥𝑅𝑒𝑓 =
∑ 𝛿𝑖

1

𝑢𝑖
2𝑥𝑖

𝑁
𝑖=1

∑ 𝛿𝑖
1

𝑢𝑖
2

𝑁
𝑖=1

,  (1) 

where the i-index refers to the result obtained by the i-th participant (𝑥𝑖 - estimate of the results, 

𝑢𝑖 - standard uncertainty) from total number of N-participants for a given time interval, and 𝛿𝑖 is 

an additional parameter equal to 1 for the “most reliable” results or equal to 0 for other results, 

i.e. 𝛿𝑖 = {
1
0

. Originally, it was assumed that the most reliable results are the results for which it is 

unambiguously stated that the residual non-linearities of the measurement system and other non-
compensated effects are included into uncertainties (eg. for SR620 – if expanded uncertainty is 

0,15 ns [8]) and which are consistent with other results (omitting outliers). That was aimed to 
remove the results with relatively small uncertainties and possible bias greater than an assigned 
uncertainty, which could influence negatively the weighted average value. 

Finally, the decision on the “reliability” has been made collectively, involving the support group 
and all participants as well as taking into account initially calculated degrees of equivalence, 
expressed with the usage of the equivalence coefficients Ei (eq. 3) and their further interpretation: 
positive or negative, in order to avoid arbitrary change of their interpretation. 
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The standard uncertainty of the reference values 𝑢𝑅𝑒𝑓 was calculated according to the 

propagation law of uncertainties, including the standard uncertainties of weighted average 𝑢𝑤𝑒𝑖 
and the standard uncertainty 𝑢𝑟𝑒𝑝 assigned to the stability, reproducibility and repeatability of 

transfer standards equal to 3 ps/2 for TIGen and 10 ps/2 for InLambda standards respectively: 

 𝑢𝑅𝑒𝑓
2 = 𝑢𝑤𝑒𝑖

2 + 𝑢𝑟𝑒𝑝
2 , (2) 

where:         𝑢𝑤𝑒𝑖 =
1

√∑ 𝛿𝑖
1

𝑢𝑖
2

𝑁
𝑖=1

. (2a). 

During analysis of the reliability and computing the reference values, the results of which are 
collected in the Table 9, the following cases were considered: 

Case #1 – all results recognized as equally reliable, 

Case #2 – the results with expanded uncertainties less than 10 ps marked as not reliable (R# 
group of results (with U = 4 ps or 3 ps) removed from computing the reference values – 1 
Lab), 

Case #3 – the results with expanded uncertainties less than 50 ps marked as not reliable (R# 
and A# groups of results (with U = 3 ps or 4 ps and 30 ps) removed from computing the 
reference values – 2 Labs), 

Case #4 – the results with expanded uncertainties less than 100 ps marked as not reliable 
(R#, A#, I# and G# groups of results (with U = 3 ps or 4 ps, 30 ps, 72 ps and 84 ps) removed 
from computing the reference values – 4 Labs). 

 

Table 9a. The considered cases of computing the reference values with expanded uncertainties 
and its influence on the positive or negative interpretation of the comparison results – obtained 
for TIGen  - dn0, dn3, dn7 and dn126 (reference values are expressed in ns) 

Case Parameter Ref dn0 Ref dn3 Ref dn7 Ref dn126 

#1 Ref_value 22.653 ± 0.005 250.001 ± 0.005 1508.953 ± 0.005 12039.485 ± 0.005 

 Max Ei 0.560 0.619 0.749 0.589 

 Min Ei -0.220 -0.254 -0.160 -0.236 

 Pos/Neg 24 / 0 24 / 0 24 / 0 24 / 0 

#2 Ref_value 22.662 ± 0.024 250.011 ± 0.024 1508.970 ± 0.024 12039.492 ± 0.024 

 Max Ei 0.513 0.585 0.628 0.561 

 Min Ei -0.377 -0.443 -0.726 -0.269 

 Pos/Neg 24 / 0 24 / 0 24 / 0 24 / 0 

#3 Ref_value 22.672 ± 0.038 250.009 ± 0.038 1508.977 ± 0.038 12039.494 ± 0.038 

 Max Ei 0.496 0.595 0.586 0.556 

 Min Ei -0.513 -0.344 -0.652 -0.249 

 Pos/Neg 24 / 0 24 / 0 24 / 0 24 / 0 

#4 Ref_value 22.675 ± 0.052 250.020 ± 0.054 1508.995 ± 0.053 12039.506 ± 0.053 

 Max Ei 0.492 0.562 0.557 0.507 

 Min Ei -0.432 -0.469 -0.800 -0.391 

 Pos/Neg 24 / 0 24 / 0 24 / 0 24 / 0 

 

Table 9b. The considered cases of computing the reference values with expanded uncertainties 
and its influence on the positive or negative interpretation of the comparison results - obtained for 

InLambda standards  - In20, In100 and  In300 (reference values are expressed in ns) 
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Case Parameter In20 In100 In300 

#1 Ref_value 24.187 ± 0.010 104.503 ± 0.010 307.330 ± 0.010 

 Max Ei 0.521 0.566 0.547 

 Min Ei -0.208 -0.261 -0.498 

 Pos/Neg 22 / 0 24 / 0 24 / 0 

#2 Ref_value 24.195 ± 0.026 104.512 ± 0.025 307.313 ± 0.025 

 Max Ei 0.509 0.551 0.680 

 Min Ei -0.325 -0.384 -0.388 

 Pos/Neg 22 / 0 24 / 0 24 / 0 

#3 Ref_value 24.194 ± 0.039 104.507 ± 0.038 307.300 ± 0.038 

 Max Ei 0.511 0.560 0.775 

 Min Ei -0.229 -0.281 -0.339 

 Pos/Neg 22 / 0 24 / 0 24 / 0 

#4 Ref_value 24.194 ± 0.053 104.500 ± 0.051 307.297 ± 0.051 

 Max Ei 0.513 0.572 0.646 

 Min Ei -0.229 -0.254 -0.328 

 Pos/Neg 22 / 0 24 / 0 24 / 0 

 

In practice, a large number of participants (24), very good mutual consistency of the most results 
within assigned uncertainties and, in general, lack of the results with relatively small uncertainties 
and possible bigger bias jointly make the weighted average more resistant to potential “less” 
reliable results. 

The possible reliability of the R# group of results, with the smallest uncertainties (U = 4 ps and 
3 ps) performed with HSO, had been confirmed before within the pilot comparison #1288 Euramet 
project [2] and is not questionable. A gross error in R# group of estimates (performing a typo 
during recording or reporting measurement results) has been excluded, too.  

Removing, from the reference value calculation, the results with the smallest uncertainties (the 
most influencing the weighted average value – R#, A#, I# and G# groups of results) does not 
change the reference value significantly (see: Cases #2-4), but it causes relatively significant 
increase in the uncertainty value assigned to the reference values and does not change the final 
(positive) interpretation of the equivalence coefficient values. The observed variations of the 
values of equivalence coefficients between Cases #1-4 reflect a natural discrepancy of 
measurement results, assigned uncertainties and applied level of reduction of systematic 
components (delays) in measurement configurations. 

However, before taking the final decision and in order to minimise the risk of wrong interpretation 
of R# group of results (with the highest weights), the additional auxiliary measurements of 
traveling standards have been performed with a high speed oscilloscope of DSO90254A. It was 
carried out by the pilot laboratory with support of National Institute of Telecommunications in 
Warsaw-Miedzeszyn (Poland), in April 2024. The results presented in the Table 10 were obtained, 
which are consistent within a few picoseconds with R# results very well. 

Table 10. Results of auxiliary measurements of traveling standards performed with a high speed 

oscilloscope of DSO90254A (ambient temperature (22.1 ± 0.4) C) obtained in April 2024, during 

preparation the report Draft A. The results and given with expanded uncertainties (at p  95 %) 
(values expressed in ns) - not included into further calculation of the reference values. 

dn0 dn3 dn7 dn126 

22.648 ± 0.005 249.995 ± 0.005 1508.948 ± 0.005 12039.481 ± 0.005 

In20 In100 In300 

24.186 ± 0.005 104.498 ± 0.005 307.328 ± 0.005 
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Finally, to avoid arbitrary choice of the reliability assessment, the Case #1 (with all results marked 
as equally reliable) was chosen for calculation of the reference values and equivalence coefficient 
values for interpretation of the comparison results. For better clarity, the final reference values of 
the measured time intervals are collected in the Table 11. 

 

Table 11. The final reference values with expanded uncertainties (at coverage probability of 

approx.. 95 %) obtained for TIGen  - dn0, dn3, dn7 and dn126, and InLambda standards  - In20, 

In100 and  In300 (values expressed in ns) 

Ref dn0 Ref dn3 Ref dn7 Ref dn126 

22.653 ± 0.005 250.001 ± 0.005 1508.953 ± 0.005 12039.485 ± 0.005 

Ref In20 Ref In100 Ref In300 

24.187 ± 0.010 104.503 ± 0.010 307.330 ± 0.010 

 

10 The degree of equivalence (DoE) of each participant with respect to the reference value 

The Degree of equivalence (DoE) of each participants and each results has been expressed 

mathematically by the equivalence coefficient Ei calculated according to the formula: 

 𝐸𝑖 =
𝑥𝑖−𝑥𝑅𝑒𝑓

𝑈(𝑥𝑖−𝑥𝑅𝑒𝑓)
 (3) 

where: 

 𝑢2(𝑥𝑖 − 𝑥𝑅𝑒𝑓) = 𝑢𝑖
2 + (1 − 2𝛿𝑖)𝑢𝑤𝑒𝑖

2 + 𝑢𝑟𝑒𝑝
2  (3a) 

and  𝑈(𝑥𝑖 − 𝑥𝑅𝑒𝑓) = 2𝑢(𝑥𝑖 − 𝑥𝑅𝑒𝑓),  (3b) 

with the minus sign at uncertainty calculation because of a possible correlation between weighted 
average and participant’s results [9]. 

For |𝐸𝑖| ≤ 1 – the comparison results are positive, and for |𝐸𝑖| > 1 – the comparison results are 

negative. 

In the Table 12a-d and Fig. 10a-g, there are presented deviations from the reference values with 
expanded uncertainties of this deviations and resulting equivalence coefficients. 

Table 12a. Degree of equivalence of each participants for the measured time intervals (deviations 
from reference values with expanded uncertainties – expressed in ns, and the resulting 
equivalence coefficients) – obtained for TIGen  - dn0 and dn3. 

  dn0 dn3 

CODE LAB xi - xRef Ui Ei xi - xRef Ui Ei 

A GUM 0.002 0.030 0.072 0.012 0.030 0.385 

B FTMC -0.053 1.0 -0.053 0.000 1.0 0.000 

C VTT MIKES 0.007 0.24 0.030 0.010 0.24 0.040 

D RISE 0.047 0.40 0.118 0.100 0.40 0.249 

E PTB 0.007 0.16 0.045 0.000 0.16 -0.003 

F VSL 0.067 0.12 0.560 0.080 0.15 0.530 

G SMD -0.005 0.084 -0.058 -0.002 0.084 -0.030 

H IPQ 0.346 0.66 0.524 0.390 0.66 0.590 

I ROA 0.031 0.072 0.433 -0.003 0.072 -0.049 

J SIQ -0.013 0.42 -0.031 0.000 0.42 -0.001 

K SMU -0.133 0.68 -0.195 -0.080 0.68 -0.118 

L INM -0.103 0.61 -0.169 -0.060 0.61 -0.099 
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  dn0 dn3 

CODE LAB xi - xRef Ui Ei xi - xRef Ui Ei 

M BIM 0.007 0.20 0.036 -0.010 0.20 -0.052 

N EIM -0.063 0.70 -0.090 -0.002 0.70 -0.004 

O BEV -0.053 0.24 -0.220 -0.050 0.24 -0.210 

P ILNAS -0.013 0.16 -0.080 0.000 0.16 -0.003 

Q NPL 0.097 0.50 0.194 0.100 0.50 0.199 

R UME 0.000 0.003 -0.083 0.000 0.003 -0.097 

S BoM -0.023 0.61 -0.037 -0.024 0.61 -0.040 

T DMDM 0.007 0.12 0.060 -0.030 0.12 -0.254 

U MBM -0.003 0.34 -0.008 -0.010 0.34 -0.031 

V IMBIH 0.021 0.20 0.106 0.052 0.20 0.258 

W SASO 0.157 0.29 0.542 0.180 0.29 0.619 

X JV 0.047 0.22 0.214 0.080 0.22 0.361 

 

Table 12b. Degree of equivalence of each participants for the measured time intervals (deviations 
from reference values with expanded uncertainties – expressed in ns, and the resulting 
equivalence coefficients) – obtained for TIGen  - dn7 and dn126. 

  dn7 dn126 

CODE LAB xi - xRef Ui Ei xi - xRef Ui Ei 

A GUM 0.012 0.030 0.412 0.005 0.030 0.161 

B FTMC 0.047 1.0 0.047 0.015 1.0 0.015 

C VTT MIKES -0.003 0.24 -0.011 0.015 0.24 0.062 

D RISE 0.147 0.40 0.368 -0.085 0.40 -0.213 

E PTB 0.017 0.16 0.108 -0.005 0.16 -0.032 

F VSL 0.097 0.13 0.749 0.055 0.13 0.422 

G SMD -0.005 0.084 -0.056 -0.008 0.084 -0.097 

H IPQ 0.408 0.66 0.619 0.354 0.66 0.536 

I ROA 0.013 0.072 0.185 -0.001 0.072 -0.016 

J SIQ -0.003 0.42 -0.006 -0.015 0.42 -0.036 

K SMU -0.093 0.68 -0.136 -0.165 0.70 -0.236 

L INM -0.023 0.61 -0.037 -0.115 0.61 -0.189 

M BIM 0.017 0.20 0.087 0.015 0.20 0.074 

N EIM 0.040 0.70 0.058 -0.059 0.70 -0.085 

O BEV 0.007 0.24 0.030 -0.045 0.24 -0.188 

P ILNAS -0.003 0.16 -0.017 -0.005 0.16 -0.032 

Q NPL 0.077 0.50 0.155 0.085 0.50 0.170 

R UME 0.000 0.003 -0.160 0.000 0.003 -0.059 

S BoM -0.028 0.61 -0.045 -0.033 0.61 -0.054 

T DMDM 0.037 0.12 0.311 0.005 0.12 0.040 

U MBM -0.023 0.34 -0.067 -0.005 0.34 -0.015 

V IMBIH 0.034 0.20 0.172 0.118 0.20 0.589 

W SASO 0.157 0.29 0.542 0.125 0.29 0.430 

X JV 0.057 0.22 0.261 0.015 0.22 0.067 
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Table 12c. Degree of equivalence of each participants for the measured time intervals (deviations 
from reference values with expanded uncertainties – expressed in ns, and the resulting 

equivalence coefficients) – obtained for InLambda standards  - In20 and In100. 

  In20 In100 

CODE LAB xi - xRef Ui Ei xi - xRef Ui Ei 

A GUM 0.009 0.031 0.282 0.013 0.031 0.424 

B FTMC 0.013 1.0 0.013 -0.003 1.0 -0.003 

C VTT MIKES -0.017 0.14 -0.122 -0.023 0.14 -0.161 

D RISE 0.013 0.40 0.032 -0.003 0.40 -0.007 

E PTB 0.003 0.16 0.018 0.007 0.16 0.046 

F VSL 0.003 0.11 0.026 0.027 0.12 0.227 

G SMD -0.003 0.085 -0.037 -0.011 0.085 -0.126 

H IPQ 0.344 0.66 0.521 0.373 0.66 0.566 

I ROA 0.016 0.073 0.218 0.029 0.073 0.404 

J SIQ -0.007 0.42 -0.017 -0.023 0.42 -0.054 

K SMU 0.043 0.65 0.066 -0.033 0.67 -0.049 

L INM -0.127 0.61 -0.208 -0.063 0.61 -0.103 

M BIM 0.043 0.20 0.214 0.037 0.20 0.186 

N EIM -0.045 0.70 -0.064 -0.021 0.70 -0.030 

O BEV -0.047 0.24 -0.196 -0.063 0.24 -0.261 

P ILNAS - - - -0.023 0.16 -0.141 

Q NPL - - - 0.077 0.50 0.155 

R UME 0.000 0.010 -0.013 0.000 0.010 -0.016 

S BoM -0.040 0.61 -0.066 -0.068 0.61 -0.111 

T DMDM 0.023 0.12 0.190 -0.023 0.12 -0.188 

U MBM -0.017 0.34 -0.050 -0.043 0.34 -0.125 

V IMBIH 0.030 0.20 0.149 0.023 0.20 0.117 

W SASO -0.027 0.29 -0.094 -0.043 0.29 -0.147 

X JV 0.023 0.22 0.104 0.007 0.22 0.033 

 

Table 12d. Degree of equivalence of each participants for the measured time intervals (deviations 
from reference values with expanded uncertainties – expressed in ns, and the resulting 

equivalence coefficients) – obtained for InLambda standards  - In300. 

  In300 

CODE LAB xi - xRef Ui Ei 

A GUM -0.009 0.031 -0.283 

B FTMC -0.030 1.0 -0.030 

C VTT MIKES -0.040 0.14 -0.284 

D RISE 0.070 0.40 0.175 

E PTB -0.040 0.16 -0.249 

F VSL -0.020 0.13 -0.153 

G SMD -0.040 0.085 -0.472 

H IPQ 0.361 0.66 0.547 

I ROA -0.015 0.073 -0.205 

J SIQ -0.050 0.42 -0.119 

K SMU -0.070 0.68 -0.103 
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  In300 

CODE LAB xi - xRef Ui Ei 

L INM -0.050 0.61 -0.082 

M BIM 0.010 0.20 0.050 

N EIM -0.001 0.70 -0.001 

O BEV -0.110 0.24 -0.458 

P ILNAS -0.050 0.16 -0.311 

Q NPL 0.020 0.50 0.040 

R UME 0.000 0.010 0.028 

S BoM -0.101 0.61 -0.165 

T DMDM -0.060 0.12 -0.498 

U MBM -0.060 0.34 -0.176 

V IMBIH 0.028 0.20 0.140 

W SASO -0.060 0.29 -0.206 

X JV -0.020 0.22 -0.090 

 

a)  

b)  

c)  
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d)  

e)  

f)  

g)  

Fig. 10.a-g Deviations from the reference values with expanded uncertainties of those 
deviations obtained by the participants for each measured time interval. On each vertical axes, 
0.0 ns corresponds to the level of the reference value. The vertical axes ranges were limited to 

0.6 ns – the same for each graph. 
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11 Uncertainty budget of each participant with indication of the resulting combined uncertainty 

Uncertainty budgets of each participant with indication of the resulting combined uncertainty are 
included in the measurement reports, collected in the Appendixes from A to X. 

The uncertainties were evaluated at a level of one standard uncertainty and expanded uncertainty 
for a coverage probability of approximately 95 % and were estimated according to the JCGM 
100:2008 (GUM 1995 with minor corrections) [10]. 

In the uncertainty budget should be taken into account all uncertainty components which are of 
importance in measurements. A list of the evaluated uncertainty components used by each 
participant was presented in the form of a table according to the EA-4/02 M:2013 (replaced by 
EA-4/02 M:2022) [11]. 

 

12 Appropriate analysis to verify if uncertainty claims correspond to those of published CMCs 

 
Only three labs explicitly reported the need to refer the comparison results to the claimed (VSL), 
new proposed (GUM) or planned candidate (MBM) CMC values. 
 
VSL 
The uncertainties reported by VSL in this comparison are less than or equal to 0.15 ns (at p 

 95 %), which are well below its CMC claim (1 ns). The reported VSL results agree with the 
comparison reference values within assigned uncertainties, thus the VSL results support the 
current CMC claim for time interval calibrations and justify reducing the current CMC values to 
lower values. 
 
GUM 
The uncertainties reported by GUM in this comparison, together with the collected measurements 
during stability determination of the standards as a pilot laboratory, are equal to 0.030 ns (at p 

 95 %), which are well below its CMC claim (0.20 ns). They are sufficient to agree with the 
comparison reference values within assigned uncertainties. However, the observed maximum 
deviation of the stability determination results from the comparison reference values reaches 
0.025 ns, which corresponds to the absolute value of the equivalence coefficient slightly more 
than 0.80. So, the proposed expanded uncertainties of 0,030 ns for the update or new proposed 
CMC services of GUM for time interval measurements between two pulse signals with closely the 
same shape of the rising slopes of the measured pulse signals and with rise time <1 ns, is 
supported by the comparison results, but it may be exposed to some risk of underestimation, at 
the same time. 
 
MBM 

The uncertainties reported by MBM in this comparison are equal to 0.34 ns (at p  95 %) and the 
MBM results agree with the comparison reference values very well (the observed maximum 
deviation from the reference values amounts to 0.060 ns), thus the MBM results support the 

planned candidate CMC for time interval measurements with an expanded uncertainty both of 
0.5 ns and 0.34 ns or of even lower value. 
 
Other conclusions referred supporting by the comparison results the existing, updating or planned 
CMC claims for time interval measurements are included inside or at the end of the next section. 
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13 First conclusions 

 

Main conclusion based on DoE 

For every result, collected in the Tables 12a-d, the equivalence coefficient is between the 
limits -1 and 1, thus the results of supplementary comparison of time interval 
measurements are positive for each participant. 

 

Differential input channel delay and cable delay asymmetry 

H#, K#, L#, N#, V# and W# groups of results were obtained by measurements in a single 
measurement setup (marked (a) in Fig. 3) only, not accompanied or preceded by measurements 
in other configurations. Despite using the cables of almost the same length closely, it arises a risk 
of additional error (bias) caused by not reduced differential channel delay of the applied TIC. This 
risk occurred in the case of: 

- H# results (differed from the reference value by 0.368 ns on average), 
- L# results (differed from the reference value by -0.077 ns on average, with variation of the 

shift up to 104 ps peak-to-peak), 
- V# results (differed from the reference value by 0.044 ns on average, with variation of the 

shift up to 97 ps peak -to-peak), 
- W# results (differed from the reference value by 0.055 ns for TIGen and by -0.033 ns for 

InLambda standards on average). 

Indeed, in each of the above cases, the assigned uncertainties allow accepting the observed 
deviations from the reference values due to inclusion the sufficiently large uncertainty 
components which can cover a possible non-zero residual differential channel delay and cable 
delay asymmetry. Initial omission (see: Appendix L) of such important uncertainty component in 
L# results, had increased significantly the risk of negative assessment of L126 and L20 results. 
Moreover, it draws attention the adopted correction for a cable delay difference for L# results 
especially that it was taken as 0 ns with a very small standard uncertainty of 0.006 ns. 

It is worth noting that the estimates of V# results vary within similar limits as in the case of L# 
results and both labs use pairs of cables of equal length from one manufacturer (not necessarily 
the same), however a non-zero correction of 0.075 ns for a cable delay difference with assigned 
a four times larger standard uncertainty (of 0.023 ns) was applied by V Lab. Assuming that the 
length accuracy and repeatability of cutting cable by manufacturer may be about of 1 % (a cable 
is typically unwound from the spool and is not perfectly straight), it corresponds to possible ±75 ps 
of a cable delay difference for 1.5 m cable lengths approximately. There are also possible small 
imperfections in mounting cables connectors and slightly different (mismatch of) pass-band 
characteristics of connectors, causing additional frequency dependent asymmetry of propagation 
delay. 

Anyway, both cables should be marked and distinguishable so as not to confuse in configuration 
the order of cable connections of Start and Stop signals with TIC’s inputs with regard to the applied 
cable delay asymmetry correction sign. This may be one of the possible explanations of the 
observed in W# results a significant difference (of 0.070 ns on average and of 0.239 ns peak-to-
peak) between deviations from the reference values for TIGen standard and for InLambda 
standards. Another reason of this observation can be separation in time of measurements of 
TIGen standard from InLambda standards, sufficient to change the internal measurement 
conditions inside TIC (eg. differential channel delay). 

A nearly fixed systematic deviation (of 0.368 ns) of H# results from the reference values may be 
easy explained as a sum of non-reduced internal differential channel delay, including the internal 
non-linearities of TIC, and/or asymmetry of cable delays, although it is covered successfully by 
the uncertainty component generally related to ‘influence of wrong measurements’ and estimated 

as 0.289 ns (p  68 %). It may be symptomatic, that this lab, along with L# and N# labs, had 
reported to the pilot problems with repeatability of measurements during repetitions of 
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measurements and every one of them applied a simply measurement setup without reduction 
differential channel delay. Finaly, H# results were obtained as average values of data collected 
on 3 different days, with more than 75 measurements per day. 

Most of the abovementioned problems could be avoided by applying a bit more complex 
measurements with inter-change cable connections (see: Fig. 3 and Tab. 4), where a cable delays 
asymmetry did not affect the final measurements results. Even so, some of labs (eg. O#) applied 
cables with clearly visible different lengths intentionally to facilitate measurements and avoid 
additional source of mistakes, arising slightly the risk of causing additional frequency dependent 
asymmetry of propagation delay only. Also, performing TIC’s autocalibration procedures before 
the measurements, if it was available, allowed successfully to optimize the internal differential 
channel delay and internal non-linearities influence (eg. B# or Q# labs). 

 

Internal non-linearities 

The observed variations of deviations from the reference values obtained by participants in 
division into the used brand of TICs, presented in the Table 13, should be free of a fixed 
systematic shifts theoretically and may be interpreted as some representation of residual non-
compensated internal non-linearities. Due to the limited set of the measured time interval values 
in the comparison, the real range of the possible non-linearities can be wider. Each specific TIC 
may feature individual characteristics of non-linearities as well as some specific condition of 
measurements (averaging time, type of correlation of the time base with the measured time 
interval) may decrease the non-linearities to some extent, but some general conclusions can be 
drawn. 

Interpretation of the data collected in the Table 13 may be additionally influenced by the applied 
method of reduction differential cable and channel delay, so called offset measurements, number 
and duration of measurement series, number of repetition, schedules of measurements. If proper 
time interval measurements were preceded by auxiliary differential cable/channel delay 
measurements separated for TIGen group results and separated for InLambda group results, then 
the last column in the Table 13 represents jointly non-linearities as well as differences in auxiliary 
measurements between both group of results. So, these values figured in the last column should 
be interpreted very carefully. There is also a possible some random noise contribution to all values 
given there. 

 

Table 13. Observed variations of deviations from the reference values with regard to the used 
brand of TICs. (x2, x3 – refers to the results which were obtained by averaging estimates from 2 
or 3 devices of the same brand respectively) 

Used brand 
of TICs 

Code of 
Lab 

Obtained by participants variation (peak-to-peak) of deviations from 
the reference values 

for TIGen for InLambda total (for both standards jointly) 

SR620 B 

E 

F 

H 

I 

O 

Q 

V 

100 ps 

22 ps 

42 ps (x2) 

62 ps 

35 ps (x2) 

60 ps 

22 ps (x3) 

97 ps 

43 ps 

47 ps 

47 ps (x2) 

29 ps 

44 ps (x2) 

63 ps 

57 ps (x3) 

7 ps 

100 ps 

57 ps 

117 ps (x2) 

64 ps 

46 ps (x2) 

117 ps 

79 ps (x3) 

97 ps 
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Used brand 
of TICs 

Code of 
Lab 

Obtained by participants variation (peak-to-peak) of deviations from 
the reference values 

for TIGen for InLambda total (for both standards jointly) 

53230A C 

G 

J 

P 

U 

W 

X 

18 ps 

6 ps 

15 ps 

12 ps 

20 ps 

55 ps 

65 ps 

23 ps 

37 ps 

43 ps 

27 ps 

43 ps 

33 ps 

43 ps 

55 ps 

37 ps 

49 ps 

49 ps 

57 ps 

239 ps 

99 ps 

CNT91 M 

S 

T 

28 ps 

10 ps 

68 ps 

33 ps 

61 ps 

83 ps 

55 ps 

78 ps 

97 ps 

PM6681/ 

PM6681R 

D 

L 

N 

232 ps 

92 ps 

103 ps 

73 ps 

77 ps 

44 ps 

232 ps 

104 ps 

103 ps 

53132A K 85 ps 113 ps 208 ps 

T4100U A 10 ps 22 ps 22 ps 

HSO R 0.3 ps 0.4 ps 0.8 ps 

 

In the case of SR620, the observed range (peak-to-peak) of variations of deviations from the 
reference values does not exceed 100 ps typically (117 ps in total), whereby employing two (x2) 
or three (x3) devices may improve this characteristics, although caution is recommended, 
because two or three items may not be representative for this statistically enough or, 
paradoxically, might result in the observed wider variations due to better coverage of the non-
linearities range. This may explain the observed wider variations in case of Q# (3x) than in the 
cases of E#, H# or I#. These results are consistent with manufacture’s documentation [8] 
concerning non-linearities and with long series of continuous time interval measurements 
performed with the SR620 and compared to phase measurements performed with higher 
accuracy with the usage of standard frequency comparator [6, 11]. Observed total variations in 
cases of F# and O# differ from obtained separately variations for TIGen and InLambda standards 
significantly and may represent individual differences in auxiliary measurements between both 
group of results additionally. 

In the case of 53230A, the observed range of variations of deviations from the reference values 
does not exceed about 70 ps or less typically (99 ps in total), which agrees with manufacturer 
specification very well [12], except of the discussed before case of W# results with a significant 
difference (239 ps peak-to-peak) between deviations for TIGen standard and for InLambda 
standards which are likely of a different un-known origin. This estimation agrees with the results 
of non-linearity verification performed and reported by ILNAS (P# results) for the same type of 
TIC, where the possible non-linearities up to 80 ps peak-to-peak were shown during changing the 
measured time interval. The case of G# results is also very interesting, because of a very small 
variations and deviations from the reference values and a high repeatability observed for the most 
results, what it suggested the possibility of averaging 53230A’s non-linearities over time to some 
extent, allowing for some specific measurement conditions applied by G# Lab, i.e. 5 sessions 
(one per day) of 100 measurements repeated for each time interval – over 5 days totally. It is 
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worth noting, that measurement conditions of G# Lab for TIGen and for InLambda standards are 
slightly different in frequency repetition of the measured time intervals: 1 Hz – for  TIGen, and 10 
Hz – for InLambda standards, which may result in different representations and different 
averaging non-linearities (for TIGen: observed 6 ps peak-to-peak variation of deviation from the 
reference values, and for InLambda standards: observed 37 ps peak-to-peak variation). 

Quite opposite, the longer beaks between series of measurements may cause the weaker 
reduction of the 53230A’s non-linearities, as it may be deduced from the case of X# results with 
auxiliary determined residuals, corresponding to inconsistencies of differential channels and 
cables delays between different pairs of measurements. Observed by X# Lab residuals for 
InLambda standards do not exceed 1 ps, as all series of measurements in the four required cable 
configurations for each time interval separately were performed within 3 min in total approximately 
(10 s lasting series of measurements with 10 Hz frequency and with breaks of 40-50 s between 
series), whereas the residuals obtained for TIGen are changing up to more than 20 ps, as all 
series of measurements in the four required cable configurations lasted 10 times longer in total 
(within 30 min approximately – 50 s lasting series of measurements with 1 Hz frequency repetition 
and with breaks of 6 min at least between series). Although both X# and G# groups of results 
were obtained with the same brand of TICs and repetition frequencies (1 Hz and 10 Hz 
appropriately) of the measured time intervals, but measurements were performed by both Labs 
in another configurations of connection cables and another schedule of collection measurement 
series. 

In the uncertainty budget related to G# group results (see: Appendix G), the initially adopted 
assumption of noise character of the non-linearity component drawn attention, especially which it 

was supposed to be smoothing out with 1/n factor, where n = 100 was a number of 
measurements in one series. Despite specific conditions applied during measurement procedure, 
validity of a such assumption seems to be broken to some extent, as this is compared to the 
observed variations of deviations from the reference values for measurements performed with the 
same brand of TIC as in the case of G#. Although the other G# results match the reference values 
very well, some residual random quasi-systematic character of non-linearities, not subject to 
averaging, might have occurred more clearly for one single result of G300. 

 

In the case of CNT91, the observed range of variations of deviations from the reference values 
does not exceed about 80 ps or less typically (97 ps in total). It can be also assigned to residual 
internal non-linearities inside of the TIC, although this value is lower than a random quantization 

error (1) of 100 ps given in manufacturer’s documentation [13], however which should be subject 
to averaging statistically (i.e. 10 times smaller for series of 100 measurements) as a random 
component. 

In the case of PM6681, there are observed variations of deviations from the reference values in 
the range of a bit more than 100 ps, except of D126 result (reported as the last one in the summary 
of the results of D# lab, sic!), whose deviation differs from the deviations of the other D# results 
up to 232 ps. In the uncertainty budgets of D# results, a correction for the measured systematic 
delay (due to internal counter asymmetry, connecting cables, and trigger level setting errors, 
calculated as the arithmetic mean of individual measurements) takes on identical values, which 
suggests that this correction was measured once for the whole set of time interval measurements. 
Although, this deviation meets the general manufacturer’s specifications [14] very well, where a 
typical systematic error due to inter-channel asymmetry is given as <300 ps, anyway a very slow 
changing character of systematic error was rather expected as well as to be more dominant than 
its non-linear part. 

In the cases of 53132A and T4100U, the observed variations of deviations from the reference 
values are up to 208 ps and 22 ps respectively, which are consistent with the results of verification 
their non-linearities reported in [15] (up to 450 ps peak-to-peak variations for 53132A) and [6] (up 
to 15 ps peak-to-peak variation for T4100U) allowing for the possible noise contribution in the 
case of A# results (applied 10 measurements in one series only with standard deviation up to 
6 ps). 
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For HSO (generalizing, for event timers) with time interval measurement based on continuous 
time stamping with high frequency clock, the non-linearities dependent of the measured time 
interval should not appear. Anyway, some systematic effects are possible to some extent 
(mismatching of: inputs, cable connectors, trigger levels). 

 

Summary conclusions 

Considering the above remarks and findings as well as analysing the applied measurement 
methods together with the reported uncertainty budgets of participants, it can be concluded that: 

a. For precise time interval measurements, the methods independent of cable delay 
asymmetry and with reduction of differential channel delay of TIC are recommended. Non-
reduced quasi-systematic part of internal differential channel delay and residual internal 
non-linearities should be included into uncertainty budgets. 

b. Internal differential channel delay and internal non-linearities inside TICs are both quasi-
systematic and quasi-random nature, because they vary with the value of the measured 
time interval and over time. For different devices of the same brand of TICs or for different 
brands of TICs, the range of variations and rate (dynamics) of change over time of the 
non-linearities may be different, thus applying better estimation of systematic effects than 
stated in manufacturer’s documentation is possible but should be justified. 

c. Extension of measurements in time may reduce by averaging the fast changing in time 
non-linearity components but simultaneously separation of the series of measurements in 
time may expose the slow changing in time non-linearity components to increase 
significantly. There should be a compromise between the duration of measurements and 
the observed variation in time of the quasi-systematic components. 

d. The additional auxiliary measurements of the systematic components (offset 
measurements, cable and channel asymmetry measurements, e.t.c.), if applicable, should 
be performed both before and after proper series of measurements to verify the validity of 
the correction for systematic effects over time. 

e. Usage of the average value of the results obtained with more than one TIC for 
measurements of the same time interval and with applying the propagation law of 
uncertainty, allow to reduce the influence of internal differential non-linearities inversely 
proportional to the square root of the number of the used TICs, successfully, provided that 
the correct and representative estimate of the range of non-linearities changes is adopted 
in the uncertainty budget (see: g. conclusion, too). 

f. Executing AUTOCAL procedure in SR620 allowed to optimize internal differential 
channel delay and internal non-linearities successfully. The same effect is obtained 
employing pivot method, if it is justified (as both measured signals are repeated 
periodically and the phase difference of each measured signals is fixed with reference to 
the auxiliary pivot signal – an increased jitter of measurements may be expected 
(compare: e.g. E# and F# uncertainty budgets)) or other method reducing cable 
asymmetry and differential channel delay correctly. 

g. The observed variations of deviations from the reference values in this comparison are 
not necessary fully representative for possible full ranges of changes of the internal non-
linearities inside the used brand of TICs, but they can be a good reference/starting point 
for uncertainty evaluation of systematic effects in time interval measurements and for 
further investigations. 
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h. Consistently, some of the results reported in this comparison have got assigned 
significantly conservative (with overestimated influence of some effects) values of the 

uncertainties, which can be lowered up to 0.20 ns (p  95 %) at least or better. This may 
be applied to the B# and Q# results (performed with SR620s with reducing cable 
asymmetry and after AUTOCAL procedures), J# and U# results (performed with 
53230As, with reduced cable asymmetry and differential channel delay correctly) and S# 
results (performed with CNT91, with reduced cable asymmetry and differential channel 
delay correctly). 

i. Consistently, despite the positive results of the comparison, it is recommended some labs 
to inspect or investigate its own uncertainty budgets carefully to justify better specific 
measurement conditions and assumptions, when assigning smaller than typically obtained 
uncertainties with the same type of TIC on regular basis, with and without even observing 
a larger bias of the results. 

j. Allowing for lowering uncertainty to single picoseconds level for the real time High Speed 
Oscilloscopes, it is recommended to investigate and verify possible systematic effects 
influencing a possible non-compensated bias of the measured time intervals, too. 

The obtained comparable results were possible due to a very good matching parameters of the 
measured pulse signals generating by the transfer standards and therefore well-defined 
measurands, making the measured time intervals nearly insensitive to pass-bands of the TIC’s 
inputs in practice (minimising frequency dependent asymmetry of propagation delay) and nearly 
insensitive to different characteristics of the used auxiliary local signals. However, this situation is 
realistic in some specific cases only, as both signals are taken from the same system or device 
with well-matched outputs. Whereas time interval measurements between the pulse signals with 
different rising slopes, different amplitudes and different frequency characteristics are performed 
more frequently (signals taken from different systems/devices or traveling along different paths 
with different attenuations and frequency pass-bands) – in a such case a proper and 
unambiguous definition of measurand and accounting individually influence of TIC and connecting 
cables is more complex. 

The obtained comparison results support the existing, being updated or planned for update CMC 
claims for time interval measurements of each participants under condition that the above 
conclusions are taken into account carefully. There is possible the improvement of many existing 
CMC claims, however the lower limit of the assigned uncertainties than a typical one for the 
observed residual internal non-linearities and differential channel delays must be verified and 
justified individually according to the applied or improved measurement method and the 
characteristics of the applied measurement instrument. 

The proposed form of publishing the results of comparison after approval by all the participants is 
publishing in the Technical supplement of Metrologia or other scientific publications as well as 
presentation these results in a conference. 
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15 Appendixes (copies of participants’ measurement reports): 

1. Appendix A (GUM report) 

2. Appendix B (FTMC report) 

3. Appendix C (VTT report) 

4. Appendix D (RISE report) 

5. Appendix E (PTB report) 

6. Appendix F (VSL report) 

7. Appendix G (SMD report) 

8. Appendix H (IPQ report) 

9. Appendix I (ROA report) 

10. Appendix J (SIQ report) 

11. Appendix K (SMU report) 

12. Appendix L (NIM report) 

13. Appendix M (BIM report) 

14. Appendix N (EIM report) 

15. Appendix O (BEV report) 

16. Appendix P (ILNAS report) 

17. Appendix Q (NPL report) 

18. Appendix R (UME report) 

19. Appendix S (BoM report) 

20. Appendix T (DMDM report) 

21. Appendix U (MBM report) 

22. Appendix V (IMBIH report) 

23. Appendix W (SASO report) 

24. Appendix X (JV report) 
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