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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 Sl 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 Tl 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 us (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. Tl 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 Q).

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 | to perform measurements after
adaptation to local | adaptation to local environmental
environmental conditions and | conditions and after the warm-up
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after the warm-up time —at least | time — until “Stabilized” diode
15 min stops blinking
External input signals Standard freq.. 10 MHz + 1 Hz | Pulse signals:

(<1E-7 fractional frequency),
(0,5 - 2) Vp-p / 50 Q

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

low level =0V,
high level — (1,75 + 2,25) V / 50 Q

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)

0,5V/50Q

0,5V/50Q

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 meaif:ir?vfen ts
1 Central Office of Measures GUM Poland 16-17.12.2019
2 | Center for Physical Sciences and Technology FTMC Lithuania 20222122%12%

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 | FPSEoonony SHEs Setenpiored | up | poghm | os-z0s00
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

Institut luxembourgeois de la normalisation, de
16 | l'accréditation, de la sécurité et qualité des ILNAS |Luxembourg| 02-05.11.2020*

produits et sevices
17 National Physical Laboratory NPL Kpnlted 04-07.12.2020*
ingdom

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 Metrolo BoM North 25.02-03.03.2021

y y 9 Macedonia |~ T
20 | Directorate of Measures and Precious Metals DMDM Serbia 20-23.03.2021
21 Montenegrin Bureau of Metrology MBM Montenegro 15.04.2021
29 Institute of Metrology.of Bosnia and IMBIH Bosnia apd 20.05.2021
Herzegovina Herzegovina
Saudi Standards, Metrology and Quality Org . .
23 National Measurement and Calibration Center SASO  [Saudi Arabia  27.06.2021
24 Justervesenet JVv Norway 10.10.2021
End of the third (last) loop and pilot verification measurements

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

4

41

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

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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No

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.

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.

measurement cables were attached to the standards.

4.2 Description of the transfer standards

4.2.1
A.

Photos

TIGen:

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.

=

@0 x TIME INTERVAL STANDARD TIE-10.
Ji g s starr yusan
ot e

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
(bUT))

422 Data

Table 3. Mechanical dimensions and specifications

TIGen (base unit) InLambda standards
depth x width x high c.18cmx8,5cmx5,5cm €. 26 cm x 17 cm x 6 cm (each item)
Weight <1000g <1500 g (each item)
Connectors: SMA female connectors, 50 Q | BNC female connectors, 50 Q
External input signals Standard frequency: 10 MHz | Pulse signals: Low level — 0 V, High
+ 1 Hz (<1E-7 fractional level -2V
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TiGen (base unit)

InLambda standards

frequency),
(0,5 +2) Vpp

Outputs

2x1pps,225V/50Q

2 x pulse signals, 2V /50 Q

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

<0,5ns

<0,5ns

Number of time
intervals

127 (dnO, ..., dn126)

single nominal value for every item

Range of time intervals

from about 20 ns to 12 us

c. 20 ns for “InA 20”
c. 100 ns for “InA 100”
c. 300 ns for “Inx 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 “InA 20”
c. (1,4 £0,2) ps/ K for “InA 100”
c. (2,5 +0,3) ps/ K for “InA 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)

423 Designation
A. TIGen:

Identification name: Time Interval Generator,

B. InLambda standards:

Identification name: Time Interval Standard TIE-10

- InX 20 (nominal value of delay: 20 ns)

- InA 100 (nominal value of delay: 100 ns)

- InA 300 (nominal value of delay: 300 ns)

Ser. No. n/a

Ser. No.
Ser. No.
Ser. No.

n/a
n/a

n/a
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424 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. 2,25V / 50 Q),
- 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 Q),

- 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.
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n——4 a1, Az a3 TIX0ns 5 a1 A2, A3,
m—o—o—o Y—o—o—'

B
(a) B1, B2, B3, (al) B1, B2, B3,

TI — B A1, A2, A3,
(b) ?

B1, B2, B3,

A Al, AB, A3, T B A1, AB, A3,
g

9
B3,

(c1) B1, BA, B3, (c2) B1, BA,
T —_— TI A A1x Azx A3x T _ TI B A1x AZX A3x
(d1) B1, B2, B3, (d2) B1, B2, B3,

Fixed ref pulses - x — A 4 1, A2, A3, Fixed ref pulses - x A a1 a2 A3
DUT - ?r-”smn —_ 3 DUT - Tl,,. B i
(el) - "istop (eZ) - T’Stop — ’-le B2, B3,

B1, B2, B3,
Fig 3. lllustration 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), A1, + A2, + A3, /B1, + B2, + B3, -
internal delays inside A/B channels of TIC, BA,, /AB, - 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)

Code of| . Used
No | Acronym Lab Applied method equipment
1 GUM A (a) preceded by (a) and (d2) T4100U
2 FTMC B (a) preceded by (a) and (b) SR620
VTT C
3 | MIKES (e1) and (e2) 53230A
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No | Acronym COLC;%Of Applied method eqelljils)i;jen ¢

(a) preceded by measurement of systematic differential | PM6681
4 RISE D delays ((a1) measurement of the split pulse signal by T-

connector or splitter)
5 PTB E (e1) and (e2) SR620
(a) preceded by (a) and (d1) as well as by (a) and (b) SR620
6 VSL F |(averaged results based on 2 TICs — originally the second (x2)
TIC was to be used only for control)
7 SMD G (a) a.ccomp.anied by measuremgnt Qf systgmatic 53230A
differential delays (not specified in details)
8 IPQ H (a) SR620
a) and (c1

? ROA ! averaged r(iszjlts b;sezj on 2 TICs e
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 averaged re(:lzltasnga(sbe)d on 3 TICs oR620x3
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 \Y (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.

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

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

®Applying (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.

"Applying (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.

Most 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 us and 12 us) generated by TIGen and

- three single time intervals generated by InA 20 (c. 20 ns), InA 100 (c. 100 ns) and InA 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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Reported ambient temperature
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Values reported by participants (in ascending order of temperature)

Fig. 4. Ambient temperature observed during measurements reported by participants
(required reference conditions: (22 + 4) °C)

Reported relative humidity
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$ & i 314
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Values reported by participants (in ascending order of humidity)

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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Reported high level of the used pulses

3.5
3

> o o ®
~ 2.5 e ® ©® 7723288
—_— o—o 0@ 536 25
Q [ ] 2.4 < -
> 2 o o ® ¢ 0 00 5 g 2.2 2,212.242.25
(7] &2 @& 19 19 2U 2U ZU ZU ZU
-— 1.5 1.7 1.8 1.8 1.8 ™ "
: .
Bo ®
- 1.125

0.5

Values reported by participants (in ascending order)

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 Q).

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 Q
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 Q. There was not observed any systematic offset in the range below
1,75V 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.

Time interval changes of InLambda standards in a double
configuration - InL20 (with InL300 aux)
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Time interval changes of InLambda standards in a double
configuration - InL100 (with InL300 aux)
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High level of the input pulses passed on aux. used InLambda standard in a double configuration / V

Time interval changes of InLambda standards in a double
configuration - InL300 (with InL100 aux)
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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 Q for InLambda standards in a double configuration (performed
in March 2022). In every case, the observed Tl variations were calculated with reference to Tl

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
Declared by participants in the uncertainty budgets of measurement
Used Number of | 40 results
participants
brand of applied of | standard uncertainty component other dominant not reduced
TICs | given TIC Lab related to a residual systematic effect (standard
nonlinearities uncertainty components)
SR620 8 B | 500 ps (with internal offsets) | 20 ps (trigger level timing)
E |50ps 20 ps (trigger level timing)
F 15.6 ps 50 ps (internal offsets)
H | 75ps 289 ps (other unknown errors)
I 50 ps
O | 118ps V2 x 10 ps (trigger level timing)
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Q | 250 ps (including internal
offsets)
V | 75ps 50 ps (input filter)
53230A 7 C | 50 ps (for each channel, tot. x
\2)
G | 40" ps 8.2 ps (residual internal offset)
J 250 ps (x V2/2)
P |46 ps 50 ps
U 100 ps (accuracy) (total - 120 ps all components)
W | 144 ps 18 ps (trigger level timing)
X 1100 ps 43 ps (input filter)
CNT91 3 M 100 ps (residual components)
S 289 ps (channel asymmetry)
T |58ps 16 ps (trigger level timing)
PM6681 3 D 173 ps (all residual compon.)
L |60ps 300** ps (inter channel
asymmetry)
N 300 ps (all systematic effects)
53132A 1 K 0,3 ns (resolution)
T4100U 1 A | 12ps
HSO 1 R <1ps

** 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

dnO, ns dn3, ns dn7, ns dn126, ns InA20, ns InA100, ns InA300, 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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Deviations from average values of control
measurements of the pilot / ns (U = 0.030 ns)
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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 - InA20, InA100 and InA300 with regard to a
differences between the ambient temperature met during measurement and the reference
temperature (here adopted as 22.75 °C)

teﬁrsz::::re Correction for Correction for Correction for Rjr;g:t_;d
/°C InA20 / ns InA100 / ns InA300 / ns measur.
LAB | Code T +AT | Estimate ] Estimate U Estimate U U/ns
GUM A 221 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 C
MIKES 224 | 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 249 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
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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 225 | 0.5 0.000 0.001 0.000 0.001 0.001 0.001| 0.61**
BIM M 2293 | 0.24 0.000 0.001 0.000 0.001 0.000 0.001 0.2
EIM N 234 | 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 06 | - | - 0.000 0.001 -0.001 0.002 0.16
NPL* Q 22.4 14 | - | - 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 229 | 0.6 0.000 0.001 0.000 0.001 0.000 0.002 0.12
MBM U 231 | 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
WV X 226 | 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 InA20, InA100 and InA300 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 InA20, InA100 and InA300 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 InA20, InA100 and InA300 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),

Page 18 of 38



Final report: EURAMET.TF-$1 Time interval measurements

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 dn?7 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
0o 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
Vv 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 1LY, 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 - InA20,
InA100 and InA300 (all values are expressed in ns)

InA20 InA100 InA300

CODE LAB Estimate V) Estimate ] 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
| 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
0 BEV 24.14 0.24 104.44 0.24 307.22 0.24
P ILNAS* | --mmmmmee | eeeeeees 104.48 0.16 307.28 0.16
Q NPL* |- e 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 1\, 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.
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Reported results obtained by participants - for INA.100 / ns
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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 xg. s for each measured time interval was calculated as weighted average
of the measurement results obtained by the participants, according to the formula:

N 1
Ui

N 5=
Zl=1 lulz

(1)

XRef =

where the i-index refers to the result obtained by the i-th participant (x; - estimate of the results,
u; - standard uncertainty) from total number of N-participants for a given time interval, and §; is
an additional parameter equal to 1 for the “most reliable” results or equal to 0 for other results,

ie.d; = {(1) 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 E; (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 ug.r was calculated according to the
propagation law of uncertainties, including the standard uncertainties of weighted average u,,,;
and the standard uncertainty u,., 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:

2 — 2 2
uRef = Upei + urep’ (2)
1

where: Upei = —.
N 1

Yi=16iz

13

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:

(2a).

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 E; 0.560 0.619 0.749 0.589
Min E; -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 E; 0.513 0.585 0.628 0.561
Min E; -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 E; 0.496 0.595 0.586 0.556
Min E; -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 E; 0.492 0.562 0.557 0.507
Min E; -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 - InA20, InA100 and InA300 (reference values are expressed in ns)
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Case | Parameter InA20 InA100 InA300
#1 Ref_value 24.187 +0.010 104.503 + 0.010 307.330 + 0.010

Max E; 0.521 0.566 0.547
Min E; -0.208 -0.261 -0.498
Pos/Neg 22/0 24/0 24/0

#H2 Ref_value 24.195 +0.026 104.512 +0.025 |307.313 £0.025
Max E; 0.509 0.551 0.680
Min E; -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 E; 0.511 0.560 0.775
Min E; -0.229 -0.281 -0.339
Pos/Neg 22/0 24/0 24/0

#a Ref_value 24,194 +0.053 104.500 + 0.051 |307.297 £0.051
Max E; 0.513 0.572 0.646
Min E; -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 dnl26
22.648 + 0.005 249.995 + 0.005 1508.948 + 0.005 | 12039.481 + 0.005
InA20 InA100 InA300
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 - InA20,
INA100 and InA300 (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 InA20 Ref InA100 Ref InA300
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 E; calculated according to the formula:

Xi—XRef
, =t Tre) 3
l U(xi—xRef) ( )
where:
u?(x; — xger) = u? + (1 — 28 ul; + uZep (3a)
and U(x; — Xger) = 2u(X; — Xges), (3b)

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

For |E;| < 1 —the comparison results are positive, and for |E;| > 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 E; Xi = XRef Ui E;
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 E; Xi = XRef Ui E;
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
0] 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
\Y% 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 i\ 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 dnl26
CODE LAB Xi - XRef Ui E; Xi = XRef Ui E;

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
0] 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
Vv 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 )Y, 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 - InA20 and InA100.

InA20 InA100
CODE LAB Xi - XRef Ui E; Xi = XRef Ui E;j

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
| 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
0] 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
\ 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 1\ 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 - InA300.

InA.300
CODE LAB Xi - XRef Ui E;
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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InA.300
CODE LAB Xi - XRef Ui E;
L INM -0.050 0.61 -0.082
M BIM 0.010 0.20 0.050
N EIM -0.001 0.70 -0.001
0] 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
\Y IMBIH 0.028 0.20 0.140
w SASO -0.060 0.29 -0.206
X WV -0.020 0.22 -0.090
Deviations from reference value obtained by participants - for dn0 / ns
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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),

- Vi#results (differed from the reference value by 0.044 ns on average, with variation of the
shift up to 97 ps peak -to-peak),

- Wi 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)

Obtained by participants variation (peak-to-peak) of deviations from
Used brand | Code of the reference values
of TICs Lab
for TIGen for InLambda total (for both standards jointly)

SR620 B 100 ps 43 ps 100 ps

E 22 ps 47 ps 57 ps

F 42 ps (x2) 47 ps (x2) 117 ps (x2)

H 62 ps 29 ps 64 ps

I 35 ps (x2) 44 ps (x2) 46 ps (x2)

O 60 ps 63 ps 117 ps

Q 22 ps (x3) 57 ps (x3) 79 ps (x3)

\% 97 ps 7 ps 97 ps
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Obtained by participants variation (peak-to-peak) of deviations from
Used brand | Code of the reference values
of TICs Lab
for TIGen for InLambda total (for both standards jointly)

53230A C 18 ps 23 ps 55 ps

G 6 ps 37 ps 37 ps

J 15 ps 43 ps 49 ps

P 12 ps 27 ps 49 ps

U 20 ps 43 ps 57 ps

W 55 ps 33 ps 239 ps

X 65 ps 43 ps 99 ps
CNT91 M 28 ps 33 ps 55 ps

S 10 ps 61 ps 78 ps

T 68 ps 83 ps 97 ps
PM6681/ D 232 ps 73 ps 232 ps
PM6681R L 92 ps 77 ps 104 ps

N 103 ps 44 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/Vn 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 (1c) 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.

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.

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.

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.

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).

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.

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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1. Participating Laboratory:
Central Office of Measures (GUM), Time and Frequency Laboratory
Acronym of institute:  GUM Country:  Poland

2. Description of calibration method:

It was applied direct measurement of time interval between pulse signals with the usage of
Time Interval Counter (TIC) in configuration shown in Fig. 1 a). The proper measurements
were proceeded by auxiliary precise calibration of differential channels of TIC and connecting
cables delays performed in configurations shown in Fig. 1 a) and Fig. 1 b). During all
measurements, the external standard input signals for Devices Under Tests (DUT) were used:
10 MHz or 1 pps of UTC(PL), so the pulse signals at the pairs of outputs of DUTs were

generated with the fixed period Ty close equal to nominal value of 1 s (it was confirmed/ verified
by additional auxiliary direct measurements of frequency output signals of DUTs performed
with time/frequency counter with longer gate time).

a) b)
DUT DUT
TIC I:I TIC
O O START STOP O O START STOP
START STOP ﬁ C =TI+ x START STOP)
we =To-TI+ x

Fig. 1. Scheme of auxiliary precise calibration of differential channels of TIC and

connecting cables delays (denoted here as Xx): a)normal configuration,
b) configuration with the reverse order of cables between the START and STOP
outputs of the periodic source of the measured signals (the order of the cables at
the inputs of TIC has been not changed during measurements).

Each measurement was performed as a series of 10 consecutive measurement and was
repeated to verify the observed stability of the results — recorded average values and standard
deviation.

The above calibration method is described in the calibration procedures of GUM: IW1-TF
(calibration of frequency generators) and IW5-TF (calibration of time/frequency counters).

3. Description of calibration set-up and equipment
The applied calibration set-up is shown in Fig. 2.

Ext. Ref. 10 MHz from ﬁ Ext. Ref. 10 MHz from
UTC(PL) source DUT TIC UTC(PL) source

or START STOP

1 pps of UTC(PL) passed

through auxiliary InLambda START STOP|

device (required double
configuration)

Fig. 2. Scheme of calibration set-up.
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There were used short connecting cables #s030 and #s031 (c. 2,5 m of lengths and c. 12 ns
of delays) ended with sma male connectors. For measurements of InLambda standards, there
were used extra BNC(male)-sma(female) adapters.

Time interval measurements were performed with TIC of T4100U, sn 00D13356D17144F9, of
PikTime Systems, with external reference 10 MHz taken from UTC(PL) frequency distribution
amplifier.

Verification of the value of the fixed value of the period 7j of the output pulses of DUTs were
performed with time/frequency counter of CNT-81, sn SM847754, of Pendulum, with external
reference 10 MHz taken from UTC(PL) frequency distribution amplifier.

4. Traceability chart:
The applied traceability chart is shown in Fig. 3.

Participation in creation of international
atomic timescale of TA and UTC
BIPM

v

PPP/GNSS comparison

A\ 4

National Time and Frequency
Standard — UTC(PL) and
standard frequency signals
Circular T

v

Synchronization with UTC(PL) of the used
equipment and proceeding calibration procedure
for precise time interval measurements

-

DUT

Fig. 3. Scheme of traceability chain.

5. Used relationship for obtaining estimates of results and uncertainty budget:
Model equation that follows from the measurement setup:

TO - (Tlc + TZC)

TI == Tl + 2 + 61
Description of the quantities in the model equation:
Quantity Xi | Description
TI The measured time interval between pulses generated by DUT

Measurement report of GUM Page 3 of 9



Supplementary Comparison:

EURAMET.TF-S1 Time interval measurements

T

Observed indication of Time Interval Counter (TIC) during measurement of T/
in “normal” configuration” (used the same connecting cables as during
auxiliary precise calibration of differential channels and cables delays)

Fixed period of the output signals of DUT observed at both outputs during
auxiliary precise calibration of differential channels and connecting cables
delays

Observed indication of TIC during auxiliary precise calibration of differential
channels and connecting cables delays — measurement in “normal”
configuration (the same order of the cables at the outputs of DUT as during
measurement of T))

Observed indication of TIC during auxiliary precise calibration of differential
channels and connecting cables delays — measurement in configuration with
reverse order of the cables at the outputs of the source of periodical signals
(the reverse order of the cables at the outputs of DUT as during measurement
of Tl)

84

Correction for internal nonlinearities and other non-compensated systematic
effects in TIC

6. Obtained results of measurements:

Obtained results for TIGen:

Number of the Determined value of the Associated
measured measured Time Interval with standard
Time Interval expanded uncertainty uncertainty | Unit of
(p = 95 %) (in ns) (in ns) measure
“dn0” 22,655 + 0,030 0,015 ns
“dn3” 250,012 + 0,030 0,015 ns
“dn7” 1508,965 + 0,030 0,015 ns
“dn126” 12039,490 + 0,030 0,015 ns
Obtained results for InLambda standards:
The source of the Determined value of the Associated
measured measured Time Interval with standard
Time Interval expanded uncertainty uncertainty | Unit of
(p = 95 %) (in ns) (in ns) measure
InA 20 24,196 + 0,030 0,015 ns
InA 100 104,516 + 0,030 0,015 ns
InA 300 307,321 + 0,030 0,015 ns

The resulted expanded measurement uncertainties (evaluated at p = 95 %) have been
increased to the value of 0,030 ns — a new proposed CMC value of PL (GUM) service for time
interval measurements between two pulse signals with closely the same shape of the rising

Measurement report of GUM
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slopes of the measured pulse signals and with rise time <1 ns. The assumed coverage factor

is k=2.

The residual non-linearities of the measurement system were included into the uncertainty
budget in the component of §; , with assumed estimate of 0 ns and standard uncertainty of
0,020 ns/\3 = 0,012 ns of the applied TIC (T4100U of PikTime). Other systematics effects were
compensated by performing procedure of the auxiliary precise calibration of differential
channels of TIC and connecting cables delays.

All measurements were performed at trigger level fixed to 500 mV at 50 Q.

Detailed uncertainty budget tables are given below:

- Uncertainty budget used for TIGen: dn0

Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of

uncertainty distribution evaluation | coefficient | contribution freedom
X Xi u(x) (A, B) Ci ci - u(x) ]
Tq 22.684 ns | 0.00231 ns t-student A 1 0.00231 ns 9
T0 1s <0.005 ns normal B 0.5 <0.00250 ns oo
T1c 22.685ns | 0.00272 ns t-student A -0.5 -0.00136 ns 9
To¢ 22.1627_ns 0.00506 ns t-student A -0.5 -0.00253 ns 9
61 0ns 0.01155 ns | rectangular B 1 0.01155 ns oo
TI 22.655 ns

Combined standard uncertainty Ue 0.01238 ns

Effective degrees of freedom Vet 2900

Expanded uncertainty (p = 95%) u 0.02475 ns
- Uncertainty budget used for TIGen: dn3

Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation | coefficient | contribution freedom
Xi Xi u(x) (A, B) Ci ci - u(x) W

Tq 250.041 ns | 0.00190 ns t-student A 1 0.00190 ns 9
T0 1s <0.005 ns normal B 0.5 <0.00250 ns oo
T1c 22.685ns | 0.00272 ns t-student A -0.5 -0.00136 ns 9
To¢ 22.1627_ns 0.00506 ns t-student A -0.5 -0.00253 ns 9
61 Ons 0.01155 ns | rectangular B 1 0.01155 ns oo
TI 250.012 ns

Combined standard uncertainty Ue 0.01231 ns

Effective degrees of freedom Veft 3599

Expanded uncertainty (p = 95%) u 0.02461 ns
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- Uncertainty budget used for TIGen: dn7

Quantity Estimate Standard Probability | Method of | Sensitivity Uncertainty Degrees of
uncertainty | distribution | evaluation | coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci i+ u(Xi) Vi
Tq 1508.994 ns | 0.00395 ns | t-student A 1 0.00395 ns 9
T0 1s <0.005 ns normal B 0.5 <0.00250 ns oo
T1c 22.685 ns 0.00272 ns | t-student A -0.5 -0.00136 ns 9
Toc | 18722927 1 000506 ns | t-student A 05 | -0.00253 ns 9
51 0ns 0.01155 ns | "ectanay! B 1 0.01155 ns .
TI 1508.965 ns
Combined standard uncertainty Ue 0.01279 ns
Effective degrees of freedom Veit 833
Expanded uncertainty (p = 95%) u 0.02557 ns
- Uncertainty budget used for TIGen: dn126
Quantity Estimate Standard Probability | Method of | Sensitivity Uncertainty Degrees of
uncertainty | distribution | evaluation | coefficient | contribution freedom
Xi Xi u(xi) (A, B) Ci i+ u(x) Vi
(51 120:?12'51 9 0.00538 ns | t-student A 1 0.00538 ns 9
T0 1s <0.005 ns normal B 0.5 <0.00250 ns oo
T1c 22.685 ns 0.00272 ns | t-student A -0.5 -0.00136 ns 9
Toe | 18722927 1 000506 ns | tstudent A 05 | -0.00253 ns 9
8, 0ns 0.01155 ns reCt:PQU' B 1 0.01155 ns o0
TI 12039.490
ns
Combined standard uncertainty Ue 0.01329 ns
Effective degrees of freedom Vef 319
Expanded uncertainty (p =~ 95%) U 0.02659 ns
- Uncertainty budget used for InLambda standards: InA 20
Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation | coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci ci - u(x) v
Tq 24.218 ns | 0.00168 ns t-student A 1 0.00168 ns 9
T0 1s <0.005 ns normal B 0.5 <0.00250 ns oo
T1c 24.217ns | 0.00174 ns t-student A -0.5 -0.00087 ns 9
1s-—
T - - -
2¢ 24172 ns 0.00601 ns t-student A 0.5 0.00300 ns 9
01 0ns 0.01155 ns | rectangular B 1 0.01155 ns o

Measurement report of GUM
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TI 24.196 ns

Combined standard uncertainty Ue 0.01234 ns

Effective degrees of freedom Vet 2317

Expanded uncertainty (p = 95%) U 0.02467 ns
- Uncertainty budget used for InLambda standards: InA 100

Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation | coefficient | contribution freedom
Xi Xi u(x) (A, B) Ci ci - u(x) W

Tq 104.538 ns | 0.00247 ns t-student A 1 0.00247 ns 9
Ty 1s <0.005 ns normal B 0.5 <0.00250 ns o
T1c 24217 ns | 0.00174 ns t-student A -0.5 -0.00087 ns 9
To¢ 24_11 ;Z_ns 0.00601 ns t-student A -0.5 -0.00300 ns 9
51 Ons 0.01155 ns | rectangular B 1 0.01155 ns oo
TI 104.516 ns

Combined standard uncertainty Ue 0.01247 ns

Effective degrees of freedom Veit 1826

Expanded uncertainty (p = 95%) u 0.02494 ns
- Uncertainty budget used for InLambda standards: InA 300

Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation | coefficient | contribution freedom
Xi Xi u(x) (A, B) Ci Ci - u(x) W

Tq 307.343 ns | 0.00139 ns t-student A 1 0.00139 ns 9
Ty 1s <0.005 ns normal B 0.5 <0.00250 ns o
T1c 24217 ns | 0.00174 ns t-student A -0.5 -0.00087 ns 9
To¢ 24_11 ;Z_ns 0.00601 ns t-student A -0.5 -0.00300 ns 9
51 0ns 0.01155 ns | rectangular B 1 0.01155 ns oo
TI 307.321 ns

Combined standard uncertainty Ue 0.01230 ns

Effective degrees of freedom Vet 2402

Expanded uncertainty (p = 95%) U 0.02460 ns

7. ldentification and description of the source 10 MHz reference frequency for TIGen
standard and of the used pulse signals for InLambda standards

External standard 10 MHz reference frequency applied for TIGen standard was given directly
from the UTC(PL) source, i.e. 10 MHz from Hydrogen Maser of 1003M steered by
Femtostepper and distributed by Frequency Distribution Amplifier.

Measurement report of GUM
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The used pulse signals for InLambda standards were given directly from the UTC(PL) source,
i.e. 1 pps signals generated by Femtostepper (based on 10 MHz input frequency taken from
Hydrogen Maser of 1003M) and distributed by Pulse Distribution Amplifier. For connection with
auxiliary used InLambda standard and between InLambda standards, short cables were used

to avoid worsening the parameters of the input 1 pps signals.

The characteristics of the used signals for steering TlGen standard and for InLambda

standards are given in the tables below.

External standard 10 MHz reference frequency applied for TIGen standard

Source
(Cs clock, HM, ...)

HM 1003M + Femtostepper+ FDA — 10 MHz

Amplitude (at 50 Q)

2 Vpp

External input pulses applied to an auxiliary InLambda standard

(Cs clock, HM, ere%ngﬁcy generator, ..) HM 1003M + Femtostepper + PDA —1 pps

(y<1asp/p rs;o) yes

Frequency 1Hz

Low level oV

High level (at 50 Q) 2V

Rise time (20% to 80 %) <1 ns

Duty cycle 0,002 %
Pulse width 20 us

Application of a double configuration

DUT — Device Under Test

Auxiliary used device

InA 20 InA 100
InA 100 InA 20
InA 300 InA 100

8. Ambient conditions met during measurements

The source of Ambient temperature during measurements
the measured (for every InLambda standard separately — including Unit of
Time Interval expanded uncertainty, 95%) measure
TIGen 22,1 * 0,4 °C
InA 20 22,1 * 0,3 °C
Measurement report of GUM Page 8 of 9
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The source of Ambient temperature during measurements
the measured (for every InLambda standard separately — including Unit of
Time Interval expanded uncertainty, 95%) measure
InA 100 22,0 + 0,3 °C
InA 300 22,2 + 0,3 °C

Ambient humidity Unit of
during measurements | measure

34 < 3 6 %

9. Average date of measurements
16-17 December 2019

i Cpe tb,
Albin Czubla 14 January 2020
(Name) (Date and signature)
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Annex 7. Minimum contents for the measurement report
Supplementary comparison EURAMET.TF-S1

Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: FTMC Country: Lithuania
Time period of the measurements: 2019.12.27 - 2020.01.03
Remarks:

Identification of the participating laboratory: LT.

- Description of the calibration method: time interval measurements using different cable
connections to eliminate the difference in cable delays from the measurement results. At first, the
Start output of the DUT was connected via the cable A to the channel A of a SR620 time interval
counter (TIC), while the Stop output of the DUT was connected via the cable B to the channel B of
the TIC. Then, the cables were interchanged and the measurement was repeated. Finally, the
cables were interchanged once again to return to the initial connection, and the measurement was
repeated once again. The mean value of the results of the measurements 1 and 3 was averaged
with the result of the measurement 2. In this way, influence of the difference between the cable
delays was eliminated. On the other hand, the cables A and B were of similar length — (24.5+0.2)
cm and (25.5+0.2) cm, respectively. They were of the same type, manufactured from the same
materials.

The differential delay between channels A and B was estimated by means of measuring the time
difference between PPS coming from the same source using different cable connections. The
value was found to be at the picosecond level (which is consistent with the device specification)
and accounted for when estimating uncertainty of measurement.

- Description of the calibration set-up and equipment. Measurement setup is shown in Fig.1. The
measurements have been made with a SR620 time interval counter disciplined to a HP5071A
caesium atomic clock, which realizes the UTC(LT) time scale and has also served as a source of
the reference 10 MHz signal for the TIGen measurements.

L
A
cn
N
=]

- I3
——=n--€ [l

Fig. 1. Setup of the connections used for time interval measurements during the supplementary
comparison EURAMET.TF-S1. EIP — external input pulses from a 1 PPS output of the Cs clock



- Traceability: the UTC(LT) time scale realized by the caesium atomic clock used as a source of
the reference 10 MHz signal is traceable to the UTC by means of continuous comparison between
the time signals generated by the atomic clock and those coming from the GPS, which is done by

using a TTS-5 time transfer system. Traceability is documented in Circular T available at
ftp://ftp2.bipm.org/pub/tai/publication/utclab/utc-It.

- Relationship/equation used for obtaining estimates of results and uncertainty budget:

T,zl(u”z}
2

2

where Tlis the result reported, T; is the time interval measured using the connection 1 depicted in
Fig. 1 (see above), T:is the time interval measured using the connection 2, i. e., the same as the
connection 1, except that the cables A and B are interchanged, and Tsis the time interval
measured using the connection 3 —i. e., the time interval measured with the connection 1 once
again.

- Obtained results of measurements with the associated standard and expanded uncertainty of
measurement and a complete uncertainty budget, including information on the uncertainty
components connected with residual non-linearities of the measurement system or other non-
compensated effects:

The results of measurements obtained with their standard and expanded uncertainties for the
TIGen standard and the InLambda standards are presented in Tables 1 and 2, correspondingly.
Uncertainty budgets are given in the Tables 3-9.

Table 1. Measurement results with uncertainties for the TIGen standard:

Number of the Determined Its
measured value of the Its standard | expanded
time interval measured uncertainty | uncertainty

time interval (ns) (p =95 %,
(ns) in ns)
“dn0” 22.6 +0.52 +1.04
“dn3” 250.0 +0.52 +1.04
“‘dn7” 1509.0 +0.52 +1.04
“dn126” 12039.5 +0.52 +1.04

Table 2. Measurement results with uncertainties for the InLambda standards:

Determined Its
The source of the | value of the | Its standard | expanded
measured time measured uncertainty | uncertainty
interval time interval (ns) (p =95 %,
(ns) in ns)

InA 20 24.2 +0.52 +1.04
InA 100 104.5 +0.52 +1.04
InA 300 307.3 +0.52 +1.04




Table 3. Uncertainty budget for the measurement DO

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of

uncertainty distribution evaluation coefficient contribution freedom
Xi Xi, NS u(x), ns (A, B) C G - u(xi), ns "

T4 22.723 0.52 Not stated | B 0.25 0.13 N/A

T2 22.543 0.52 Not stated | B 0.5 0.26 N/A

T3 22.722 0.52 Not stated | B 0.25 0.13 N/A
Combined standard uncertainty Ue 0.52 ns
Effective degrees of freedom Veft N/A
Expanded uncertainty (p = 95%) U 1.04 ns

Note concerning the evaluation of the measurement uncertainty. According to the specification of
the TIC, its measurement |Error| = Resolution +tA; + A, +A,,.., +0.5ns, where t is the time interval

measured, A is the relative error of the time base frequency (in our case — of atomic clock),
A A 15mV +0.5% (trigger level)
du/ ot

where du/dt is the slope of the pulse, which was estimated as 4-10° V/s, the level for both triggers
was set to 0.5 V. Therefore, A Ay = 4.4 ps.

is the trigger error of the channel A (B). In our case, A

trig i trigl = trig2 = ’

trigl =

Finally, the resolution is expressed as follows:

(25p8)” +(10(1) +(5,561)° + (8,32)°
n
the short-term stability of the TIC’s time-base, s

, where nis the number of measurements, o(l) is

Resolution = \/

Simie2 18 the trigger jitter, which is estimated as

trigl =

2
+E signal

Sirig = W ,where Einema and Esignar  are the noise levels of the trigger inputs and the
u/l ot

signal, which can be estimated as 350 puV = 3.5-10“ V. Now,

E?

int ernal

6.25-10 2 s+0(1)t> +3.06-10s
n

Resolutionz\/ . The problem is that we don’'t have an estimate of

o(1) for such short intervals. On the other hand, experimental standard deviation of the results is up
to 43 ps for the “dn126” measurements, and up to 12 ps for measurements of shorter intervals —
the value smaller than a single 25 ps term presented in the specification. Anyway, the standard
deviation of the mean is up to about 1 ps.

Another issue to be considered is the repeatability of the measurement results. Having repeated
the measurements after reconnecting the cables back, we have obtained results differing by up to
about 10 ps from the initial ones. Keeping in mind that the error of the time-base (i., e., atomic

clock) A, is of the order of 10" to 102 in our measurement conditions, and the associated
contribution tA; is infinitesimal, we obtain a safe estimate of the standard uncertainty u(x) for all the
measurements:

u(x;)=1ps+10ps+8.8ps+500ps = 520ps. The value is determined mostly by systematic effects,

which cannot be eliminated by averaging measurements in similar conditions. The conventional
law of error propagation, which assumes that input quantities are statistically independent and
states that their contributions can be added in quadrature, doesn’t apply here. It is why the
combined standard uncertainty . is the same as u(x).

Table 4. Uncertainty budget for the measurement D3
|| Quantity ‘ Estimate | Standard | Probability | Method of | Sensitivity ‘ Uncertainty | Degrees of ||




uncertainty distribution evaluation coefficient contribution freedom
Xi Xi, NS u(xi), ns (A, B) Ci G- u(x), ns W
T4 250.09 0.52 Not stated | B 0.25 0.13 N/A
T2 249.918 | 0.52 Not stated | B 0.5 0.26 N/A
T3 250.091 | 0.52 Not stated | B 0.25 0.13 N/A
Combined standard uncertainty Ue 0.52 ns
Effective degrees of freedom Vet N/A
Expanded uncertainty (p = 95%) U 1.04 ns
Table 5. Uncertainty budget for the measurement D7
Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi, NS u(xi), ns (A, B) Ci G- u(x), ns %
T4 1509.11 | 0.52 Not stated | B 0.25 0.13 N/A
Tz 1508.94 | 0.52 Not stated | B 0.5 0.26 N/A
T3 1509.11 | 0.52 Not stated | B 0.25 0.13 N/A
Combined standard uncertainty Ue 0.52 ns
Effective degrees of freedom Veff N/A
Expanded uncertainty (p = 95%) u 1.04 ns
Table 6. Uncertainty budget for the measurement D126
Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi, NS u(xi), ns (A, B) Ci Ci - u(xi), ns %
T4 12039.6 | 0.52 Not stated | B 0.25 0.13 N/A
T> 12039.4 | 0.52 Not stated | B 0.5 0.26 N/A
T3 12039.6 | 0.52 Not stated | B 0.25 0.13 N/A
Combined standard uncertainty Ue 0.52 ns
Effective degrees of freedom Vestt N/A
Expanded uncertainty (p = 95%) u 1.04 ns
Table 7. Uncertainty budget for the measurement A20
Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi, NS u(xi), ns (A, B) Ci G - u(xi), ns %
T4 24.261 0.52 Not stated | B 0.25 0.13 N/A
T2 24.07 0.52 Not stated | B 0.5 0.26 N/A
Tz 24.253 0.52 Not stated | B 0.25 0.13 N/A
Combined standard uncertainty Ue 0.52 ns
Effective degrees of freedom Vet N/A
Expanded uncertainty (p = 95%) U 1.04 ns




Table 8. Uncertainty budget for the measurement A100

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi, NS u(x), ns (A, B) Ci c - u(x), ns W
T4 104.58 0.52 Not stated | B 0.25 0.13 N/A
Tz 104.403 | 0.52 Not stated | B 0.5 0.26 N/A
T3 104.586 | 0.52 Not stated | B 0.25 0.13 N/A
Combined standard uncertainty Ue 0.52 ns
Effective degrees of freedom Veft N/A
Expanded uncertainty (p = 95%) u 1.04 ns
Table 9. Uncertainty budget for the measurement A300
Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi, NS u(x), ns (A, B) Ci c - u(xi), ns v
T 307.384 | 0.52 Not stated | B 0.25 0.13 N/A
T 307.179 | 0.52 Not stated | B 0.5 0.26 N/A
T3 307.382 | 0.52 Not stated | B 0.25 0.13 N/A
Combined standard uncertainty Ue 0.52 ns
Effective degrees of freedom Veit N/A
Expanded uncertainty (p = 95%) U 1.04 ns

Note: the value of uncertainty is determined mostly by a systematic effect — the residual

nonlinearity of the time interval counter, which estimate is given in the specification. Therefore, the
number of degrees of freedom is not applicable. Probability distribution has not been provided by
the manufacturer. As the systematic effects can not be reduced by repeating the measurements
under similar conditions, we state the value of the combined standard uncertainty the same as that
of the measured quantities.

- Identification and description of the source of 10 MHz reference frequency for TIGen standard:
a HP5071A caesium atomic clock, S. N.: US39301362. Amplitude of the 10 MHz signal (at 50 Q):
1.8 V.

- Description of the input pulse signals used for InLambda standards:
Low level: 0 V, high level (amplitude): 2.2 V, frequency: 1 Hz, pulse width: 20 us, rise time (20% to
80 %): < 1.5 ns, duty cycle: 0.002 %.

- Ambient conditions were the same during all the measurements (for both the TIGen standard and
every InLambda standard): ambient temperature was (25 £ 1) °C, and ambient humidity was (25 +
5) %.

- Date and signature:

S~

Emilis Urba 2020.01.17
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Annex 7: measurement report

This report should be considered together with Annex 3 and Annex 4.

1.1 - Identification of the participating laboratory
VTT MIKES

1.2 - Description of the calibration method

The Pivot-method [Rovera2019] was used. The start-input of the time-interval counter was
permanently connected to a 1PPS distribution amplifier. The stop-input of the time-interval
counter was first connected the DUT-start, a measurement of N=60...100 taken, then moved
to the DUT-stop, and another N=60...100 measurements taken. The unconnected DUT-port
was terminated at 50 Ohm. The DUT time-interval was determined as the difference between
the readings in the two measurement configurations.

[Rovera2019] G. D. Rovera et al. 2019 Metrologia 56 035004
1.3 - Description of the calibration set-up and equipment
An FDA/PDA distribution amplifier [Wallin] representing UTC(MIKE) 1PPS and 10 MHz,

with BNC-outputs, was used for the set-up.

The time interval-counter, Keysight 53230A, had the external time-base connected to
the UTC(MIKE) 10 MHz signal. The CH1 input was permanently connected to one PDA
1PPS output.

The TIGen was connected to a 10 MHz output of the FDA.
Standard BNC-BNC RG58 cables were used. SMA-connectors were finger-tightened.

Either the internal averaging function of the counter, or an external python script that
controlled the counter over Ethernet, was used to gather the mean and standard
deviation of N=60...100 measurements in each configuration.

[Wallin] https://ohwr.org/project/pda-8ch-fda-8ch

1.4 - Traceability chart

1PPS and 10 MHz signals representing UTC(MIKE) were used. UTC(MIKE) is currently
based on MIKES Active Hydrogen Maser nr1 (AHM1) frequency output at 5 MHz. This
frequency is doubled to 10 MHz and used as the reference input frequency for a
SpectraDynamics HROG-10 phase-micro-stepper. The phase-micro-stepper produces
10MHz and 1PPS outputs representing UTC(MIKE) - based on steering commands that
are computed each time a new Circular-T is issued. The results of the computation are
published as MIKES “Atomic Bulletin” on our ftp site: ftp://monitor.mikes.fi/time-scale/

Traceability is through Circular-T. MIKES participates in Circular-T via GNSS PPP link
using our main receiver MI104, Dicom GTR51.
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1.5 - Used relationship/ equation for obtaining estimates of results
and uncertainty budget

See Annex 3.

1.6 - Obtained results of measurements

See Annex 4.

1.7 - Identification and description of the source 10 MHz reference
frequency for TIGen standard.

10 MHz representing UTC(MIKE), See Annex 4.

1.8 - Description of the used input pulse signals for InLambda
standards (low level, high level (amplitude), frequency, pulse
width, rise time (20% to 80 %), duty cycle),

See Annex 4.
1.9 - Ambient conditions of measurements (the temperature and the

relative humidity) — the temperature for every InLambda
standard separately,

See Annex 4.

1.10 - Average date of performing measurements,

See Annex 4.
1.11 - Date and signature.

VA

Wallin 2020-02-04
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Annex 4. Summary of results

Supplementary comparison EURAMET.TF-S1

Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: ..... VTT

Country:

Average date of measurements: ...2020-01-17

Remarks:

FINLAND

When tightening SMA/BNC-adapters to the TIGen front SMA-connectors with

a SMA torque wrench the connectors became loose. Consequently the TIGen connectors
were hand-tightened (a torque-wrench was not used).

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz . ;
. Required reference Meet requirements?
reference frequency applied for conditions a8 /N
TiGen standard y
Source il
hydrogen 10 MHz £ 1 Hz yes
(Cs clock, HM, ...) s
Amplitude (at 50 Q) 2.81 Vpp within (0,5 + 2) Vo slightly over higher limit
Ambient temperature Unit of | Required reference Meet requirements?
during measurements | measure conditions yes / no
22.4 + 0.1 {°C within (22 £ 4) °C yes
Ambient humidity Unit of | Required reference Meet requirements?
during measurements | measure conditions yes / no
40 t 1 % within (50 + 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/

Keysight 53230A. MIKES inventory nr. 13228.

digital oscilloscope Serial nr. MY59190170

(eg. SR620, 53230A, ...)

Applied trigger level ( 50 Q) DC-coupled, 0.5V, into 50 Ohm.

(Required: 0,5 V)

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ... )

The TIGen device showed repeatability at 0.1
ns level, therefore we add an uncertainty
component of 0.1 ns to the uncertainty budget
in Annex 3.

Page 18 of 23
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A2. TIGen standard - measurement results with uncertainty:

Number of the Determingd value of the.
- measured Time Inter\{al with ‘
Timemenal | Sipardeduncertanty | ntof
“dn0” 22.66 + 0.24 |ns
‘dn3” 250.01 5 0.24 |ns
‘dn7” 1508.95 + 024 |ns
“dn126” 12039.50 + 024 |ns

Page 19 of 23
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B1. InLambda standards — conditions met during measurements

External input pulses applied to an

Required reference

Meet requirements?

the measured time
intervals

auxiliary InLambda standard conditions yes / no
Source .
(Cs clock, HM, frequency AT AR AR
maser
generator, ..)
1 pps
(yes / no) yes
Frequency 1Hz <200 Hz yes
Low level oV ov yes
High level (at 50 ©)) 277V (1,75+225)v | Siahtly over the high
Rise time (20% to 80 %) <1ns <10ns yes
200ns/1s = o
Duty cycle 0.00002 % <50 % yes
to avoid the pulse
widths no measured interval
Pulse width 200 ns close (<10 ns)to | seems close to 200

ns.

Application of a double configuration

DUT - Device Under

Auxiliary used

Required reference

Meet requirements?

Test device conditions yes / no
Ink 20 Ink 100, start | 5 400 or In 300 yes
output
In\ 100 Imh. 20; steirg Ik 20 or In 300 yes
output
In 300 Ink. 20, start In 20 or InA 100 yes
output

Ambient temperature
during measurements

Unit of measure

Required reference
conditions

Meet requirements?
yes / no

22.4 - 0.1

°C

within (22 + 4) °C

yes

Ambient humidity
during measurements

Unit of measure

Required reference
conditions

Meet requirements?
yes / no

40 + 1

%

within (50 + 30) %

yes

The base equipment used for time interval measurements
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The type / brand of time interval counter/
digital oscilloscope
(eg. SR620, 53230A, ...)

Keysight 53230A. MIKES inventory nr.
13228. Serial nr. MY59190170

Applied trigger level ( 50 Q)
(Required: 0,5 V)

DC-coupled, Trigger 0.5V, into 50 Ohm.

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ... )

The in-lambda standard showed good
repeatability, no additional uncertainty wrt. to
Annex 3 description.

B2. InLambda standards - measurement results with uncertainty:

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
Ink 20 2417 | 014 |ns 22.4 + 0.1 °C
InA 100 104.48 | 014 |ns 22.4 + 0.1 °€C
InA 300 307.29 | 014 |ns 224 * 0.1 °C
f / .
' ..2020-01-22....
Anders Wallin (Date)
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Annex 3. Typical scheme for an uncertainty budget

Supplementary comparison EURAMET.TF-S1
Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: ..... VTT Country: ..Finland...
Average date of measurements: 2020-01-17

Remarks: The Pivot-method [Rovera2019] was used. The start-input of the time-interval
counter was permanently connected to a 1PPS distribution amplifier. The stop-input of the
time-interval counter was first connected the DUT-start, a measurement of N=60...100 taken,
then moved to the DUT-stop, and another N=60... 100 measurements taken. The
unconnected DUT-port was terminated at 50 Ohm.

Model equation that follows from the measurement setup:
Ti=Y_UTC* ( Ti_stop - Tl_start)

Description of the quantities in the model equation:
Quantity | Description

Xi

Y _UTC | Fractional frequency error of the UTC(MIKE) 10 MHz reference signal.

Ti_stop | N=60...100 average of time-interval counter reading with counter Ch2 =
DUT _stop

Tl _start | N=60...100 average of time-interval counter reading with Ch2 = DUT _start

Page 17 of 23
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Uncertainty budget table

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci Ci - u(xi) Y
Y_UTC |0 1e-14 1 for | <0.01 ps
time-
interval of
length 1s
Tl stop | O 50 ps f 50 ps
Tl start | O 50 ps 1 50 ps
Combined standard uncertainty Ue 70 ps
Effective degrees of freedom Veft
Expanded uncertainty (p ~ 95%) U 140 ps

repeatability of measurements was 100 ps with the TIGen. Therefore we add a standard
uncertainty of 100 ps to the TIGen results.

References

[Rovera2019] G. D. Rovera et al. 2019 Metrologia 56 035004

Anders Wallin

..2020-01-22
(Date)
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REPORT

issued by Notified Body No. 0402

Contact person RISE Date Reference Page

Kenneth Jaldehag 2020-02-25 Euramet. TF.S1 1(7)
Measurement Science and Technology

+46 10 516 54 08

kenneth.jaldehag@ri.se

Measurement report

Preface

This document reports on the measurements and results obtained at RISE in the
EURAMET.TF.S1 Supplementary Comparison “Comparison of time interval measurements”
(performed within EURAMET Project #1485) organized by the Pilot laboratory GUM (Central
Office of Measures), Poland. Measurement instructions were given in the Technical Protocol
“EURAMET TF S1 Time interval measurements Technical protocol v_fin.pdf”.

Identification

Objects TIGen, Time Interval Generator, 1 generator
InLambda, Time Interval Standard TIE-10, 3 standards (20, 100,
300 ns)

Objects state Upon arrival the objects had no visual damage.

TIGen front end SMA connectors somewhat loose.
Calibration location ~ Boras, Room 7:116 laboratory
Calibration date 2020-01-29

Measurement methods and procedures

The calibration was performed by measuring the time interval generated by the device under
test (DUT). Two short cables of arbitrary length were connected between the DUT and the
time interval counter (TIC). One cable between the start trigger output of the DUT and the start
trigger input of the TIC, and one cable between the stop trigger output of the DUT and the stop
trigger input of the TIC. The trigger level of the TIC was chosen according to the instructions
given in the Technical Protocol.

The systematic time delay caused by the difference in length of the connecting cables as well
as the internal time delay of the TIC was measured and corrected for.

See also SP-Metod 2816 “Calibration of time interval using a time interval counter” for further
details of the used method as well as measurement uncertainty calculations.

RISE Research Institutes of Sweden AB

Postal address Office location Phone / Fax / E-mail This report may not be reproduced other than in full, except
Box 857 Brinellgatan 4 +46 10516 50 00 with the prior written approval of RISE.

SE-501 15 BORAS SE-504 62 BORAS +46 33135502

Sweden info@ri.se
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Date Reference
REPORT 2020-02-25  Euramet.TF.SI

Measurement conditions

Room temperature 23.0+1.0°C
Relative humidity 30+ 10%
Equipment heat up time >24h
Traceability

Page

2(7)

RISE is National Laboratory for electrical quantities and time and frequency by appointment
of the Swedish government. RISE realizes fundamental units such as volt, ohm and second
from primary standards. Traceability for other units is established from these realizations by
means of in-house calibrations and scientific analyses. To ensure international equivalence and
acceptance of the established traceability, interlaboratory comparisons are made between

national laboratories.

Model Equation

Model equation that follows from the measurement setup:

TI= Vs + 5Ytbe + 6Ydecal_a + 6Ydecal_b + aylcd

Description of the quantities in the model equation:

Quantity | Description
Xi

measurements

¥, is the measured time interval calculated as the arithmetic mean of individual

Ve is a correction for the systematic time base error

the arithmetic mean of individual measurements

& socal a is a correction for the measured systematic delay due to internal counter
- | asymmetry, connecting cables, and trigger level setting errors, calculated as

Vaeear | 18 @ correction for the systematic error in the calculation of Oy, ,

M is a correction for the least significant digit available

The systematic time delay caused by the difference in length of the connecting cables as well
as the internal time delay of the TIC is measured and corrected for with the quantity &Vyeq, , -

Any systematic uncertainty that remains is included in the quantity oy, | -

RISE Research Institutes of Sweden AB
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Results

The reported expanded uncertainty of measurement is stated as the standard uncertainty of
measurement multiplied by the coverage factor £ = 2, which for a normal distribution
corresponds to a coverage probability of approximately 95%. The standard uncertainty has
been determined in accordance with EA Publication EA-4/02. The long term stability of the
calibrated object is not included in the reported expanded uncertainty of measurement.

Summary of the results:

Measured time Expanded
but i measurement
interval /ns [

uncertainty /ns
Ink 20 24.2 04
InA 100 104.5 +0.4
Ink 300 307.4 £0.4
TIGen dn0 9.7 o
TIGen dn3 250.1 vos
TIGen dn7 1509.1 vos
TIGen dnl26 12039.4 04

Uncertainty budget tables for Ini 20:

RISE Research Institutes of Sweden AB

Quantity | Estimate /s Standard Probability Method of | Sensitivity | Uncertainty Degrees of
Xi Xi uncertainty /s distribution evaluation | coefficient | contribution /s freedom
u(xi) (A, B) ci ci - u(xi) v
Y 29.30E-9 1.92E-12 Normal A 1 1.92E-12 99
S
@} . 0 2.03E-21 Rectangular B 1 2.03E-21 100
tbe
o -5.13E-9 2.03E-12 Normal A 1 2.03E-12 99
decal_a
@V 0 1.73E-10 Rectangular B 1 1.73E-10 100
decal b
@/1 . 0 2.89E-13 Rectangular A 1 2.89E-13 100
C
TI 24.17E-9 Combined standard uncertainty Ue 1.73E-10
Effective degrees of freedom Veff 2.03
Expanded uncertainty (p = 95%) U 3.51E-10
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Uncertainty budget tables for InA 100:
Quantity | Estimate /s Standard Probability Method of | Sensitivity | Uncertainty Degrees of
Xi Xi uncertainty /s distribution evaluation | coefficient | contribution /s freedom
u(xi) (A, B) i ci - u(xi) Y
% 109.63E-9 2.12E-12 Normal A 1 2.12E-12 99
S
@} . 0 7.60E-21 Rectangular B 1 7.60E-21 100
tbe
5)} -5.13E-9 2.03E-12 Normal A 1 2.03E-12 99
decal_a
é‘y 0 1.73E-10 Rectangular B 1 1.73E-10 100
decal b
@}l . 0 2.89E-13 Rectangular A 1 2.89E-13 100
C
T 104.50E-9 Combined standard uncertainty Uc 1.73E-10
Effective degrees of freedom Veff 2.03
Expanded uncertainty (p = 95%) U 3.51E-10
Uncertainty budget tables for InA 300:
Quantity | Estimate /s Standard Probability Method of | Sensitivity Uncertainty Degrees of
Xi Xi uncertainty /s distribution evaluation | coefficient | contribution /s freedom
u(xi) (A, B) i ci - u(xi) Y
¥y 312.48E-9 1.84E-12 Normal A 1 1.84E-12 99
S
@} . 0 2.16E-20 Rectangular B 1 2.16E-20 100
tbe
@/ -5.13E-9 2.03E-12 Normal A 1 2.03E-12 99
decal_a
@V 0 1.73E-10 Rectangular B 1 1.73E-10 100
decal b
@}1 . 0 2.89E-13 Rectangular A 1 2.89E-13 100
C
T 307.35E-9 Combined standard uncertainty Uc 1.73E-10
Effective degrees of freedom Veff 2.03
Expanded uncertainty (p = 95%) U 3.51E-10

RISE Research Institutes of Sweden AB
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Uncertainty budget tables for TIGen dn0:
Quantity | Estimate /s Standard Probability Method of | Sensitivity Uncertainty Degrees of
Xi Xi uncertainty /s distribution evaluation | coefficient | contribution /s freedom
u(xi) (A, B) ci c¢i - u(xi) Vi
% 27.79E-9 1.90E-12 Normal A 1 1.90E-12 99
S
@} . 0 1.93E-21 Rectangular B 1 1.93E-21 100
tbe
5)/ -5.13E-9 2.03E-12 Normal A 1 2.03E-12 99
decal_a
@V 0 1.73E-10 Rectangular B 1 1.73E-10 100
decal b
@}1 . 0 2.89E-13 Rectangular A 1 2.89E-13 100
C
T 22.66E-9 Combined standard uncertainty Uc 1.73E-10
Effective degrees of freedom Veff 2.03
Expanded uncertainty (p = 95%) U 3.51E-10
Uncertainty budget tables for TIGen dn3:
Quantity | Estimate /s Standard Probability Method of | Sensitivity | Uncertainty Degrees of
Xi Xi uncertainty /s distribution evaluation | coefficient | contribution /s freedom
u(xi) (A, B) i ci - u(xi) Y
% 255.18E-9 1.92E-12 Normal A 1 1.92E-12 99
S
@} . 0 1.77E-20 Rectangular B 1 1.77E-20 100
tbe
@V -5.13E-9 2.03E-12 Normal A 1 2.03E-12 99
decal_a
é‘y 0 1.73E-10 Rectangular B 1 1.73E-10 100
decal b
@}l ’ 0 2.89E-13 Rectangular A 1 2.89E-13 100
C
T 250.05E-9 Combined standard uncertainty Ue 1.73E-10
Effective degrees of freedom Veff 2.03
Expanded uncertainty (p = 95%) U 3.51E-10

RISE Research Institutes of Sweden AB
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Uncertainty budget tables for TIGen dn7:
Quantity | Estimate /s Standard Probability Method of | Sensitivity Uncertainty Degrees of
Xi Xi uncertainty /s distribution evaluation | coefficient | contribution /s freedom
u(xi) (A, B) ci c¢i - u(xi) Vi
% 1514.19E-9 2.13E-12 Normal A 1 2.13E-12 99
S
@} . 0 1.05E-19 Rectangular B 1 1.05E-19 100
tbe
5)/ -5.13E-9 2.03E-12 Normal A 1 2.03E-12 99
decal_a
@V 0 1.73E-10 Rectangular B 1 1.73E-10 100
decal b
@}1 . 0 2.89E-13 Rectangular A 1 2.89E-13 100
C
T 1509.06E-9 Combined standard uncertainty Uc 1.73E-10
Effective degrees of freedom Veff 2.03
Expanded uncertainty (p = 95%) U 3.51E-10
Uncertainty budget tables for TIGen dn126:
Quantity Estimate /s Standard Probability Method of | Sensitivity | Uncertainty Degrees of
Xi Xi uncertainty /s | distribution evaluation | coefficient | contribution /s freedom
u(xi) (A, B) i ci - u(xi) Y
% 12044.57E-9 1.52E-12 Normal A 1 1.52E-12 99
S
@} . 0 8.34E-19 Rectangular B 1 8.34E-19 100
tbe
@V -5.13E-9 2.03E-12 Normal A 1 2.03E-12 99
decal_a
é‘y 0 1.73E-10 Rectangular B 1 1.73E-10 100
decal b
@}1 ’ 0 2.89E-13 Rectangular A 1 2.89E-13 100
C
T 12039.45E-9 Combined standard uncertainty Uc 1.73E-10
Effective degrees of freedom Veff 2.03
Expanded uncertainty (p = 95%) U 3.51E-10

RISE Research Institutes of Sweden AB
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Equipment

Frequency standard (Vremya VCH-1003M, RISE inv. no. BX91872)

Auxiliary Output Generator (Datum AOG-110, RISE inv. no. 602734)

Frequency distribution amplifier (TimeTech 10273, RISE inv. no. 901616)
Frequency distribution amplifier (Agilent 5087A, RISE inv. no. 603141)
Frequency distribution amplifier (Hewlett Packard 5087A, RISE inv. no. 502906)
Pulse distribution amplifier (TimeTech 10188, RISE inv. no. 901624)

Pulse distribution amplifier (TimeTech 10188, RISE inv. no. 901622)

Time interval counter (Fluke/Phillips PM6681, RISE inv. no. 502484)

External standard 10 MHz reference | External input pulses applied to an
frequency applied for TIGen auxiliary InLambda standard
standard
Source
Source (Cs clock, HM,
(Cs clock, HM, ...) UTC(SP) frequency UTC(SP)
generator, ..)
. 1 pps
Amplitude (at 50 Q) 1.9 Voo (yes / no) yes
Frequency 1 Hz
Low level ov
High level
(at 50 Q) 18V
Rise time
(20% to 80 %) <3
Duty cycle 0.005 %
Pulse width 50 ps

RISE Research Institutes of Sweden AB
Measurement Science and Technology - Time and Optics

Performed by
Signed by: Kenneth Jaldehag
Reason: I am the author of this document
Date & Time: 2020-02-25 08:22:03 +01:00
Kenneth Jaldehag

RISE Research Institutes of Sweden AB
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Annex 4. Summary of results

Supplementary comparison EURAMET.TF-S1
Time interval measurements
In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).
Acronym of institute: RISE Country: Sweden
Average date of measurements: 2020-01-29
Remarks:

TIGen SMA front end connector somewhat loose

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz
reference frequency applied for

Meet

Required reference .
requirements?

TIGen standard conditions yes / no
Source
(Cs clock, HM, ...) UTC(SP) 10 MHz + 1 Hz yes
Amplitude (at 50 Q) 1.9 Vpp within (0,5 + 2) Vpp yes
. . Meet
Ambient temperature . Required reference .
. Unit of i requirements?
during measurements conditions
measure yes / no
23 t 1 °C within (22 + 4) °C yes
. -~ . Meet
Ambient humidity . Required reference .
. Unit of » requirements?
during measurements conditions
measure yes / no
30 * 10 % within (50 + 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/ Fluke/Phillips
digital oscilloscope
(eg. SR620, 532304, ...) PM6681
Applied trigger level ( 50 Q) 0.5V

(Required: 0,5 V)

Standard uncertainty component related Unknown
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

Page 17 of 23
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A2. TIGen standard - measurement results with uncertainty:

Number of the Determined value of the
measured measured Time Interval with
Time Interval expandedounc_ertalnty Unit of
(p = 95 %) (in ns measure
ndnou 22.7 i 0.4 ns
‘dn3” 250.1 + 04 |ns
“‘dn7” 1509.1 + 04 |ns
‘dn126” 12039.4 + 04 |ns

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference .Meet
o . requirements?
auxiliary InLambda standard conditions
yes / no
Source
(Cs clock, HM, frequency UTC(SP)
generator, ..)
1 pps
(yes / no) yes
Frequency 1 Hz <200 Hz yes
Low level ov ov yes
High level (at 50 Q) 1.8V (1,75 +2,25)V yes
Rise time (20% to 80 %) <5ns <10 ns yes
Duty cycle 0.005 % <50 % yes
to avoid the pulse
widths
Pulse width 50 ps close (<10 ns) to yes
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference re ui':/cla?;]e;nts?
Test device conditions q |
yes / no
InA 20 InA 100 InA 100 or InA 300 yes
InA 100 InA 20 InA 20 or InA 300 yes
InA 300 InA 20 InA 20 or InA 100 yes

Page 18 of 23
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EURAMET.TF-S1

Time interval measurements

Ambient temperature
during measurements

Unit of measure

Required reference
conditions

Meet

yes / no

requirements?

23 * 1 °C

within (22 £ 4) °C

yes

Ambient humidity
during measurements

Unit of measure

Required reference
conditions

Meet

yes / no

requirements?

30 * 10 %

within (50 £ 30) %

yes

The base equipment used for time interval measurements

to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

The type / brand of time interval counter/ Fluke/Phillips
digital oscilloscope
(eg. SR620, 532304, ...) PM6681
Applied trigger level ( 50 Q) 05V
(Required: 0,5 V)
Standard uncertainty component related Unknown

B2. InLambda standards - measurement results with uncertainty:

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 24.2 + 04 |ns 23 + 1 °C
InA 100 104.5 + 04 |ns 23 t 1 °C
InA 300 307.4 t 04 |ns 23 + 1 °C
Kenneth Jaldehag 2020-02-25
(Name) (Date)

Signed by: Kenneth Jaldehag
Reason: I am the author of this document
Date & Time: 2020-02-25 08:25:24 +01:00
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Annex 3. Typical scheme for an uncertainty budget

Supplementary comparison EURAMET.TF-S1
Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: RISE Country: Sweden
Average date of measurements: 2020-01-29

Remarks: TIGen SMA front end connectors somewhat loose

Model equation that follows from the measurement setup:

Tl = Vs + 8ytbe + 5Ydecal_a + 6ydecal_b + 8ylcd

Description of the quantities in the model equation:

asymmetry, connecting cables, and trigger level setting errors, calculated as the

arithmetic mean of individual measurements

Quantity | Description
Xi
¥, is the measured time interval calculated as the arithmetic mean of individual
measurements
Ve is a correction for the systematic time base error
& s o | 18 @ correction for the measured systematic delay due to internal counter

Vaeea » | 1S @ correction for the systematic error in the calculation of dy,., ,
Vg is a correction for the least significant digit available
Uncertainty budget table
Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci Ci - u(xi) %
¥, 27.79E-9 | 1.90E-12 Normal A 1 1.90E-12 99
e 0 1.93E-21 | Rectangular B 1 1.93E-21 100
Vgocar « | ~O-13E-9 | 2.03E-12 Normal A 1 2.03E-12 99
& gecal b 0 1.73E-10 | Rectangular B 1 1.73E-10 100
Mg 0 2.89E-13 | Rectangular A 1 2.89E-13 100
Tl 22 .66E-9 Combined standard uncertainty Uc 1.73E-10
Effective degrees of freedom Vet 2.03
Expanded uncertainty (p = 95%) U 3.51E-10
Kenneth Jaldehag 2020-02-17
(Name) (Date)
W}/ Signed 'by: Kenneth Jaldehag'
(0 B e s Tt Page 17 of 23
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1. EXECUTIVE SUMMARY

PTB participated in the EURAMET Supplementary Comparison EURAMET.TF-S1. The travelling
equipment was in operation in PTB between 18. and 20. February 2020.

This Report details installation and results obtained, following the instructions contained in the
Technical Protocol.

1.1. IDENTIFICATION OF PARTICIPANTS

No of Name and Institute | Address Phone e-Mail
function
participant
5 Dirk Piester, PTB AG 4.42 +49 531 592 dirk.piester
Data collection (DE) Bundesallee 100 4421 @ptb.de
38116
Braunschweig
5 Andreas Bauch, PTB AG 4.42 +49 531 592 andreas.bauch
Author of report | (DE) Bundesallee 100 4420 @ptb.de
38116
Braunschweig
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2. DESCRIPTION OF THE CALIBRATION METHOD, SET-UP AND
EQUIPMENT USED

2.1 METHOD

Both kinds of signal generators provided in the frame of the project generate two output pulses
of 1PPS with a well-defined delay between them. In Figure 1, the two output signals are named
Start and Stop. The measurement quantity is the delay between them. It was determined using
a counter type SR620 S/N 6096.

External time base 10 MHz representing UTC(PTB) is used in the counter. The mean relative
frequency offset from S| definition was < 2x10-'"® for all averaging times.

Figure 1 shows the sequence of installation for the measurement of two time intervals needed,
called TI1(left part in Fig. 1) and TI2 (right part in Fig. 1) in equation (1) below. The auxiliary
1PPS signal is generated with a Stanford Digital Delay Generator DG645 which in turn has 10
MHz UTC(PTB) as its time base. The delay is adjusted in a way that the measurement quantity
TI2 (Stop vs. AUX) is a time interval < 100 ns.

SR620, S/N 6096 SR620, S/N 6096
A B A B
1PPS
AUX
Start Stop Start Stop
Travelling Travelling

Figure 1 Method of differential time interval measurement

2.2 SET-UP

The TIGen standard is connected to 10 MHz UTC(PTB). 1PPS UTC(PTB) was used as Trigger
Seed Input to the respective InLambda device. The InLambda devices were operated as
prescribed in the Technical Protocol in a way that the output of the device under test receives a
1PPS output from a neigbouring device as input to its Trigger Seed Input. Figure 2 shows the

PHYSIKALISCH-TECHNISCHE BUNDESANSTALT, BRAUNSCHWEIG, FEBRUARY 2020
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installation of the devices next to the counter. All devices were kept in running condition for

several hours before the data taking commenced.

Figure 2 Set-up of delay generators in PTB#S time laboratory

Temperature recording in the room is made with a fixed installation sensor some meters away
from the set-up and a data logger. Recordings during the period of data taking are shown in
Section 4. The temperature close to the set-up was determined with a calibrated electronic
thermometer, laying in front of the counter, device type Digitron 2084T, last calibration 2019, re-
calibration 06/2024. Values stated in report tables refer to the calibrated meter.
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3. DESCRIPTION OF OBSERVABLES AND DEFINITION OF THE
UNCERTAINTY BUDGET

Model equation that follows from the measurement setup:

TI=TI1+06B1_1+036B2_1—{TI2 + 6uB1_2 + duB2_2} + duB3 (1)
Description of the quantities in the model equation:
Quantity | Description
Xi

TI1 Time interval measurement no. 1

0B1 1 Time base uncertainty of measurement no. 1

0B2_1 Trigger level timing uncertainty of measurement no. 1

TI2 Time interval measurement no. 2

oB1 2 Time base uncertainty of measurement no. 2

0B2 2 | Trigger level timing uncertainty of measurement no. 2

0oB3 Differential non-linearity

Uncertainty budget table

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of

uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci ci - u(xi) |

T 83.378ns | 33 ps N A 1 33 ps 99

oB1 1 |Ons 1ps N B 1 1ps o0

0B2 1 |Ons 20 ps N B 1 20 ps o0

TI2 60.720 29 ps N A 1 29 ps 99

ns

0B1 2 | Ons 1ps N B 1 1ps °°

0B2 2 |0Ons 20 ps N B 1 20 ps 0

OB3 Ons 50 ps N B 1 50 ps 0
Combined standard uncertainty Uc 80 ps
Effective degrees of freedom Veff > 50
Expanded uncertainty (p ~ 95%) V) 160 ps

PHYSIKALISCH-TECHNISCHE BUNDESANSTALT, BRAUNSCHWEIG, FEBRUARY 2020
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The estimated measurement values and the statistical uncertainty values stated above are
examples, for details see Section 4. In the following, explanations are given for the
determination of the numerical values of the uncertainty contributions.

The measurement consists of two subsequent time interval measurements:
TI1 = 1ppsStart — 1ppsAUX, TI2 = 1ppsStop — 1ppsAUX, Tl = (TI1 - TI2).

Contribution | Description This work (ps) Feldmann PhD
thesis

uA I standard uncertainty 401

uA_II standard uncertainty 401

uB1_I timebase uncertainty 12

uB1_II timebase uncertainty 12

uB2_1I trigger level timing unc. | 203 40°

uB2_II trigger level timing unc. | 203 40°

uB3 differential non-linearity | 504 1006

U 81

1) typical standard deviation of 100 measurements < 40 ps.

2) The timebase uncertainty is derived from the combined uncertainty of the difference UTC —
UTC(PTB) and the UTC frequency offset to the SI second (10-'°) multiplied by an maximum time
interval of 1 s. As in this EURAMET experiment the generated time intervals are derived from
the same clock as the external reference signal of the used TIC, this contribution is negligible.

3) trigger level timing uncertainty (TLTU) is determined according to
TLTU = (15 mV+0.5% of trigger level)/(1pps slew rate)

We assume a maximum 1pps slew rate of 1V/ns and a trigger level = 1V. If the input bandwidth
of a time interval counter is in the range of 300 MHz, the slew rates of input 1pps signals at the
start gate are limited to that value.

The actual 1pps slew rate is higher (0.9V/0.4ns) and the trigger level is 0.5 V.

4) the differential non-linearity is specified as the maximum time error for any given relative
measurement. The SR620’s differential non-linearity is typically £50ps. That means if the time
interval is changed by some amount the SR620 will report that change to within +50ps. [SR620
Operating Manual]

5) Same equation as in 3) but 1pps slew rate = 0.5V/ns.

6) non-linearity observed by changing external reference frequency from 5 MHz to 10 MHz and
by changing the phase of the reference frequency signal. The observed differences were
always below 100 ps [Feldmann PhD Thesis: Advances in GPS based Time and Frequency
Comparisons for Metrological Use, PTB 2011]. If this observation has the same origin as the
differential non-linearity, the stated uncertainty in the SR620 manual seems to be reasonable.

PHYSIKALISCH-TECHNISCHE BUNDESANSTALT, BRAUNSCHWEIG, FEBRUARY 2020
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4. RESULTS
A1. TIGen standard — conditions met during measurements
External standard 10 MHz . Meet
- Required reference .
reference frequency applied for » requirements?
conditions
TIGen standard yes / no
Source
(Cs clock, HM, ...) UTC(PTB) 10 MHz £ 1 Hz yes
Amplitude (at 50 Q) 2 Vpp within (0,5 + 2) Vo yes
. . Meet
Ambient temperature . Required reference .
. Unit of o requirements?
during measurements conditions
measure yes / no
23.3 * 1 °C within (22 + 4) °C yes
Ambient humidity . Required reference _Meet
- Unit of s requirements?
during measurements conditions
measure yes / no
24.8 * 3 % within (50 + 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope
(eg. SR620, 53230A, ...)

SR620, S/N 6096

Applied trigger level ( 50 Q)
(Required: 0,5 V)

0.5V

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

Differential non-linearity: 50

ps

Trigger level timing
uncertainty: 20 ps

A2. TIGen standard - measurement results with uncertainty:

Period of data taking: 2020-02-19 13:00 — 15:00 UTC

PHYSIKALISCH-TECHNISCHE BUNDESANSTALT, BRAUNSCHWEIG, FEBRUARY 2020
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Determined value of the
Nuntlnel;esrucriéhe measured Time Interval with
. expanded uncertainty Unit of
Time Interval o/ [
(p =95 %) (in ns measure
“dn0” 22.66 * 0.16 | ns
“dn3” 250.00 + 0.16 | ns
“‘dn7” 1508.97 + 0.16 | ns
“dn126” 12039.48 + 0.16 | ns
B1. InLambda standards — conditions met during measurements
External input pulses applied to an Required reference re ui':/leﬁénts’?
auxiliary InLambda standard conditions 9 )
yes / no
Source
(Cs clock, HM, frequency UTC(PTB)
generator, ..)
1 pps
(yes / no) yes
Frequency 1Hz <200 Hz yes
Low level oV ov yes
High level (at 50 Q) 2V (1,75 +2,25) V yes
Rise time (20% to 80 %) <2ns <10 ns yes
Duty cycle 50pus/1s <50 % yes
to avoid the pulse
widths
Pulse width 50 us close (< 10 ns) to yes
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference re uil:/zleerr?;nts’?
Test device conditions 9 )
yes / no
Inx 20 Inx 300 In2 100 or Inx 300 yes
In». 100 In». 300 In 20 or Ina 300 yes

PHYSIKALISCH-TECHNISCHE BUNDESANSTALT, BRAUNSCHWEIG, FEBRUARY 2020
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Inx 300 Inx 100 Inx 20 or Inx 100 yes
Ambient temperature Required reference re uiﬁ/leenittants'?
during measurements | Unit of measure conditions q '
yes / no
23.6 * 1 °C within (22 + 4) °C yes
Ambient humidity Required reference re uil:'/cle?:]e;nts’?
during measurements | Unit of measure conditions q '
yes / no
25.6 * 3 % within (50 + 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope
(eg. SR620, 53230A, ...)

SR620, S/N 6096

Applied trigger level ( 50 Q)
(Required: 0,5 V)

0.5V

results

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement

(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

Differential non-linearity: 50 ps

Trigger level timing uncertainty: 20 ps

B2. InLambda standards - measurement results with uncertainty:

Period of data taking: 2020-02-20, 08:00 — 10:00 UTC

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p =95 %) (in ns) measure | expanded uncertainty, 95%) | measure
Inx 20 24.19 + 0.16 ns 23.6 + 1 °C
In. 100 10451 | + | 0.16 |ns 236 + 1 oC
Inx. 300 30729 |+ | 016 |ns 23.6 + 1 |°C

For completeness, the results of individual measurements are presented in the following table.
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DUt

Canfiguration

TI1 [ns] udh [ps| TI2 () uh (ps) Tl ins) wBl 1ps) |uBl Z(ps| |uB2 1ipsi |uB2 2(ps) |uB3 |ps] Tl {ns) ui 5]

TIiGen dal 83378 33 60,72 29 12558 1 1 20 20 50 2266 016
dn3 341,254 38 41.255] L 243,959 1 1 20 0 50 250 .16

a7 1564.968 30 56.002 27| 1508.986 1 1 20 20 50 1508.97 0.16

dnllk 12094.40% 33 54.525) 30[ 12039441 1 1 20 20 SOl 1203948 1.1k

016

inlamada 20 75144 a7 50,555 EF] 24,185 1 1 20 pLi] 5] 1418 1E
inLarmbda 100 175.078 34 7057 40 104.508 1 1 20 20 50 10451 016
inlamada 300 374411 En ET.E32 EH] 307,289 1 1 20 b1 50 L] 1k

C. Recording of temperature and humidity

Time laboratory temperature /°C

Time laboratory relative humidity /%

24.0 - T

238
236
234 |
232
23.0
28}

228 L

2£.0

24
22}

2.0 .
58898 58899

30

28

26

24

22

measurements taken

| U -

MJD

58900

measurements taken

\

20 - L
58898 58899

MJD

58900

Figure 3 Recording of temperature and humidity in the PTB time lab during the campaign
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Introduction

In this document, the results of VSL are reported for the participation in EURAMET supplementary comparison TF-
S1 on Time Interval Measurements (EURAMET project #1485).

The quantity to be measured in this comparison is time interval, defined as the time delay between the rising edges
of a start and stop pulse generated by the traveling standards, measured at a trigger level of 0.5 V.

In this comparison, there are four traveling standards. Three of them generate fixed time intervals of 20 ns, 100 ns
and 300 ns respectively. The fourth traveling standard can be set to generate time intervals from 20 ns up to 12 ps,
but for this comparison, only 20 ns, 250 ns, 1.5 ys and 12 ps are measured.

The measurements at VSL have been carried out from the 28th of February 2020 till the 10th of March 2020.
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Method of measurement

Calibration method

The time interval generated between the start and stop output of the generator has been measured with a time
interval counter of which the internal timebase was locked to the 10 MHz reference frequency of UTC(VSL).

Before the measurement, the "automatic calibration" of the time interval counter was performed.

Then, the remaining delay offset between the start and stop channel of the time interval counter was determined by
applying a pulse via a power splitter and 2 coaxial cables of (nearly) identical length (about 20 cm) to the inputs of
the counter (Figure 1). To eliminate the delay asymmetry from the power splitter and the coaxial cables, the
measurement is repeated with reversed connections at the start and stop channels of the time interval counter
(Figure 2).

For connecting the time interval generator to the time interval counter a pair of coaxial cables of (nearly) identical
length (about 1.00 m) is used. The delay asymmetry of the cables is determined by applying a pulse via a power
splitter and the two coaxial cables to the inputs of the counter (Figure 3).

To eliminate the effect of the delay asymmetry of the power splitter and of the time interval counter, the
measurement is repeated with the cables in swapped positions (Figure 4).

Now that the time interval counter offset and the cable asymmetry has been determined, the calibration of the time
interval generator can start. The start output from the generator is connected to the start input from the counter, and
the stop output from the generator is connected to stop input from the counter Figure 5.

The pulses from the generator are applied to the counter at a rate of 1 pulse per second.
For each time interval measurement, the average was taken from a series of 300 seconds.

During the measurements, the trigger level of the time interval counter on both the start and the stop channel was
setto 0.5V.

Calibration set-up and equipment

The set-up for calibrating the offset of the time interval counter is shown in Figure 1 and Figure 2. The pulse
generator used in this measurement is the 1PPS output from a digital divider that divides a 10 MHz reference signal
from UTC(VSL) into a 1PPS signal.

Pulse Generator o Time Interval Counter

1000 Hz 2.5V L) 0.000 000 000
“out

Figure 1. TIC offset calibration; first measurement
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Pulse Generator e Time Interval Counter

1.000Hz 25V 0.000 000 000

“out

Figure 2. TIC offset calibration; second measurement
The set-up for calibrating the delay asymmetry of the coaxial cables is shown in Figure 3 and Figure 4.

The pulse generator used in this measurement is the 1PPS output from a digital divider that divides a 10 MHz
reference signal from UTC(VSL) into a 1PPS signal.

Pulse Generator o Time Interval Counter

1.000Hz 25V

“out

. h Jj

Figure 3. Delay asymmetry calibration of the coaxial cables; first measurement

Pulse Generator - Time Interval Counter

“out

Cable 2 /

Cable 1

Figure 4. Delay asymmetry calibration of the coaxial cables; second measurement



EURAMET TF-S1

Page 7 of 20

The setup for the calibration of time interval generators is shown in Figure 5.

Time Interval Generator Time Interval Counter

start stop * ?
\ Cable 1 /
Cable 2

Figure 5. Calibration set-up for the time interval generator

0.000 000 000 start  stop

Note 1: The TiGen standard was connected to the 10 MHz reference from UTC(VSL).

Note 2: The InLambda 20 ns standard was triggered by the InLambda 100 ns standard, the InLambda 100 ns
standard was triggered by the InLambda 20 ns standard and the InLambda 300 ns standard was triggered by the
InLambda 20 ns standard. The auxiliary InLambda trigger device was triggered by a 1PPS derived from the 10 MHz
reference from UTC(VSL) via a digital frequency divider.
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Identification of the devices under test
There are four devices under test in this comparison:
A. TIGen:

- Time Interval Generator, Ser. No. n/a

This standard can be set to multiple values of time interval. The selected values for this comparison are: 20 ns, 250
ns, 1.5 ys and 12 ps.

B. InLambda Time Interval Standard TIE-10
- InLambda 20 (nominal value of delay: 20 ns) Ser. No. n/a
- InLambda 100 (nominal value of delay: 100 ns) Ser. No. n/a

- InLambda 300 (nominal value of delay: 300 ns) Ser. No. n/a

Identfication of the reference standards

The measurements for this comparison have been performed with two time interval counters.
A. Stanford Research, type 620 counters, serial number 4819.

B. Stanford Research, type 620 counters, serial number 4821.

Both counters were locked to the 10 MHz reference frequency of UTC(VSL) during calibration of the devices under
test in this comparison.
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3 Calculation of the results

3.1 Equations for obtaining the results

The time interval T/ generated by the generator under test is measured by the time interval counter Tmeas, and
corrected for the offset of the time interval counter, dricomset, and the delay asymmetry of the coaxial cables,
(dcabrez - dcabiet):

Tl = Theas — dric of fset — (dcabtez — dcabier ) (1)

It is assumed that the offset of the time interval counter is a constant value related to internal signal path asymmetry
in the counter. The offset can, however, be affected by the "AutoCal". Therefore, this offset measurement needs to
be repeated after each "AutoCal".

The offset of the time interval counter is determined with the measurement configurations as shown in Figure 1 and
Figure 2 respectively.

Tmeasl = dTIC of fset + ((dCableZ + dsplitterz) - (dCablel + dsplitterl) ) ( 2 )

Tmeasz = dTIC of fset + ((dcablel + dsplitterl) - (dcablez + dsplitterz) ) ( 3 )
T, 1+ T 2

drc offset = meas . meas (4 )

The delay asymmetry of the coaxial cables is determined from the measurements in the configurations in Figure 3

and Figure 4.
Tmeass =TI + dric offset T (dcabiez — dcabier) (5)
Tmeasa =TI+ dric of fset + (dCablel - dCableZ) ( 6 )
Tmeas3 = Tmeass
(dcabiez — deavter) = w (7)

3.2 Uncertainty budget

The uncertainty evaluation is based on equation (1 ):

Tl = Tneas — dTIC of fset — (dCablez - dCublel ) ( 1 ) repeated

The uncertainty in Tmeas consists of several components:
U1(Tmeas): contribution from the fluctuation in the reading of the time interval counter

The standard deviation in the measurements varies for the time interval generators under test:
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Table I. Standard deviation in the measurements for each time interval generator

Generator Standard deviation (ps)

InLambda 20 ns 9

InLambda 100 ns 23

InLambda 300 ns 38

TIGEN DN=000 20 ns 26

TIGEN DN=003 250 ns 52

TIGEN DN=007 1.5 ps 31

TIGEN DN=126 12 ps 35
U2(Tmeas): contribution from the resolution of the time interval counter

The resolution of the time interval counter is 2.7 ps; determined as the average interval between sorted
measurement samples from a set of 1000 samples.

us(Tmeas): contribution from reference frequency of the time interval counter

The timebase of the time interval counter is locked to the 10 MHz reference frequency of UTC(VSL). The uncertainty
from the reference frequency is dominated by its short-term stability. This uncertainty contribution is estimated to be
1 x 10" Hz/Hz * Tineas.

U4(Tmeas): contribution from the non-linearity of the time interval counter

For resolving the least significant digits of the time interval measurement, the counter uses a time to amplitude
converter. The contribution from the non-linearity of this converter is estimated to be less than 10x the resolution
which corresponds to approximately 27 ps.

us(dricoffset): contribution from the internal offset of the time interval counter

The time interval counter has an internal offset due to unequal signal paths from the start and stop connector to the
internal latching points. The effect of the internal offset can be reduced by performing the "AutoCal" before the
measurements. The remaining offset of the counter has been determined with an uncertainty of 50 ps, which is the
standard deviation in repeated offset measurements.

us(dcable2 - dcablet): contribution from the delay asymmetry of the coaxial cables

The coaxial cables used to connect the time interval generator to the time interval counter have slightly unequal
lengths. The uncertainty with which this delay asymmetry has been determined is 10 ps, which is the standard
deviation in repeated measurements of the delay asymmetry.

The total uncertainty is computed as the root sum square of all contributions converted to standard uncertainties and
multiplied with their respective sensitivity coefficient.

An example of the uncertainty budget calculation of the InLambda 20 ns generator is shown in Table II.
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Table II. Uncertainty budget table

quantity value unc distribution | std unc sensitivity contribution
Tmeas Std dev 24190 | ps 9| ps normal 9| ps 1 9.0 | ps
Tmeas Resolution 0| ps 2.7 | ps rectangular 1.56 | ps 1 1.6 | ps
Tmeas Ref frequency 0| ps| 1.00E-11 | Hz/Hz | normal 1.00E-11 | Hz/Hz 1E+12 | ps 10.0 | ps
Tmeas Non-linearity 0|ps 27 | ps rectangular 15.6 | ps 1 15.6 | ps
TIC offset 0| ps 50 | ps normal 50 | ps 1 50.0 | ps
Cable asymmetry 0| ps 10 | ps normal 10 | ps 1 10.0 | ps
Tl 24190 | ps k=1 55.0 | ps
k=2 110.0 | ps

The total expanded uncertainty (k = 2) for each of the time interval generators in the comparison is given in Table IlI:

Table Ill. Total expanded uncertainty (k = 2) for each of the time interval generators

Time interval generator Total Expanded Uncertainty
(ns)

InLambda 20 0.11

InLambda 100 0.12

InLambda 300 0.13

TIGEN DN=000 20 ns 0.12

TIGEN DN=003 250 ns 0.15

TIGEN DN=007 1.5 ps 0.13

TIGEN DN=126 12 ps 0.13
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Traceability

The traceability chart for the calibration performed in this comparison is shown in Figure 6.

/ \

| uTC |

TWSTFT + GPSPPP
Circular T

UTC(VSL)
HP5071A Cs clock +
HROG frequency
offset generator

10 MHz frequency
distribution

Time interval counter
SR620

Direct measurement

Time interval
generator
(DUT)

Figure 6. Traceability chart for time interval calibrations at VSL
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Results

Average date of performing measurements
The measurements have been carried out from the 28th of February 2020 till the 10th of March 2020.
The average date of the measurements for each of the devices under test is reported in Table IV.

Table IV. Average date of measurements

Time interval generator average date
(dd-mm-yyyy)
InLambda 20 04-03-2020
InLambda 100 05-03-2020
InLambda 300 05-03-2020
TIGEN DN=000 20 ns 03-03-2020
TIGEN DN=003 250 ns 05-03-2020
TIGEN DN=007 1.5 ps 05-03-2020
TIGEN DN=126 12 ps 05-03-2020

Ambient conditions

The measurements for this comparison have been performed in the VSL Time and Frequency laboratory, room
6.1.35.

The ambient conditions are the same for all time interval generators calibrated in this comparison.

The ambient temperature in the laboratory during the measurements was (22.8 + 0.5) °C.

The relative humidity in the laboratory during the measurements was (44 * 5) %.

Reference signals, etc.

- The 10 MHz reference frequency for the TIGen standard was derived directly from the 10 MHz frequency of
UTC(VSL). The deviation of UTC(VSL) with respect to UTC is less than 2 x 104 Hz/Hz

The 10 MHz frequency is a sine wave with an amplitude of 1 Vrms (2.8 Vp-p) with 50 Q input impedance.

- The input pulse signals for the auxiliary InLambda standard was a 1PPS signal derived from the 10 MHz frequency
of UTC(VSL) via a digital frequency divider.

The pulse shape with 50 Q input impedance is described as follows:
low level: -0.36 V

high level: +2.46 V

frequency: 1 Hz

pulse width: 0.5 s

rise time (20 % to 80 %): 1.8 ns

duty cycle: 50 %
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Results

The measurement results with their corresponding expanded uncertainties are reported in Table V.

Table V. Measurement results with uncertainty

Device under test Measured Time Interval with
expanded uncertainty (p = 95 %) Unit

InLambda 20 2419 * 0.11 ns
InLambda 100 104.53 + 012 | ns
InLambda 300 307.31 + 0.13 | ns
TIGen “dn0” 20 ns 22.72 * 0.12 | ns
TIGen “dn3” 250 ns 250.08 + 0.15 | ns
TIGen “dn7” 1.5 ys 1509.05 + 0.13 | ns
TIGen “dn126” 12 ps 12039.54 * 0.13 | ns
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Conclusion

General conclusion

VSL has calibrated the time interval generators that serve as traveling standard in the EURAMET TF-S1
supplementary comparison of time interval measurements.

The performed measurements are in the range between 20 ns and 12 ps.

The reference standard used to perform this calibration was a time interval counter of which the internal frequency
reference was locked to the 10 MHz reference frequency of UTC(VSL).

The reported uncertainties are less than or equal to 0.15 ns, which is well below the VSL CMC claim for this quantity.
The dominant contribution in the uncertainty budget is the determination of the offset of the time interval counter.

CMC statement

The measurements in this comparison correspond with the VSL Time and Frequency service categories 3.2.3 and
3.2.4 from the Calibration Measurement Capabilities (version 15 March 2011):

Calibration Service Measurand Range Expanded Uncertainty
. Instrument or Instrument type or [ Minimum | Maximum . .
I Artifact Method value value Unit | Value Unit
Time interval Time difference | Time interval 1E-09 +1000 | s 11ns
source counter
L Time interval
Time interval | Delay source 0 +1000 | s 1|ns
counter

The uncertainties reported by VSL in this comparison are well below the CMC claim.

Therefore, if the reported results agree with the comparison reference values, the VSL results support the current
CMC claim for time interval calibrations.
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Annex 1: VSL uncertainty budget

Supplementary comparison EURAMET.TF-S1

Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute:

VSL

Country: The Netherlands

Average date of measurements: 5 March 2020

Remarks: The given uncertainty budget is for the InLambda 20 standard. Other standards have slightly different
uncertainties, depending on the fluctuations in the measurements

Model equation that follows from the measurement setup:

Tl = (Tmeas )

(1 + df/f)) + dric non-lineartiy + dTiC resolution - ATIC offset - (dCabIeZ - dCabIe1)

Description of the quantities in the model equation:

Quantity
Xi

Description

Tmeas

Measured value of the time interval counter

df/f

relative frequency offset of the external reference frequency of the counter

dric non-lineartiy

non-linearity of the counter

dTIC resolution

resolution of the counter

aTIC offset

internal delay offset of the counter

dcable2 - dcablet

delay asymmetry of the cables used to connect the generator to the counter

Uncertainty budget table

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci Ci - u(xi) v
Tmeas 24190 ps 9 ps | normal A 1 9.0 ps 300
df/f 0 ps 1.0E-11 | normal B 1E+12 ps 10.0 ps 100
Hz/Hz
non-lin. 0 ps 27 ps | rectangular B 1 15.6 ps 100
resol. 0 ps 2.7 ps | rectangular B 1 1.6 ps 100
dTic offset 0 ps 50 ps | normal B 1 50.0 ps 100
dcable2 - 0 ps 10 ps | normal B 1 10.0 ps 100
dcablet
Combined standard uncertainty Uc 55.0 ps
Effective degrees of freedom Veft 145
Expanded uncertainty (p ~ 95%) u 110.0 ps
Erik Dierikx 15 May 2020
(Name) (Date)
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Annex 2: Summary of VSL results

Supplementary comparison EURAMET.TF-S1
Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: VSL Country: The Netherlands
Average date of measurements: 5 March 2020

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz reference ) Meet
frequency applied for TIGen standard Required reference requirements?
conditions
yes / no
Source Cs clock 10 MHz + 1 Hz es
(Cs clock, HM, ...) = y
Amplitude (at 50 Q) 1,0 Vims within (0,5 + 2) Vpp no
. . ) Meet
Ambient temperature during Unit of Rqulred reference requirements?
measurements conditions
measure yes / no
22,8 * 0,5 °C within (22 £ 4) °C yes
Meet
Ambient humidity during Unit of Required reference requirements?
measurements conditions
measure yes / no
44 + 5 % within (50  30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/ digital SR620

oscilloscope
(eg. SR620, 53230A, ...)

Applied trigger level ( 50 Q) 0,5V
(Required: 0,5 V)

Standard uncertainty component related to a 0,027 ns
residual nonlinearities or other not reduced
systematic effects and included in the uncertainty
budget of measurement results

(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)
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A2. TIGen standard - measurement results with uncertainty:

Determined value of the measured
Number of the . .
Time Interval with expanded
measured . .
Time Interval uncertainty Unit of
(p = 95 %) (in ns) measure
“dn0” 22,72 + 0,12 ns
“dn3” 250,08 * 0,15 ns
“dn7” 1509,05 + 0,13 ns
“dn126” 12039,54 + 0,13 ns
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B1. InLambda standards — conditions met during measurements

InLambda standard

External input pulses applied to an auxiliary

Required reference

Meet requirements?

conditions yes / no
Source
(Cs clock, HM, frequency Cs clock
generator, ..)
1 pps
(yes / no) yes
Frequency 1Hz <200 Hz yes
Low level -0,36 V ov no
High level (at 50 Q) 2,46 (1,75 +2,25) V no
Rise time (20% to 80 %) 1,8 ns <10ns yes
Duty cycle 50 % <50 % yes
to avoid the pulse
widths
Pulse width 0,5s close (<10 ns) to the | yes
measured time
intervals
Application of a double configuration

DUT — Device Under Test

Auxiliary used device

Required reference

Meet requirements?

conditions yes / no
InA 20 InA 100 InA 100 or InA 300 yes
InA 100 InA 20 InA 20 or Ink 300 yes
In2. 300 In\ 20 InA 20 or InA 100 yes

Ambient temperature during
measurements

Unit of measure

Required reference
conditions

Meet requirements?

yes / no

22,8

+

0,5

°C

within (22 + 4) °C

yes

Ambient humidity during
measurements

Unit of measure

Required reference
conditions

Meet requirements?

yes / no

44

+
(¢}

%

within (50 + 30) %

yes
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The base equipment used for time interval measurements

residual nonlinearities or other not reduced
systematic effects and included in the uncertainty
budget of measurement results

(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

The type / brand of time interval counter/ digital SR620
oscilloscope

(eg. SR620, 53230A, ...)

Applied trigger level ( 50 Q) 0,5V
(Required: 0,5 V)

Standard uncertainty component related to a 0,027 ns

B2. InLambda standards - measurement results with uncertainty:

The source of the

Determined value of the
measured Time Interval with

Ambient temperature during
measurements

measured . (for every standard
. expanded uncertainty . . . .
Time Interval (b = 95 %) (in ns) Unit of separately — including Unit of
p=oo T measure expanded uncertainty, 95%) | measure
Inx 20 2419 | 0,11 | ns 22,8 + 0,5 | °C
Inx 100 104,53 | + 0,12 | ns 22,8 + 0,5 | °C
Ini 300 307,31 + 0,13 | ns 22,8 + 0,5 | °C
Erik Dierikx 15 May 2020
(Name) (Date)
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1. Participant

Name Institute Acronym Delivery address

Frank Coutereel FPS Economy, SMD Boulevard du
S.M.E.s, Self- Roi Albert 11, 16
employed and BE 1000 Brussels
Energy
Directorate-general:
Quality and Safety —
Metrology

Country Telephone e-mail

Belgium +32 2779172 frank.coutereel@economie.fgov.be

2. Schedule of measurements

First loop
Measurements
Start date End date Stabilization Measurement Transport
2020-06-08 2020-06-12 1 day 5 days 4 days

Page 1 of 13



Supplementary Comparison: EURAMET.TF-$1 Time interval measurements

3 Report

3.1 Introduction

The purpose of this Supplementary Comparison (SC) is to support CMC claims in time interval (Tl) measurements.
Since a cable-delay as Tl is not a well-defined measured quantity and its value is significantly dependent on the shape
of signals used for cable delay measurements, another method was preferred in order to measure well-defined Tl’s.

The method is based on direct measurement of 4 of the 127 different TI's generated by a Tl Generator (TIGen) with PLL
loops and programmable logic and counters within a range from 20 ns to 12 ys and 3 Delay Standards (InLambda -
InA — standards) based on stabilised fibre delays of 20 ns, 100 ns and 300 ns respectively.

As stated in the conditions for participation that each participant was allowed to use his own method we did not use, for
practical reasons, the pivot method described in metrologia 56 (2019) “Time delay measurements: estimation of the
error budget (G D Rovera, M Siccardi, S Rémisch and M Abgrall)”.

For the comparison, following TI's have been measured:

- 20ns, 250 ns, 1,5 us and 12 ps generated by the TIGen
- 20 ns, 100 ns and 300 ns for the InA-standards

Measuring equipment:

- 10 MHz UTC(SMD), derived from a H MASER frequency standard VCH 1003 A
- Time Interval Counter 53230A

- Time interval counter CNT 91

- Pulse distributor

- Frequency distributor

- FG 120, function generator Yokogawa

- Calibrated connecting cables

- InLambda standards used as DUT (device under test) and auxiliary device

- TiGen as DUT

Page 2 of 13



Report Supplementary Comparison:EURAMET.TF-S1 Time interval measurements

3.2 Set-up
3.21 TIGen:
1 PPS #1
> A
TIGen Start Counter 53230A
1 PPS
REF Stop > B REF IN
#2
10 MHz 10 MHz
Frequency
distributor
y
10 MHz (UTC SMD)
3.2.2 InLambda
10 MHz (UTCSMD) ——
FREQ DISTR
10 Hz 10 Hz
Pylst_e ——»| Trigger Trigger
distributor Input Input » | REFIN
A
Start 10 Hz
10 Hz Output Start -, A
pulses Output
#1
Stop Stop 10 Hz
SG 120 Output Output - ——"| B
#2
In\ Standard In\ Standard Counter
Aux Device DUT 53230A

Page 3 of 13
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3.3 Tracebility chart

UTC

/

UTC(SMD)

\

10 MHz

TIGen 55230 A
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3.4 Method

3.41 Description

The time intervals between the 1 PPS pulses at start and stop of the Tlgen standard and the 10 Hz pulses at start and
stop of the InLambda standards have been measured with two interval counters (TIC), respectively CNT 91 and a
Agilent 53230A. We reported only the measurements with 53230A. Calibrated coax cables serve as connection
between Start and Stop of the DUT and the inputs of the TIC. The nominal values of the time intervals were respectively
20 ns, 250 ns, 1,5 ys and 12 ps for the Tlgen and 20 ns, 100 ns and 300 ns for the InLambda S. The external
references for the TIC’s and TIlgen have been connected to the 10 MHz derived from UTC(SMD).The trigger levels for
both TIC inputs were 0,5 VDC, input impedance = 50 ohm.

5 sessions (one per day) of 100 measurements each have been made for each time interval

3.4.2 Equation
The equation for the obtained unknown time interval is:

TI, =TI+ 8TB + S8Lin + 6Trig + 6CableDelay + §Quant + 60f fset + 6Temp

Where:

TI - mean value of the different measurement values by the TIC

6TB - time base error

o6Lin - non-linearity error

o6Trig - trigger error

é6CableDelay - correction for the additional delay due to cables #1 and #2

6Quant - error due to TIC resolution

doffset - error due to reversing input channels counter

6Temp - error due to temperature influence

TI, - result (x = dn0, dn3, dn7, dn126, InLa20, InLa100, inLa300)
343 Uncertainties

- Indicated Time Interval (TI):
Average from 5 daily measurements performed by TIC with associated standard uncertainty.
We consider this quantity to have a normal probability distribution

- Time base error (6TB):
The time base error is proportional to the measured Tl and depends on the frequency stability of the time base
of the TC. Since the Tl is much smaller than 1 s and 0.1 s, and the TC time base is disciplined with 10 MHz
from UTC (SMD) this error can be neglected, with no correction and limits of +/- 1 ps.

- Non-linearity error (8Lin):
Evaluation based on experiment since this error depends on the type of interpolation technique.
The manufacturer reports this type of error as the accuracy error and estimates it to be 100 ps.
By smoothing out the noise with 1/+/n , the standard uncertainty for the residual non-linearity is supposed not
be more than 10 ps which we consider to have a rectangular probability distribution.
An experimental setup with pulses from a stepper disciplined with the frequency of a Maser had shown that the
noise and residuals were limited to be less than 1 ps.

- Trigger error (8Trig):
Type B uncertainty proportional to the inverse of the pulse slew rate.
The trigger error consists of:

Page 5 of 13
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a. The threshold error:

T. = (Vznoise—input"' Vznoise—signal)o's
g =
SRTrig point
Vnoise—input : internal noise from TIC (approx. 500 pV)

Vnoise—signal : rms noise of applied signal (approx. <= 1 mV)
SRrrig point - Slewrate at the triggerpoint.

b. Threshold level timing error
Tryr = TLSE x (Sl + Sl) + 0,5(Vhy5t _ Vhyst)
x y

Sx Sy

S, = Slew rate at start trigger point (V/s)

Sy = Slew rate at stop trigger point (V/s)

TLSE = Trigger level setting error (V) = +/- (0,2 % of setting + 0,1% of range)
Vhyst = 20 mV hysteresis with noise reject on OFF

- Cable delay (6CableDelay):
Error due to the difference in delay between the two connecting cables (equal length). We assumed the
adapters used for the Tlgen are identical and should not contribute to the results. We performed two cable delay
measurements, before and during the measurement sessions.
To determine the cable delays we applied the double weight method in four steps.
The measurements gave a zero bias and standard uncertainty of 31 ps with a assumed normal probability
distribution.

- Quantization error (§Quant):
Error due to the TIC resolution as a combination of the quantization and time base jitter. We estimated this error
with experiential set-up to be no more than +/- 5 ps.
The TIC manufacturer gives for single shot resolution the value of 20 ps. After averaging, we can reduce this
error to 2 ps. Based on our experimental set-up, the uncertainty associated with this type of error is estimated to
have limits +/- 5 ps with a rectangular distribution.

- Offset error (6of fset):
Is the difference when reversing counter input channels A and B
Measurements showed that there was a systematic difference.
We estimated the uncertainties associated with the biases to have limits of +/- 20 ps with triangular distribution.

- Temperature error (§Temp):
Error due to the uncertainty of the temperature. Measurements by the pilot institutes whereby the temperature
changed, showed that the TIGen for temperature changes from 18 °C to 30 °C during the day, the influence on
the measured timed interval did not change by more than 10 ps. Therefore since the TIGen is disciplined to our
UTC(SMD) 10 MHz we assumes no more than +/- 1 ps error associated with a rectangular distribution. On the
other hand the influence for temperature of the InLambda standards showed that there is an dependence of
about 0,6 ps/K for the smallest standard to 1,4 ps/K for the 100 ns standards and finally 2,5 ps/K for the 300 ns
standard.
Taking into account the stabilization of the FG 120 in the temperature range 5 to 40 °C to be 10 ppm, we can
assume for the lambda_20 limits of +/- 2 ps, for lambda_100 +/- 3 ps, and for lambda_300 +/- 4 ps, all
associated with a rectangular distribution.

- Correlation: We considered no correlation of the input quantities to any significant extent.
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3.5 Measurement results and uncertainty budget

DNO
Quantity Estimate Uncertainty N Standa‘rd P‘rol?abil‘ity Sensi'tiflity Unce.rtairrty Degree of
Xi xi value Divisor uncertainty distribution | Coefficient | contribution | freedom Index
u(xi) AorB ci ui(y) vi
TI 22,628 ns 0,0030 ns| 1,000 0,0030 ns A Normal 1 0,0030 ns 4 3,49%
6TB 0,000 ns 0,0010 ns 1,732 0,0006 ns B Rectangular 1 0,0006 ns oo 0,13%
SLin 0,000 ns 0,0100 ns 1,732 0,0058 ns B Rectangular 1 0,0058 ns oo 12,50%
STE 0,000 ns 0,0012 ns 1,732 0,0007 ns B Rectangular 1 0,0007 ns oo 0,19%
SLTE 0,000 ns 0,0068 ns 1,732 0,0039 ns B Rectangular 1 0,0039 ns oo 5,84%
§CableDelay 0,000 ns 0,0115 ns 1 0,0115 ns B Normal 1 0,0115 ns oo 49,60%
SQuant 0,000 ns 0,0050 ns| 1,73205 0,0029 ns B Rectangular 1 0,0029 ns oo 3,13%
STemp 0,000 ns 0,0010 ns| 1,73205 0,0006 ns B Rectangular 1 0,0006 ns oo 0,13%
60f fset 0,020 ns 0,0200 ns| 2,44949 0,0082 ns B Triangular 1 0,0082 ns oo 25,00%
Combined standard 0,0163 ns Veff 3292
uncertainty uc(y)
TdnO 22,648 ns k 1,96 Expanded uncertainty | 0,032 ns
95%
DN3
Quantity Estimate Uncertainty | Divisor Standard Probability Sensitivity | Uncertainty | Degree of Index
TI 249,980 ns 0,0034 ns| 1,000 0,0034 ns A Normal 1 0,0034 ns 4 4,39%
6TB 0,000 ns 0,0010 ns 1,732 0,0006 ns B Rectangular 1 0,0006 ns oo 0,12%
SLin 0,000 ns 0,0100 ns 1,732 0,0058 ns B Rectangular 1 0,0058 ns oo 12,42%
OTE 0,000 ns 0,0012 ns 1,732 0,0007 ns B Rectangular 1 0,0007 ns o 0,19%
SLTE 0,000 ns 0,0067 ns 1,732 0,0039 ns B Rectangular 1 0,0039 ns oo 5,55%
6CableDelay 0,000 ns 0,0115 ns 1 0,0115 ns B Normal 1 0,0115 ns oo 49,27%
SQuant 0,000 ns 0,0050 ns| 1,73205 0,0029 ns B Rectangular 1 0,0029 ns oo 3,10%
6Temp 0,000 ns 0,0010 ns| 1,73205 0,0006 ns B Rectangular 1 0,0006 ns oo 0,12%
50ffset 0,018 ns 0,0200 ns| 2,44949 0,0082 ns B Triangular 1 0,0082 ns oo 24,83%
Combined standard
. 0,0164 ns Veff 2076
uncertainty uc(y)
Tdn3 249,998 ns k 1,96 Expanded uncertainty | 0,032 ns
95%
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DN7
Quantity Estimate Uncertainty N Standa'rd P'rotrabil'ity Sensij(iflity Uncertairjty Degree of
Xi i value Divisor uncertainty distribution | Coefficient | contribution | freedom Index
u(xi) AorB ci ui(y) Vi
TI 1508,930 ns 0,0051 ns| 1,000/  0,0051 ns A Normal 1 0,0051 ns 4 9,36%
STB 0,000 ns 0,0010 ns 1,732 0,0006 ns B Rectangular 1 0,0006 ns oo 0,12%
SLin 0,000 ns 0,0100 ns 1,732 0,0058 ns B Rectangular 1 0,0058 ns oo 11,78%
STE 0,000 ns 0,0012 ns 1,732 0,0007 ns B Rectangular 1 0,0007 ns oo 0,17%
OLTE 0,000 ns 0,0067 ns 1,732 0,0039 ns B Rectangular 1 0,0039 ns oo 5,24%
6CableDelay 0,000 ns 0,0115 ns 1 0,0115 ns B Normal 1 0,0115 ns oo 46,72%
SQuant 0,000 ns 0,0050 ns| 1,73205 0,0029 ns B Rectangular 1 0,0029 ns oo 2,94%
STemp 0,000 ns 0,0010 ns| 1,73205 0,0006 ns B Rectangular 1 0,0006 ns oo 0,12%
00f fset 0,018 ns 0,0200 ns| 2,44949 0,0082 ns B Triangular 1 0,0082 ns oo 23,55%
Comblne(.i standard 0,0168 ns Veff 457
uncertainty uc(y)
Tdn7 1508,948 ns 1,97 Expanded uncertainty | 0,033 ns
95%
DN126
Quantity Estimate Uncertainty N Standa.rd P.rol:.iabillity Sensi.i:iyity Uncertair}ty Degree of
Xi i value Divisor uncertainty distribution | Coefficient | contribution | freedom Index
u(xi) AorB ci ui(y) vi
Tl 12039,458 ns 0,0044 ns 1,000 0,0044 ns A Normal 1 0,0044 ns 4 7,00%
6TB 0,000 ns 0,0010 ns 1,732 0,0006 ns B Rectangular 1 0,0006 ns o 0,12%
SLin 0,000 ns 0,0100 ns 1,732 0,0058 ns B Rectangular 1 0,0058 ns oo 12,05%
OTE 0,000 ns 0,0012 ns 1,732 0,0007 ns B Rectangular 1 0,0007 ns oo 0,18%
OLTE 0,000 ns 0,0068 ns 1,732 0,0039 ns B Rectangular 1 0,0039 ns oo 5,60%
6CableDelay 0,000 ns 0,0115 ns 1 0,0115 ns B Normal 1 0,0115 ns oo 47,82%
SQuant 0,000 ns 0,0050 ns| 1,73205 0,0029 ns B Rectangular 1 0,0029 ns oo 3,01%
6Temp 0,000 ns 0,0010 ns| 1,73205 0,0006 ns B Rectangular 1 0,0006 ns oo 0,12%
50f fset 0,019 ns 0,0200 ns| 2,44949 0,0082 ns B Triangular 1 0,0082 ns oo 24,10%
Combined standard
. 0,0166 ns Veff 817
uncertainty uc(y)
Tdn126 12039,477 ns 1,96 Expanded uncertainty | 0,033 ns
95%
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InLambda20
Quantity Estimate Uncertainty N Standa‘rd P‘rol?abil‘ity Sensij(iflity Uncertairfty Degree of
Xi i value Divisor uncertainty distribution | Coefficient | contribution | freedom Index
u(xi) AorB ci ui(y) Vi
TI 24,166 ns 0,0016 ns| 1,000 0,0016 ns A Normal 1 0,0016 ns 4 0,96%
STB 0,000 ns 0,0010 ns 1,732 0,0006 ns B Rectangular 1 0,0006 ns oo 0,13%
SLin 0,000 ns 0,0100 ns 1,732 0,0058 ns B Rectangular 1 0,0058 ns oo 12,54%
STE 0,000 ns 0,0014 ns 1,732 0,0008 ns B Rectangular 1 0,0008 ns oo 0,25%
OLTE 0,000 ns 0,0078 ns 1,732 0,0045 ns B Rectangular 1 0,0045 ns oo 7,63%
6CableDelay 0,000 ns 0,0115 ns 1 0,0115 ns B Normal 1 0,0115 ns oo 49,77%
SQuant 0,000 ns 0,0050 ns| 1,73205 0,0029 ns B Rectangular 1 0,0029 ns oo 3,14%
STemp 0,000 ns 0,0020 ns| 1,73205 0,0012 ns B Rectangular 1 0,0012 ns oo 0,50%
50ffset 0,018 ns 0,0200 ns| 2,44949 0,0082 ns B Triangular 1 0,0082 ns oo 25,09%
Combined standard 0,0163 ns Veff 43168
uncertainty uc(y)
InLa_20 24,184 ns 1,96 Expanded uncertainty | 0,032 ns
95%
InLambda100
Quantity Estimate Uncertainty N Standa.rd P.rol?abillity Sensi.tiyity Unce.rtairfty Degree of
Xi i value Divisor uncertainty distribution | Coefficient | contribution | freedom Index
u(xi) AorB ci ui(y) vi
TI 104,474 ns 0,0018 ns| 1,000 0,0018 ns A Normal 1 0,0018 ns 4 1,18%
6TB 0,000 ns 0,0010 ns 1,732 0,0006 ns B Rectangular 1 0,0006 ns oo 0,13%
SLin 0,000 ns 0,0100 ns 1,732 0,0058 ns B Rectangular 1 0,0058 ns oo 12,50%
STE 0,000 ns 0,0014 ns 1,732 0,0008 ns B Rectangular 1 0,0008 ns oo 0,24%
OLTE 0,000 ns 0,0075 ns 1,732 0,0043 ns B Rectangular 1 0,0043 ns oo 7,08%
§CableDelay 0,000 ns 0,0115 ns 1 0,0115 ns B Normal 1 0,0115 ns oo 49,61%
SQuant 0,000 ns 0,0050 ns| 1,73205 0,0029 ns B Rectangular 1 0,0029 ns oo 3,13%
STemp 0,000 ns 0,0030 ns| 1,73205 0,0017 ns B Rectangular 1 0,0017 ns oo 1,13%
60ffset 0,018 ns 0,0200 ns| 2,44949 0,0082 ns B Triangular 1 0,0082 ns oo 25,01%
Combined standard
. 0,0163 ns Veff 28557
uncertainty uc(y)
InLa_100 104,492 ns 1,96 Expanded uncertainty | 0,032 ns
95%
InLambda300
Quantity Estimate Uncertainty N Standa‘rd P‘rot?abil‘ity Sensi'tiflity Unce'rtairjty Degree of
Xi xi value Divisor uncertainty distribution | Coefficient | contribution | freedom Index
u(xi) AorB ci ui(y) Vi
TI 307,272 ns 0,0032 ns| 1,000 0,0032 ns A Normal 1 0,0032 ns 4 3,75%
6TB 0,000 ns 0,0010 ns 1,732 0,0006 ns B Rectangular 1 0,0006 ns oo 0,12%
SLin 0,000 ns 0,0100 ns 1,732 0,0058 ns B Rectangular 1 0,0058 ns oo 12,05%
S6TE 0,000 ns 0,0014 ns 1,732 0,0008 ns B Rectangular 1 0,0008 ns oo 0,24%
OLTE 0,000 ns 0,0076 ns 1,732 0,0044 ns B Rectangular 1 0,0044 ns oo 7,01%
§CableDelay 0,000 ns 0,0115 ns 1 0,0115 ns B Normal 1 0,0115 ns oo 47,80%
dQuant 0,000 ns 0,0050 ns| 1,73205 0,0029 ns B Rectangular 1 0,0029 ns oo 3,01%
STemp 0,000 ns 0,0040 ns| 1,73205 0,0023 ns B Rectangular 1 0,0023 ns oo 1,93%
60f fset 0,018 ns 0,0200 ns| 2,44949 0,0082 ns B Triangular 1 0,0082 ns ©o 24,10%
Combined standard
. 0,0166 ns Veff 2851
uncertainty uc(y)
InLa_300 307,290 ns 1,96 Expanded uncertainty | 0,033 ns

95%
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Frank Coutereel. 2020-07-17
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Annex 4. Summary of results
Supplementary comparison EURAMET.TF-S1

Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: SMD Country: Belgium
Average date of measurements: 2020-06-08 till 2020-06-12
Remarks:

As a result of a virus outbreak, a general lockdown was issued in Belgium so that the measurements were
started with a delay of three months in SMD at Brussels.

A1. TIGen standard — conditions met during measurements

External standard 10 MHz . Meet
- Required reference .
reference frequency applied for » requirements?
conditions
TIGen standard yes / no
Source 10 MHz from
(Cs clock, HM, ...) | uTc(smp) | 10MHz+1THz yes
Amplitude (at 50 Q) 1,2V within (0,5 + 2) V,, yes
Ambient temperature Required reference Meet
. P Unit of 9 » requirements?
during measurements conditions
measure yes / no
22,0 + 0,3 |°C within (22 + 4) °C yes
Ambient humidity . Required reference .Meet
. Unit of " requirements?
during measurements conditions
measure yes / no
47,5 * 6,0 | % within (50 + 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope 53230A
(eg. SR620, 53230A, ...)

Applied trigger level ( 50 Q) 0.5V
(Required: 0,5 V) ’

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in <10 ps
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)
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A2. TIGen standard - measurement results with uncertainty:

Number of th Determined value of the
un:;azru?e d © measured Time Interval with
Time Interval expanded ungertamty Unit of
(p =95 %) (in ns measure
“dn0” 22,648 * 0,032 | ns
“dn3” 249,998 * 0,032 | ns
“dn7” 1508,948 * 0,033 | ns
“dn126” 12039,477 * 0,033 | ns

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference re ill\'/elzi(:tents?
auxiliary InLambda standard conditions qu '
yes / no
Source
Generator +
(Cs clock, HM, frequency Pulse Distributor
generator, ..)
1 pps
(yes / no) no
Frequency 10 Hz <200 Hz yes
Low level ov oV yes
High level (at 50 Q) 19V (1,75 +2,25)V yes
Rise time (20% to 80 %) <1ns <10 ns yes
Duty cycle 10 % <50 % yes
to avoid the pulse
widths
Pulse width 10 ms close (<¥ 10 ns) to yes
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference .Meet
. " requirements?
Test device conditions
yes / no
InA 20 InA 100 InA 100 or InA 300 yes
InA 100 InA 20 InA 20 or InA 300 yes
InA 300 InA 100 InA 20 or InA 100 yes
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Ambient temperature Required reference .Meet
. . . requirements?
during measurements | Unit of measure conditions
yes / no
22,0 * 0,3 °C within (22 + 4) °C yes
Ambient humidity Required reference _Meet
- . " requirements?
during measurements | Unit of measure conditions
yes / no
47,5 t 6,0 % within (50 + 30) % yes
The base equipment used for time interval measurements
The type / brand of time interval counter/ 53230A
digital oscilloscope
(eg. SR620, 53230A, ...)
Applied trigger level ( 50 Q) 0,5V
(Required: 0,5 V)
Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in <10 ps
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)
B2. InLambda standards - measurement results with uncertainty:
Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 24,184 * | 0,032 | ns 22,0 * 0,3 °C
InA 100 104,492 | + | 0,032 | ns 22,0 * 0,3 °C
InA 300 307,290 | £ | 0,033 | ns 22,0 * 0,3 °C

Frank Coutereel 17 July 2020
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SMD report - Addendum



Addendum to the SMD's Report Supplementary Comparison: EURAMET.TF-S1
1. Non-Linearity Behaviour

Evaluation is based on experiments, as this error depends on the type of interpolation technique. The
manufacturer reports this type of error as the accuracy error and estimates it to be 100 ps. By smoothing out
the noise with the number of measurements (division by the square root of the number of measurements
during one session), the standard uncertainty for the residual non-linearity is not supposed to be more than 10
ps, which we consider to have a rectangular probability distribution.

However, the estimate of reducing the uncertainty by dividing by 10 (the square root of the number of
measurements during one session) was too optimistic.

Measurements conducted on March 20, 2020, before the actual measurements, in the range from 1 to 100 ns
using a stepper (HROG 10) showed a different approach. Measurements were taken in steps of 1 nsin the
range of 1 to 10 ns, and in steps of 10 ns in the range of 10 to 100 ns. The conclusion was that a peak-to-peak
error of approximately 140 ps in the range of 1-100 ns could be considered (with no correction), which can
lead to a uniform distribution with limits of £ 70 ps for this type of error. Thus, the standard error will be
reduced to 40 ps.

Measurements Summary

Delay(/ns) Random error not corrected(/s) /ps Rounded /ps
1 2,05078E-11 20,508 21
2 2,44141E-11 24,414 24
3 3,56445E-11 35,645 36
4 2,53906E-11 25,391 25
5 4,00391E-11 40,039 40
6 3,75977E-11 37,598 38
7 5,66406E-11 56,641 |57
8 3,17383E-11 31,738 32
10 2,05078E-11 20,508 21
20 -8,05664E-11 -80,566 |-81
30 -2,92969E-12 -2,930 -3
50 2,53906E-11 25,391 25
70 -1,75781E-11 -17,578 |-18
90 5,27344E-11 52,734 53
/ps
MIN -81
MAX 57
span 137
span/2 69
Std Unc (uniform) 40

Based on the above, the modification in the SMD's Report Supplementary Comparison: EURAMET.TF-S1 should
be as follows:

Standard uncertainty component related to residual non-linearities or other non-reduced systematic effects
and included in the uncertainty budget of measurement results (e.g., 0.150 ns/2 for SR620, unknown, < ..., ...)
is<=40ps.



This brings the total uncertainty to 84 ps (95% coverage) for the measurements for both “DN” and “InLambda”
standards.

2. Offset Calculation

For clarification, the uncertainty for the offset was determined with a measurement conducted on the last day,
yielding the following results:

Offset_Quantity Value Uncertainty Distr Veff

DNO + 0,020 ns +/- 0,020 ns Triang oo

DN3 +0,018 ns +/- 0,020 ns Triang oo

DN7 +0,018 ns +/- 0,020 ns Triang oo

DN126 +0,019ns +/- 0,020 ns Triang oo

La_20 + 0,018 ns +/- 0,020 ns Triang oo

La_100 + 0,016 ns +/- 0,020 ns Triang oo

La_300 +0,015 ns +/- 0,020 ns Triang oo
Average + 0,018 ns

Frank Coutereel

Frank Frank Coutereel

(Signature)
Coutereel ;540717

(Signature) 14:30:20 +02'00'
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Supplementary Comparison:

EURAMET.TF-S1

Time interval measurements

Annex 3. Typical scheme for an uncertainty budget

Supplementary comparison EURAMET.TF-S1

Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: IPQ

Average date of measurements: 2020-06-30

Remarks:

Country:

Model equation that follows from the measurement setup:
TI=1(X1 + Xz + X3 + X4)

Description of the quantities in the model equation:

Portugal

Quantity Description
Xi
Med Measurements (100 measurements in 3 different days)
Res(SR620) | Resolution of the Time Interval Counter (SR620)
SR620 Time Interval Counter
UTC(IPQ) UTC(IPQ) during measurements
Em Influence of wrong measurements
Uncertainty budget table
Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci ci - u(x) %
Med 5,8185 | /58185x 10-5| Gaussian A 1 0,0005 237
E-05 240
Res(SR6 | 0,001 0,001 Rectangular | B 0,0003 o0
20) Nivid
SR620 0,150 0,150/2 Rectangular | B 0,0750 ©
UTC(IP | 0,5 E Rectangular | B 0,1443 0
Q) Vi2
Em 1 1 Rectangular | B 0,2887 o
Nivi
Combined standard uncertainty Ue 0,3313
Effective degrees of freedom Veft oo
Expanded uncertainty (p = 95%) u 0,66
Carlos Pires 2020-07-31

Page 17 of 23




Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Annex 4. Summary of results

Supplementary comparison EURAMET.TF-S1
Time interval measurements
In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).
Acronym of institute: IPQ Country: Portugal
Average date of measurements: 2020-06-30
Remarks:

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz
reference frequency applied for

Meet

Required reference .
9 requirements?

TIGen standard conditions yes / no
Source
(Cs clock, HM, ...) Cs clock 10 MHz £+ 1 Hz yes
Amplitude (at 50 Q) 0.5 within (0,5 + 2) Vpp yes
Ambient temperature Unit of Required reference requil:/leﬁ:entﬁ
during measurements measure conditions yes / no
22,3 + 04 |°C within (22 + 4) °C yes
Ambient humidity Unit of Required reference requill\r/cle?ﬁ(t-:‘ntw
during measurements measure conditions yes / no
41,9 + 02 | % within (50 + 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/ SR620
digital oscilloscope
(eg. SR620, 532304, ...) SN: 5014
Applied trigger level ( 50 Q) 0.5

(Required: 0,5 V)

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ... )
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A2. TIGen standard - measurement results with uncertainty:

Number of the Determined value of the
umeasured measured Time Interval with
Time Interval expanded uncertainty Unit of
(p =95 %) (in ns measure
“dn0” 22,999 + 0,66 |ns
“dn3” 250,390 + 0,66 | ns
“dn7” 1509,361 + 0,66 | ns
*dn126” 12039,839 | 1+ | 0,66 |ng

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference re uit/(laﬁtents?
auxiliary InLambda standard conditions 9 '
yes / no
Source
(Cs clock, HM, frequency Cs clock
generator, ..)
1 pps n
(yes / no)
Frequency 200 <200 Hz yes
Low level 0 oV yes
High level (at 50 Q) 2 (1,75 +2,25) V yes
Rise time (20% to 80 %) <10ns
Duty cycle 50 <50 % yes
to avoid the pulse
widths
Pulse width close (<x 10 ns) to
the measured time
intervals
Application of a double configuration
. . . Meet
DUT — Device Under Auxiliary used Required reference .
Test device conditions requirements?
yes / no
In\ 20 InA 300 InA 100 or InA 300 yes
InA 100 InA 300 InA 20 or InA 300 yes
InA 300 InA 100 InA 20 or InA 100 yes
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Ambient temperature
during measurements

Unit of measure

Required reference
conditions

Meet

requirements?

yes / no

24,9 * 0.4 °C

within (22 + 4) °C

yes

Ambient humidity
during measurements

Unit of measure

Required reference
conditions

Meet

requirements?

yes / no

42,4 * 0,4 %

within (50 + 30) %

yes

The base equipment used for time interval measurements

(Required: 0,5 V)

The type / brand of time interval counter/ SR620
digital oscilloscope
(eg. SR620, 53230A, ...) SN: 5014
Applied trigger level ( 50 Q) 0.5

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ... )

B2. InLambda standards - measurement results with uncertainty:

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 24,531 | 4| 0,66 | g 24,9 + 01 |°C
InA 100 104,876 | 1 | 0,66 | g 24,8 + 01 |°C
InA 300 307,691 | 4 | 0,66 | g 25,0 + 01 |°C
Carlos Pires 2020-07-31
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Participating laboratory: Instituto Portugués da Qualidade

Calibration method:

Calibration set-up and equipment:

— : HROG 10 | r
ces 19611 10 MHz

1 pps

10 MHz
1 pps, 10 MHz F ; _ | 10MHz
| — =+ TIGen

2 x5MHz

o | |HROGS  [=—— /9611 UTC(IP) signal » TnLanibda
generatar \ ;

1pps
1 pps, 5 MHz

START 4a ¥, ﬁb';.’
TIC

Ref 10 MHz SR620

v

PC

Equipment:

2 Cs clocks (Microsemi 5071A high performance tube);

2 Phase And Frequency Offset Generator from SpectraDynamics, HROG10 and HROGS5;
2 SYMMETRICOM 9611 control distribution (12 channels), 1 for 1pps, and the other for
10 MHz;

1 Time Interval Counter from Stanford Research Systems, model SR620;

Signal generator Tektronix model AFG1022.

Traceability chart:

As described in the set-up, the Time Interval Counter is traceable to the Cs clock (Cs9),

UTC(IPQ) is traceable to Circular-T.

Uncertainty budget
Model equation that follows from the measurement setup:

TI=1(X1 + X2 + X3 + Xq)

Description of the quantities in the model equation:

Quantity Description

Xi
Med Average value of 3 different days, with more than 75 measurements per day
Res(SR620) | Resolution of the Time Interval Counter (SR620)
SR620 Time Interval Counter

UTC(IPQ) UTC(IPQ) during measurements

Em

Influence of wrong measurements

Uncertainty budget for dn0:



Obtained results of measurements:
Results in the Excel file named “Trat dados IPQ.xIsx”

10 MHz reference frequency for TIGen standard:

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci ci - u(xi) %
Med 5,8185E | /58185 x 10-5| Gaussian A 0,0005 237
-05 240
Res(SR6 | 0,001 0,001 Rectangula | B 0,0003 w
20) V12 r
SR620 0,150 0,150/2 Rectangula | B 0,0750 0
r
UTC(IPQ) | 1 L Rectangula | B 0,2887 0
V12 r
Em 1 112 Rectangula | B 0,2887 o
r
Combined standard uncertainty Uc 0,3313
Effective degrees of freedom Veff ®©
Expanded uncertainty (p = 95%) U 0,66

The 10 MHz signal for the TIGen standard comes from the HROG10, subsequently from
the cesium clock with internal number Cs9

Input pulse signals for InLambda standards:
The signal comes from a signal generator with the specifications:

Frequency 200 Hz;
Low level 0 V;
High level 2 V;
Rise time not specified;
Duty cycle 50 %;
Pulse width not specified.

Ambient conditions of measurements

22,3+ 0,4 °Cand 41,9 £ 0,2 %RH for the TIGen standard measurements.

24,9 £ 0,4 °C and 42,4 = 0,4 %RH for the InLambda standards measurements.

Average date of performing measurements:
Measurements made in 3 days: 2020-06-29, 2020-06-30 and 2020-07-02

Carlos Pires

2020-07-31
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1. Identification of the participating laboratory

The Real Instituto y Observatorio de la Armada (ROA) is the Designated Institute (DI) responsible
for maintaining the Spanish National Standards for time and frequency. The activities appertaining
to these standards are performed under the supervision and co-ordination of the Centro Espafiol
de Metrologia (CEM), within the Associated Laboratories Commission, of the Consejo Superior
de Metrologia.

Both designations as well as details of the standards, have been published in the Spanish Official
State Gazette (Boletin Oficial del Estado, BOE).

2. Description of the calibration methods and associated measurement systems.

The calibration method employs a time interval counter (TIC) to carry out the measurements on
the time difference source or device under test (DUT); for both instruments is applied a 10 MHz
reference frequency from the UTC(ROA) scale. Time interval (TI) measurements are corrected
by system asymmetries.

The TIC is the widely used SR620 which takes the frequency of the UTC(ROA) scale as external
time base. UTC(ROA) is generated by a MHM 2010 active hydrogen maser and an Auxiliary
Output Generator AOG-110. The measurement system is graphically described in the Figure 1.

In the calibration process have been used two different measurement methods. Method |
previously computes non-linearities of the measurement system and Method Il removes existing
non-linearities between TIC channels and cables involved. For each time interval (Tl) standard to
calibrate, 100 measurements are carried out. All of them have been made with a trigger setting
value of 0.5 V.

To ensure the validity of the results, the measurements are performed on two counters called TIC
# 1 (SR620-01, s/n: 6467) and TIC # 2 (SR620-01, s/n: 6468).

5MHz | Auxiliary Output Generator | °MH2 Frequency multiplier
MHM 2010 maser > >
AOG-110 UTC(ROA) FS020-5MR
l 10 MHz
Frequency distribution Frequency distribution
amplifier — 10273 amplifier — 10273
10 MHz [ llo iz
v A———————.
Device under test — R i
(buT) o 8 o s ol W sielE :I'.p_'._;
Start Stop Ca A B
Cq

Figure 1. General diagram of the measurement system and distribution chain of the reference
frequency.

3. Generalities

In the model for computing the uncertainty of the time interval measurements, are considered the
contributions from the UTC(ROA) frequency distribution chain (through the TIC external timebase
input), together with the time interval resolution expressions provided by the counter
manufacturer.
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Formal traceability of the UTC(ROA) scale to UTC is assured through the monthly BIPM
publication of Circular T.

Magnitudes involved in the uncertainty budget affecting the timebase error:

1) UTC(ROA) uncertainty @ 1 day. (Obtained from Circular T extrapolation and considering

UTCr)
; AfY? 2 -15
UTC(ROA) uncertainty @ 1 day = <T> + (ay) =4 7,5x10

2) SR620’s short-term timebase stability @ 1 s. (Stability obtained by calibration on the signal
from SR620’s 10 MHz output connector).

short — term timebase stability @ 1 s < 2x10712
3) Maser Temperature sensitivity: < 1.0x1074/ °C

4) AOG temperature sensitivity: < 10 ps / °C

For an integration time of 100 s and a temperature variation of + 0.5 °C during measurements:

10 x 10712

. — -13
100 AT =1x10
5) FS020-5MR temperature sensitivity: < 50 ps / °C

50 x 10712

AT =5x 10713
100

6) Frequency distribution amplifier 10273 Temperature sensitivity: < 6 ps / °C

6x 107" AT = 6x 10714
—— = X
100
Frequency distributors used: 2
. . Standart uncertainty Probability Conversion Uncertainty
Quantity Estimate (HzHz) Distribution Factor Contribution
X; X; ufx ;) u;fy)
UTC(ROA) Accuracy @ 1 day 3 - 7.50E-15 MNarmal 1.0 7.50E-15
Shortterm stability Timebase @ 15 2.00E-12 Mormal 1.0 2.00E12
Maser Temperature sensitivity 1.00E-14 Rectangular 0.6 5.77E-15
ADG Temperature sensitivity - 1.00E-13 Rectangular 0.6 B.77E-14
FS020-5MR temperature sensitivity 5.00E-13 Rectangular 06 2.89E-13
1027 3 temperature sensitivity 6.00E-14 Rectangular 0.6 3 46E-14
1027 3 temperature sensitivity 6.00E-14 Rectangular 0.6 J46E-14
Timebase error - Combined Uncertainty u - 2.02E-12

Table 1. Timebase error, uncertainty budget.

Other contributions to uncertainty budget:

7) SR620’s Uncertainty.
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In this document, the accuracy and short-term stability of the counter's timebase are
considered equal in value.

Errorspezo = TResolution + (timebase error - TI) + start trigger level error + stop trigger level error

Counter errors are treated as uncertainties and their terms are quadratically summed:

Usgre20 =  Resol? + (timebase error - TI)? + (start trigger level error)? + (stop trigger level error)?

Where:

(25ps)? + (TI - short term stability)? + (start trigger jitter)? + (stop trigger jitter)?
N

Resolution = i\/

2
) + (jitterDUT)2

Einternal

tart/st tri jitter = _——
(start/stop) trigger jitter J(Input Slew Rate

Einternai (TIC internal input noise) = 350 uV (rms typical)
Jitteriosss = 2x107"2 s

Jitterricen = 3x10712 s

Jitterns = 10x10"? s

Jitteraux i+ na = 14.1x1012 s

DUT’s input slew rate (start/stop) at 0.5 V is 2.94E+9 V/s. Jitter of the signals used in the
calibration can be seen in section 6. In the case of the TIGen, Jitterricen = 3x1072 s.

350 x 10-¢

2
W) + (3x10712)2 =3 x 107125

(start/stop) trigger jitter = \/(

Then:

(25 X 10712)2 + (Tlpean - 2 X 10712)2 + 2 - (3 x 10-12)2
100

Resolution® = i\/ =254 x107 125

' The same resolution is obtained in all TImean measurements carry out on the DUT.

15mV + 0.5% of setting
Input Slew Rate

(start/stop) trigger level error =

0.5
-3 L
15 X107 + 0.5 755

294x 10 =0 X107s

(start/stop) trigger level error =

Uspe20"™ = 1/(2.54 X 10712)2 + (Tlppqn - 2.76 X 10713)2 + 2 (6 X 10712)2 = 879 x 10712 5
(") The same usreszo is obtained in all T/mean measurements carry out on the DUT.

8) SR620 Differential Non-Linearity: 5x10"" s
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9) Display (LSD) SR620 Resolution: 1x10"2 s
4. First calibration of travelling standards

4.1. Simplified method for evaluating asymmetries

Before performing the Tl measurements on the DUT, the

differential delay introduced due to

asymmetry existing between the TIC’s channels is determined. The measurement system for this

purpose is shown below.

5 MHz m 5 MHz o
Maser MHM 2110 _| Auxiliary Output Generator _ Frequency multiplier
AOG-110 UTC(ROA) FS020-5MR
|
¥ 1PPS l 10 MHz
Pulse distribution unit 10545 Frequency distribution Frequency distribution
PPS(ROA) amplifier — 10273 amplifier — 10273
16x1PPS(ROA) 110 MHz
. A——s..
o) 8 oo e s vt M s i S -.Q_'é
Ca A B
Cq

Figure 2. Diagram of the measurement system for the measurement of the asymmetry by

simplified method.

Cables Ca and Cg and pulse distributor outputs are selected
the differential delay they produce is considered negligible.

with practically the same delays, so

The pulse distribution unit 10545 has an output to output skew < 20 ps (Ps-Pa). The rise time of
the pulses can be seen in Figure 7 (Timetech PDU). Pulse width 20 ps.

The model to determine the asymmetry of the measurement system follows the following

expression:

TIaSy=PB_PA+CB_CA+RB_RA=PBA+CBA+RBA

Where:

Py, = Py — P, : Differential delay due to output to output skew of the pulses used. The difference
delay is treated as an uncertainty, therefore considering that the delay is zero.

Cgas = Cg — C, : Delay due to the asymmetry of the cables used. It is considering null and its
value added to the delay between channels of the counter Rsa.

Rp4 = R — R,: Delay due to the asymmetry of the SR620 channels.

Therefore:

TIasy = Rps t u(TIasy)

To ensure the validity of the results, the delay measurements are performed on two counters
called TIC # 1 and TIC # 2. The average delay of 100 observations is taken as the best estimate

of the delay in each of them.
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}?BA = ﬁasy + u(TIasy)

Differential delay readings:

TIC#1: ﬁasy 87 x 10712, jitter =7 x 10712 s

TIC#2: Tlys, = 171 x 10725,  jitter =7 x 10712 s
4.1.1.Uncertainty budget

Lab. temperature variation: + 0.5 °C

1) Pulse distribution unit 10545 Temperature sensitivity: 6 ps/K
6x10712 AT =6x 107125

2) Pulse distribution unit 10545 Output intrinsic jitter: < 2 ps
3) Pulse distribution unit 10545 Output to output skew: < 20 ps
4) SR620’s Uncertainty
SR620’s timebase error and short term stability @ 1s: 2.02 x 1012

Usrezo =  Resol? + (timebase error - TI)? + (start trigger level error)? + (stop trigger level error)? = 8.78 x 10712 s

5) SR620 Differential Non-Linearity: 50x107'? s
6) Display (LSD) SR620 Resolution: 1x107? s
7) Type A uncertainty:

Tl jitter

=7%x10718s
V100

Combined Uncertainty:

u(Tlasy) =2+ (22 + 32+ (4)2+ (5)2 + (6)% + (7)2 =522 X 10725

e
X; X; ufx ;) u;fy)
10545 Temperature sensitivity 6.00E-12 Rectangular 06 J46E-12
10545 Output to output Skew - 2.00E-11 Rectangular 0.6 1.15E-11
10545 jitter 2.00E12 Rectangular 08 1.15E-12
SRE20 Differential Mon-Linearity 5.00E-11 Mormal 1.0 5.00E-11
Display (LSD) 8R620 Resolution N 1.00E-12 Rectangular 0.6 5TTE-13
U srgz0 (Delay TICH#1) 8.78E-12 Normal 1.0 8.7BE-12
uncert (type A) DelayTICHL 7.00E13 MNormal 1.0 7.00E-13
TICHL Asym 8.73E-11 Combined Uncertainty o ¢: 5.22E-1
U srg20 (Delay TICEZ) 8 78E-12 Naormal 1.0 8 7BE-12
uncert (type A) DelayTICH2 7.00E-13 MNormal 10 7.00E-13
TICH2 Asym 1.71E-10 Combined Uncerainty v ¢: 5.22E-11

Table 2. Delay TICs, uncertainties budget.
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4.2. Measurements on travelling standards

The rise time of TIGen and InLambda travelling standards pulses can be seen in Figures 3 and
4. To perform the process a pair of RG-58 cables of equal length is used. The results for the first
calibration method are detailed below.

Mdser/AOG ]

TimeTech 10273

DUT - TIGen

Figure 3. TIGen measurement

Méser/AOG
TimeTech 10273
I A = ek R Ty
1Y (e e
TimeTech 10545
Auxiliary Device DUT - inA

Figure 4. InA measurement
In this case, it is necessary to take into account the asymmetry due to the counter channels.

Therefore, the measurement obtained for the travelling standards M1 evaluation (Figure 6 and
Figure 7) with the starting time on channel A is given by:

ﬁDUT = ﬁmeasured - ﬁasy

The uncertainty budged is shown in Table 3:

Magnitude Estimation Standard uncertainty Probability Conversion Uncertainty
(s) (s) distribution factor contribution
X; X; ufx;) u;ty)

SRE20 Differential Mon-linearity 5.000E-11 Mormal 1.0 5.00E-11
Resol. display (LSD) 1.000E-12 Rectangular 0.6 57TE-13
N e 9.003E12 Mormal 1.0 9.00E-12
=TI mean 2.276E-08 5.000E-13 Mormal 1.0 5.00E-13
7] Asymmetry TIC#1 8.733E-11 5.220E-11 Mormal 1.0 522E-11
Tlgyt TiGen dnl 2.26TE-08 Combined Uncertainty u: T.28E-11
|Expanded uncertainty U (k = 2) 1.46E-10

Table 3. Measurement TIGen dn0 uncertainty budget with Method | and TIC#1.
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To determine the usrs20 uncertainty, Table 1 has been used (Timebase error, uncertainty budget).

(@) Usrez0, Tlmean and Tlasymmetry in Table 3, correspond to the uncertainty budget of the TIGen
dn0 measurement performed with TIC#1. The result of all the time interval measurements made
with TIC#1 and TIC#2 are obtained proceeding in the same way. The results are presented below.

Results
Measurement Tlour u (T1) U (k=2)
TiGen dn0 2.267E-08| 7.28E-11 1.46E-10
TiGen dn3 2.5005E-07| 7.28E-11 1.46E-10
TIGen dn7 1.50893E-06 7.28F-11 1.46E-10
TIGendnl126 | 1.203951E-05| 7.28E-11 1.46E-10
InA 20 ns 2.423E-08| 7.28E-11 1.46E-10
InA 100 ns 1.0452E-07 7.28E-11 1.46E-10
InA 300 ns 3.0731E-07| 7.28E-11 1.46E-10

Table 4. Tlout results and expanded uncertainties
with TIC#1 (SR620-01, s/n: 6467)

Results

Measurement Tlour u (T1) U (k=2)
TiGen dn0 2.272E-08 7.28E-11 1.46E-10
TIGen dn3 2.5000E-07| 7.28E-11 1.46E-10
TIGen dn?7 1.50899E-06| 7.28E-11 1.46E-10
TiGen dnl126 1.203946E-05 7.28F-11 1.46E-10
InA 20 ns 2.426E-08| 7.28E-11 1.46E-10
InA 100 ns 1.0451E-07| 7.28E-11 1.46E-10
InA 300 ns 3.07300E-07| 7.28E-11 1.46E-10

Table 5. Tlout results and expanded uncertainties
with TIC#2 (SR620-01, s/n: 6468)

5. Second calibration method of travelling standards

The purpose of this second calibration is to take two measurements for every characterized Time
Interval and to cancel the delay due to the counter channel asymmetry. To perform this method,
the first measurement M1 (Figure 5a and 6a), is configured with the starting time on channel A.
Then, the cables are swapped and the starting time set on channel B (Figure 5b and 6b). The
comparison is realized with the SR620 counter for an averaging time of 100 s (humber of samples
N= 100).

The method of the Time Interval measurement is shown in Figures 5 to 6:

Time Tech 10271

e JE—
A i
TimeTech 10545

DUT- ik

Figure 5a. InA M1 measurement. Figure 5b. InA M2 measurement.
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TimeTech 10273

Time Tech 10273

DUT - TiGen

Figure 6a. TIGen M1 measurement.

The model function is expressed as:

ﬁlnur = Tlpyr + Rga + Cga

M_ZDUT = ﬁDUT - EBA - EBA

ﬁDUT =

2

MlDUT + MZDUT

Figure 6b. TIGen M2 measurement.

Applying the law of propagation of uncertainties to the model function, assuming that the
quantities are strongly correlated:

w(Tlpyr) = (%) u(My ) + (%)

2

2

— 11 — _
uZ(MZDUT) +2 N Eu(MlDUT)u(MZDUT)

The result for the TIGen dn0 measurement using the second calibration method ant TIC#1 is

detailed below:

Magnitude Estimation Standard uncertainty Probability Conversion Uncertainty
(s) (s) distribution factor contribution
X; X; ufx;) ui(y)
SRA20 Differential Non-linearity 5.000E-11 Normal 1.0 5.00E-11
Resol. display (LSD) 1.000E-12 Rectangular 0.6 5TTE-13
Usram 8.788E-12 Normal 10 B.79E-12
Uy (Type A) 5.000E-13 Normal 1.0 5.00E-13
M40t 2.2T6AE-08 Combined Uncertainty o ¢ 5.08E-11
Table 7. Method II, M1pout uncertainty budget. Measurement TIGen dn0 with TIC#1.
Magnitude Estimation Standard uncertainty Probability Conversion Uncertainty
(s) (s) distribution factor contribution
X; X; ufx ;) ui(y)
SRE20 Differential Non-linearity 5.000E-11 Naormal 1.0 5.00E-11
Resol. display (LSD) 1.000E-12 Rectangular 0.6 5T7E-13
Usmazuz 8.788E-12 Mermal 1.0 8.79E-12
Uy (Type &) 5.000E-13 Marmal 1.0 5.00E-13
M2o01 2.2625E-08 Combined Uncerainty oz 5.08E-11

Table 8. Method I, M2put uncertainty budget. Measurement TIGen dn0 with TIC#1.

To determine the usrs20 uncertainties, Table 1 has been used (Timebase error, uncertainty budget).
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Magnitude Estimation Standard uncertainty Probability Conversion Uncertainty
(s) (s) distribution factor contribution
X; X; ufx;) ui(y)
M1pur 2.2764E-08 5.077E-11 Normal 0.5 2.54E-11
M2pur 2.2625E-08 5.077E-11 Normal 0.5 2.54E-11
u(M1pyt, M2pur) 5.077E-11 Normal 0.7 3.58E-11
Ty = (M1+M2)/2 2.2695E-08 Combined Uncertainty u ¢: 5.08E-11
| Expanded uncertainty U (k = 2) 1.02E-10

Table 9. Method I, uncertainty budget. Measurement TIGen dn0 with TIC#1.

The results of all time interval measurements made with TIC#1 and TIC#2 are obtained
proceeding in the same way, as presented below.

TIC#1 Results
Measurement | Tipyr = (M1+M2)/2 u M1} u. (M2} u Ty} U (k=2)
TiGen dn0 2.269E-08| 5.08E-11 5.08E-11 5.08E-11 1.02E-10
TiGen dn3 2.4999E-07 S5.08E-11 5.08E-11 5.08E-11 1.02E-10
TiGen dn? 1.50893E-06 5.08E-11 5.08E-11 5.08E-11 1.02E-10
TiGen dn126 1.203950E-05| 5.08E-11 5.08E-11 5.08E-11 1.02E-10
InA 20 ns 2.418E-08| 5.08E-11 5.08E-11 5.08E-11 1.02E-10
Ink 100 ns 1.0455E-07 5.08E-11 5.08E-11 5.08E-11 1.02E-10
InA 300 ns 3.0734E-07| 5.08E-11 5.08E-11 5.08E-11 1.02E-10

Table 10. Method Il, Results with TIC#1.

TIC#2 Results
Measurement | Tigyr = (M1+M2)/2 u (1) u(M2) ue(Tlpur) U (k=2)
TiGen dn0 2.267E-08 5.08E-11 5.08E-11 5.08E-11 1.02E-10
TiGen dn3 2.5000E-07 5.08E-11 5.08E-11 5.08E-11 1.02E-10
TiGen dn7 1.50900E-06| 5.08E-11 5.08E-11 5.08E-11 1.02E-10
TiGen dn126 1.203947E-05| 5.08E-11 5.08E-11 5.08E-11 1.02E-10
Ink 20 ns 2.422E-08 5.08E-11 5.08E-11 5.08E-11 1.02E-10
InA 100 ns 1.0452E-07 5.08E-11 5.08E-11 5.08E-11 1.02E-10
InA 300 ns 3.0729E-07| 5.08E-11 5.08E-11 5.08E-11 1.02E-10

Table 11. Method Il, Results with TIC#2.

Description of the 1 PPS signal used for the calibration, as well as the one

generated by the InLambda and TiGen.
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ITimeteclh PDU | I | I
25}

InLambda
—TIGen

1.5

05

0.5 1

Time (ns)
Figure 7. Rise time of the pulses used in the calibration.

Auxiliary InLambda input pulse (Graph with blue line): 1 PPS from 10545 Pulse Distribution Unit

Low level = 0 V, amplitude = 2.5 V, pulse width = 20 ps, rise time (20 % to 80 %) = 350 ps, jitter
=2ps.

InLambda output (Graph with red line):

Low level = 0V, amplitude = 1.84 V, rise time (20 % to 80 %) = 460 ps, jitter = 10 ps.

TIGen output (Graph with green line):

Low level = 0 V, amplitude = 2.34 V, rise time (20 % to 80 %) = 420 ps, jitter = 3 ps.

Device:| TimeTech TIGen InLambda Unit

Amplitude: 2.5 2,34 1.84 (V)

80% 2 1.87 1.47 v)

20% 0.5 0.47 0.37 (v)

Rise time @ 20% - 80%: 3.50E-10 4,20E-10 4,60E-10 (s)
Slew rate @ 20% - 80%: 4,29e+09 3.34E+09 2.A0E+09 {v/s)

Rise time @ 0.25V-0.75V: 1.70E-10 1.70E-10 1.70E-10 (s)
Slew rate @ 0.5 V: 2.94E+09 2.94E+09 2.94E+09 {Wrs}

jitter:]  2.00E-12|  3.00E-12|  1.00E-11 (s)

Table 12. Characteristics of the signals.
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7. Methods | and Il comparison and final result

Units are in seconds.

Method | Method Il
TIGen dn0
Measurement| U (k=2) Measurement| U (k=2)
TC#1 2.26TE-08 1.46E-10 2.269E-08 1.02E-10]
TC#2 2.27T2E-08 1.46E-10 2.26TE-08 1.02E-10]
TC#1&2 2.269E-08 1.03E-10 2.2684E-08 7.18E-11
TiIGen dn0
2.290E-08
2.285E-08
2.280E-08
2.275E-08
& 2.270E-08 . 4
<+ * #Method |
2.265E-08
5 260E.08 ] & Method 1l
2.255E-08 .
2.250E-08 T T )
0 1 2 3
Tic#
G Method | Method II
Measurement | U (k=2) Measurement | U (k=2)
TC#1 2 5005E-07 1.46E-10 2.4999E-07 1.02E-10
TC#2 2 5000E-07 1.46E-10 2 5000E-07 1.02E-10
TC#1&2 2.5002E-07 1.03E-10 2.49997E-07 7.18E-11
TIGen dn3
2.5025E-07
2.5020E-07
2.5015E-07
2.5010E-07
. 25005E-07
~ 25000E-07 +Method |
24395807 ® Method Il
24990E-07
24985E-07
2.4980E-07 T T 1
0 1 2 3
TicH
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TiGen dn7 Method | Method I1
Measurement | U (k=2) Measurement| U (k=2)
TC#1 1.50893E-06 1.46E-10 1.50893E-06 1.02E-10
TC#2 1.50899E-06 1.46E-10 1.50900E-06 1.02E-10
TC#182 1.50896E-06 1.03E-10  1.508966E-06 7.18E-11
TIGen dn7
1.50920E-06
1.50915E-06
1.50910E-06
1.50905E-06
o 150900606 *
~ 1.50895E-06 4 + Method |
1.50890E-06 Method 1
1.50885E-06
1.50880E-06
1.50875E-06 : .
0 2 3
Tic#
Method | Method II
TiGen dn126 = =
Measurement| U (k=2) Measurement| U (k=2)
TC#1 1.203951E-05 1.46E-10 1.203950E-05 1.02E-10)
TC#2 1.203946E-05 1.46E-10 1.203947E-05 1.02E-10)
TC#1&2 1.203949E-05 1.03E-10 1.2039484E-05 7.18E-11
TIGen dnl126
1.203970E-05
1.203965E-05
1.203960E-05
1.203955E-05
& 1.203950E-05 2
$ * Method |
1.203945E-05
1.203940E-05 ¢ Method Il
1.203935E-05
1.203930E-05 T 1
0 2 3
TiCH
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Method | Method 11
InA 20 ns
Measurement | U(k=2) |Measurement | U (k=2)
TC#1 2.423E-08 1.46E-10 2 418E-08 1.02E-10)
TC#2 2 426E-08 1.46E-10 2.422E-08 1.02E-10
TC#1&2 2. 424E-08 1.03E-10 2.4203E-08 7.19E-11
InA 20 ns
2.445E-08
2440E-08
2A35E-08
2430E-08
@ 242508
k4 & & Method |
2420E-08
A + Method II
2A15E08
2410E-08
2.405E-08 T T )
i 1 2 3
Tic#
Method | Method 11
Lol Measurement | U (k=2) Measurement | U (k=2)
TC#1 1.0452E-07 1.46E-10 1.0455E-07 1.02E-10
TCH2 1.0451E-07 1.46E-10 1.0452E-07 1.02E-10
TC#182 1.0451E-07 1.03E-10 1.04532E-07 7.19E-11
InA 100 ns
1.0470E-07
1.0465E-07
1.0460E-07
1.0455E-07
& 1.0450E-07 T : 3
4 Method |
1.0445E-07
4 Method II
1.0440E-07
1.0435E-07
1.0430E-07 T T 1
0 1 2 3
il
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Method | Method II
L s Measurement | U [k=2) Measurement| U [k=2)
TC#1 3.0731E-07 1.46E-10 3.0734E-07 1.02E-10
TC#2 3.0730E-07 1.46E-10 3.0729€E-07 1.02E-10
TC#182 3.0731E-07 1.03E-10 3.07315E-07 7.19E-11
InA 300 ns
3.0750E-07
3.0745E-07
3.0740E-07
3.0735E-07 :
& 3.0730E-07 .
= 4 4 Method |
3.0725E-07
# Method 1l
3.0720E-07
3.0715E-07
3.0710E-07 T T 1
i 1 2 3
Tic#

7.1. Measurement results with uncertainty: Method |

The following values have been obtained from the mean value of measurements carried out with
Time Internal Counter #1 and #2. Therefore, the uncertainty has been reduced by a factor of 1/42.
Although it usually suffices to give U at most two significant digits, in this case additional digits
have been preserved to avoid round-off errors in subsequent calculations.

Nurmber of the Determined value of the
m red measured Time Interval with Unit of
Tim?ealsn lie?'val expanded uncertainty measure
(p = 95 %) (in ns)
“dn0” 22.692 + 0.103 ns
“dn3” 250.022 + 0.103 ns
“‘dn7” 1508.959 + 0.103 ns
“dn126” 12039.486 + 0.103 ns

The source Determined value of the Ambient temperature during
of the measured Time Interval Unit of measurements Unit of
with expanded (for every standard
measured . measure . . measure
Time Interval uncertainty separately — |n9lud|ng
(p = 95 %) (in ns) expanded uncertainty, 95%)
Ini 20 24240 | + | 0.103 ns 21.94 + 0.59 °C
Inx 100 104.513 | + | 0.103 ns 21.99 + 0.25 °C
InA 300 307.306 | £+ | 0.103 ns 21.97 + 0.31 °C
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7.2. Measurement results with uncertainty: Method Il

Nurmber of th Determined value of the
um aZL?ed e measured Time Interval with Unit of
Tir:% Interval expanded uncertainty measure
(p = 95 %) (in ns)
“dn0” 22.684 + 0.072 ns
“‘dn3” 249.997 + 0.072 ns
“‘dn7” 1508.966 + 0.072 ns
“dn126” 12039.484 + 0.072 ns
Th Determined value of the Ambient temperature during
efst%l;rce measured Time Interval Unit of measurements Unit of
0 with expanded (for every standard
measured . measure . . measure
Time Interval uncertainty separately — including
(p =~ 95 %) (in ns) expanded uncertainty, 95%)
Inx 20 24203 | + | 0.072 ns 21.94 + 0.59 °C
Inx 100 104.532 | + | 0.072 ns 21.99 + 0.25 °C
InA 300 307.315 | £+ | 0.072 ns 21.97 + 0.31 °C

7.3. Measurement results with uncertainty: Oscilloscope method

The results have been also obtained through the DSO9104A Oscilloscope (1 GHz analog

bandwidth):
Number of th Determined value of the
Li:;aesr ?e d e measured Time Interval with Unit of
Time Inl’ierval expanded uncertainty measure
(p = 95 %) (in ns)
“dn0” 22.640 + - ns
“dn3” 249.983 + - ns
“dn7” 1508.944 + - ns
“dn126” 12039.477 + - ns
The source Determined value of the Ambient temperature during
of th: measured Time Interval Unit of measurements Unit of
measured with expanded measure (for every standard measure
Time Interval uncertainty separately — including
(p = 95 %) (in ns) expanded uncertainty, 95%)
Inx 20 24193 | + - ns 21.94 + 0.59 °C
Inx 100 104.489 | + - ns 21.99 + 0.25 °C
Ini 300 307.304 | £ - ns 21.97 + 0.31 °C
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Through the use of the channel-to-channel delta time automatic measurement function (ATime(1-
2)), the time interval can be reliably determined from PPS signals between channels 1 and 2. This
function does not allow to set a trigger level of 0.5 V on each channel, which is triggered by default
to half of the PPS level. The associated uncertainty has not been estimated, but all the
measurements performed are close in value to those obtained with TIC.

File Control Setup Trigger Measure Analyze Utilities Help 10 Jul 2020 9:15 PM

a2

Tk @elo) sl |

ATime(2-1) ATime(1-1) V p-p(1)
Current .298 .2986 ns
Mean .2888 .28884 ns E .
Min . : .3017 ns : 1.88 54282 V
Max__ 307.30 0.0 s 1 8 V 1.54520 V

Figure 8. Time interval between channel 1 and 2, carried out with DSO9104A oscilloscope.

8. Ambient conditions of measurements (the temperature and the relative
humidity)

See annexes.
9. Average date of performing measurements

See annexes.
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Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Annex 3. Typical scheme for an uncertainty budget
Supplementary comparison EURAMET.TF-S1
Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: ROA Country:

Average date of measurements: on 8 and 9 July

Remarks:

Information not provided in annexes can be found in the attached ROA report.

Model equation that follows from the measurement setup: See attached ROA report
Tl= ...

Description of the quantities in the model equation:

Quantity | Description
Xi

SPAIN

Uncertainty budget table

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci Ci - U(Xi) i
Combined standard uncertainty Ue
Effective degrees of freedom Veff
Expanded uncertainty (p = 95%) U
(Name) (Date)

Page 17 of 23
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Annex 4. Summary of results
Supplementary comparison EURAMET.TF-S1

Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: ROA Country: SPAIN
Average date of measurements: on 8 and 9 July
Remarks:

Information not provided in annexes can be found in the attached ROA report.
Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz . Meet
reference frequency applied for Req%;i%igﬁ;ence requirements?
TIGen standard yes / no
Source
(Cs clock, HM. ...) MHM 2010 10 MHz + 1 Hz Yes
Amplitude (at 50 Q) 2.825V within (0,5 + 2) Vpp No
Ambient temperature Unit of Required reference requit/é?;]a;ntw
during measurements measure conditions yes / no
22 + 2 °C within (22 + 4) °C Yes
. - . Meet
iy msosuremonts | Unitof | FEUISCIE00 | roqirements
measure yes / no
50 + 10 % within (50 £ 30) % Yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope SR620
(eg. SR620, 532304, ...)

Applied trigger level ( 50 Q) 0.5V
(Required: 0,5 V) )

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

In report

A2. TIGen standard - measurement results with uncertainty: In report

Page 18 of 23
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Nurmber of the Determined value of the
m red measured Time Interval with
measure expanded uncertainty Unit of
Time Interval .
(p =95 %) (in ns measure
udnou i nS
udn3u i ns
“dn?” i ns
“dn126” + ns

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference re ui':/tlai?(tants’?
auxiliary InLambda standard conditions 9 '
yes / no
Source
(Cs clock, HM, frequency MHM 2010
generator, ..)
1 pps
(yes / no) yes
Frequency 1 Hz <200 Hz Yes
Low level oV ov Yes
High level (at 50 Q) 25V (1,75 +2,25) V No
Rise time (20% to 80 %) 300 ps <10 ns Yes
Duty cycle 0.002 % <50 % Yes
to avoid the pulse
widths
Pulse width 20 ps close (<x 10 ns) to Yes
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference lMeet "
: - requirements?
Test device conditions
yes / no
InA 20 InA 100 InA 100 or InA 300 Yes
InA 100 InA 20 InA 20 or InA 300 Yes
InA 300 InA 20 InA 20 or InA 100 Yes
Ambient temperature . Required reference Meet
during measurements ek conditions requirements?

Page 19 of 23
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Time interval measurements

yes / no

22 * 2 °C

within (22 + 4) °C

Yes

Ambient humidity
during measurements

Unit of measure

Required reference
conditions

Meet

yes / no

requirements?

50 s 10 %

within (50 + 30) %

Yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope
(eg. SR620, 532304, ...)

SR620

Applied trigger level ( 50 Q)
(Required: 0,5 V)

05V

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

In report

B2. InLambda standards - measurement results with uncertainty: In report

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 + ns 21.94 R 059 |°C
InA 100 + ns 21.99 + 025 |°C
InA 300 + ns 21.97 * 0.31 |°C
(Name) (Date)

Page 20 of 23
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Appendix J

SIQ report
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Supplementary Comparison: EURAMET.TF-S1
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1 MEASUREMENT CONDITIONS AND IDENTIFICATION OF THE PARTICIPATING
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References used

1. EA-4/02, Expression of the Uncertainty of Measurement in Calibration,
September 2013, (rev01)

2. SIQ internal procedures MN410000C, MN411000C

Prepared by: Klemen Starc ~ 2021-06-15 /’@Yﬂm e
/(/ Digitally signed by Matjaz Lindi¢
M DN: dc=si, dc=siq, ou=Domain Users,
ou=SIQ_Metrologija, cn=Matjaz Lindic,

email=matjaz.lindic@siq.si
Date: 2021.08.18 13:13:25 +02'00"

Matjaz Lindi¢ 2021-08-17
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1 Measurement conditions and identification of the participating
laboratory

All measurements were performed at SIQ Ljubljana, Masera-Spasic¢eva ulica 10, 1000 Ljubljana
on 21% and 22" July 2020 under following environmental conditions:

Temperature: 23°C+2°C
Relative humidity: 50 % + 20 %
Actual temperature at the measured item is given along the measurement results.

Before commencing measurements, connectors and equipment were inspected.

2 Calibration method, equipment, and set-up
General

The calibration setups, shown in Fig. 1 and Fig. 2 were used for determining prescribed time
intervals. A TIGen time interval generator developed by AGH University of Science and
Technology, and GUM Poland was used for generating different time intervals. InLambda delay
standards are based on temperature stabilized fibre delays of approximately 20 ns, 100 ns and
300 ns and are used as a part of measurement system. The time intervals between the pulse
signals at the start and stop outputs of each delay standards mentioned above were measured with
universal time interval counter Keysight 53230A.

In this comparison the following time intervals were measured:
e dno (20 ns)
e dn3 (250 ns)
e dn7(1.5ps)
e dnl26 (12 ps)
generated by TIGen and
e three single time intervals generated by InLambda standards (In4 20 - 20 ns,
In4 100 - 100 ns and In4 300 - 300 ns) in a double configuration

Calibration equipment

SIQ Ljubljana used the following reference equipment for the intercomparison:

e Keysight 53230A 350 MHz Universal Frequency Counter/ Timer with serial number
MY50002220 and the corresponding calibration certificate C202000128,

e Hewlett Packard 5071 A Primary Frequency Standard with serial number 3839A01268
and the corresponding calibration certificate C202000272,

e 3x SMA (m)- BNC(f) adapters included in travelling standards.

page: 2 (14)
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Calibration set-up

Initially we have measured time intervals of TIGen with Keysight 53230A on both channels.
Rear 10 MHz time-base of the time interval counter Keysight 53230A was connected to Hewlett
Packard 5071A Primary Frequency Standard. Primarily selected time interval was measured
between CH1 and CH2. Furthermore, the cable connection to channels was exchanged to
annihilate the effect of differential channel error. (Fig 1).

Additionally, a measurement of inLambda standards were performed correspondingly with
configuration shown in Fig 2. Used input external pulse signals for InLambda standards are
specified - low level 0 V, high level 1.75 + 2.25 V, frequency f* < 200 Hz, pulse width less than
+10 ns, rise time (20% to 80 %) < 10 ns and duty cycle < 50%.We have used 1 PPS pulse from
Cs clock HP 5071 A with serial number 3839A01268.

P | TIGen dn)
ower su > dn3

PP Start  Stop e

dnl26
eq. for intercomparation TImeas. 1: CH1toCH 2
SIQseq --------------------------------------------- TImeas.2: CH2toCH 1
¥ Y
CH1 CH 2
PC | Keysight 53230A | ¢ HF.> 5071A
GPIB time interval ext. ref Cesium clock
counter

Figure 1: Measurement setup for time interval measurement of TIGen standard

Auxiliary InLambda In/ 20

' ; » Ini 100

ext. pulse device Start Stop 61360
eq. for intercomparation TImeas. 1: CH1toCH 2
SIQ's eq. L mmmm——m—m— TI meas. 2: CH 2 to CH 1

¥
CH1 CH 2
PC »| Keysight 53230A | HF_’ 5071A
GPIB time interval ext. ref Cesium clock
counter

Figure 2: Measurement setup for time interval measurement of InLambda standards

page: 3 (14)
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For each time delay, 1000 measurements were made and each of these time intervals 7; had the
following mathematical model for estimating the uncertainty:

t,+t
]’; — sl 52 (1)
2
where:
T measured time interval
1S time interval measured at first setup (CH1-CH2)
ts2 time interval measured at second setup (CH2-CH1)

The time interval # measured with time interval counter can be expressed with Eq. 2. According
to the manufacturers recommendations these uncertainties are combined in the following manner
(Eq. 3) to obtain the overall uncertainty U_ T;.

ts = tc + kReSRMS + kSyS + kDiffChErr (2)
_ 2 . 2
U_t;=U_t” +(U _kyoguys U _ks, +U _DiffChErr) 3)
where:
Ti time interval measured with time interval counter,
k_ResRMS correction due to RMS resolution of time interval counter
k_Sys correction due to systematic uncertainty of time interval counter
k_DiffChErr correction due to differential channel error of time interval counter

Contributions to standard uncertainty

Time interval measured with time interval counter (73)

This value is obtained as an average of all readings from time interval counter. The uncertainty
associated with this value U T; is calculated as standard deviation of the mean of all readings
used for calculation of the mean value. This uncertainty is assumed to has normal probability
distribution. The sensitivity coefficient for this value is 0.5.

Correction due to RMS resolution of time interval counter(k_ResRM.S)

This correction is taken to be 0 s with associated uncertainty U _ResRMS calculated using the
Eq. 4 depending on the time interval counter used. This uncertainty is assumed to has normal
probability distribution. The sensitivity coefficient for this value is 0.5.

1.4\’ +TrigErr?
U _ResRMS = .

¢ 4
tC
where:
tres single shot resolution of the time interval counter
TrigErr  trigger error of the time interval counter
T; time interval measurement
page: 4 (14)
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Trigger error is calculated using Eq. 5.

J(500 £V + E2 +1?

TrigErr = z ®))
SR
where
TrigErr  trigger error of the frequency counter
Ei signal noise in measurement bandwidth
Vy crosstalk between input channels
SR slew rate of the input signal at trigger level.

Typically, vx is -60 dB. And Ej, is taken from specification and equals 0.35 mV.

Correction due to systematic uncertainty of time interval counter (k_Sys)

This uncertainty consists of uncertainty due to the time base error and stability and trigger level
timing errors of time interval counter. Probability distribution of the uncertainty is normal. This
value is calculated using Eq. 6 and Eq.7.

Sys = 7 ’ tc (6)
Af . .
U_kg, = U_7+O'A(t(,) -t +U _TriglevTim 7)
Trigger level timing error is calculated using Eq. 8.
. . T, T 56t 0.5-HB 0.5-HB
U _TrigLevTim =250 ps + —LSE=start 4 _L5Esop 4 - (8)
start— SRsmp— SRstart— SRstop—
HB Input hysteresis band
T1SEE-start Start trigger level setting
T1.5E-stop Stop trigger level setting
SRytart- Slew rate at start trigger point
SRsi0p- Slew rate at stop trigger point
T; time interval measured with frequency counter.
where:
Af . - .
7 relative frequency deviation of the reference time-base
Af : : . .
U _ 7 uncertainty of relative frequency deviation of the time-base
T; time interval measured with time interval counter
U TrigLevTim  trigger level timing error of time interval counter
o4ty short term stability of the reference frequency with averaging time equal to time interval.

page: 5 (14)
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Relative frequency deviation of the external reference time-base (Af/f) together with its
associated uncertainty (U_Af/f) are taken from the calibration certificate 20C00272 and are used
for uncertainty calculation for each measurement (normal distribution with coverage factor 2).
The uncertainty of the reference system given in the calibration certificate already contains the
uncertainties associated with temperature stability and drift therefore these components are not
considered separately. Short-term stability is taken from manufacturers specifications.

Correction due to differential channel error of time interval counter(k_DiffChErr)

This value is taken to be 0 s with associated uncertainty U DiffChErr. Assuming that
measurements are made where differences of measurements taken with the same time interval
counter are subtracted, this correction is omitted for all performed measurements. This way also
uncertainty due to differential channel error can be neglected.

3 Traceability chart

Traceability for frequency and time is assured by participation in on-going key comparison for
Time&Frequency CCTF-K001.UTC. Results and data from this intercomparison are used at
BIPM for calculation of reference time scales TAI and UTC. This is called “Circular-T” and
results of this calculation are being calculated and distributed by BIPM every month for previous
month. Data from GNSS CV is also used for calculating UTC(SIQ) time scale and relative
frequency deviation of SIQ reference frequency standard relative to TAI/UTC and relative to
PTB. Then calculation is done every month for quick analysis of measured data and to verify
accuracy and stability of reference frequency standard. Once a year detailed analysis of all data is
performed and based on that certificate is issued for reference T&F standard. Traceability of the
time interval counter used (Keysight 53230A 350 MHz with serial number MY50002220) is
assured through traceable calibration performed periodically (once a year) in house, based on
reference T&F standard (Fig. 3).

page: 6 (14)

SLOVENSKI INSTITUT ZA KAKOVOST IN MEROSLOVJE document: EURAMET.TF-S1_SIQ_Report.doc, 2021-08-17



INTERCOMPARISON REPORT
Comparison of time interval measurements

i

Novatel GNS S 850

Antenna 1 ser. num: NMLK 19180046H

Antenna Cable
Delay = 249,45 ns

Antenna Cable

Rosenberger
0 RTK400
DICOM/MESIT , &
GTR-51 1PPS IN 10 MHz IN
slot ¢ ¢

dod
SIQ Ref. Cable 10 Mb OUT
Delay = 5,62 ns 10 ME IN

10 MHz Distribution @

Keysight 53230A

0}
10 Mz IN

(O] O (O]
Rear 1IPPS-1 Rear1PPS-2 10MHz OUT

Cs - HP 5071A  Font1PPS
UTC(SIQ)

Figure 3: Measurement setup for traceability of time and frequency
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Sl

4 Uncertainty calculation examples

In Table 1 to Table 7 calculations for seven different time intervals with uncertainties are fiven.
Under each table is marked individual measured time interval and for consistency all values are
shown in scientific format. Method of evaluation for z.; and ¢ is type A and for all other
quantities (Ksyss ksys2, Kresrmsi, kreskms2, Kpigcnerei, kpificnen2) 1s type B.

Quantity Standgrd P_rot_)abi!ity Div. Sens.iti_vity Unce_rtaihty Effective degr.
uncertainty distribution coefficient contribution of freedom
Xi Xi u(xi) ci ui(y) vi
ter | 2,26E-08 s 9,86E-12 s normal 1 0,5 / 493E-12 s 999
to | 2,27E-08 s 1,08E-11 s normal 1 0,5 / 540E-12 s 999
Ksys1 | -1,46E-22 s 2,67E-10 s normal 1 0,5 / 1,34E-10 s 1E+99
Ksysz | -1,46E-22 s 2,67E-10 s normal 1 0,5 / 1,34E-10 s 1E+99
Kresrms1 0 s 2,80E-11 s normal 1 0,5 / 1,40E-11 s 1E+99
KResrMs2 0 s 2,80E-11 s normal 1 0,5 / 1,40E-11 s 1E+99
Koirrcherr 0 s 0 s normal 1 05 / 0 s 1E+99
Kpifrchen2 0 s 0 s normal 1 0,5 / 0 s 1E+99
T | 2,26E-08 s 2,09E-10 s 1E+09
Expanded uncertainty of measurement: 4,18E-10 s
Relative expanded uncertainty of measurement: 1,8 %

Table 1: Uncertainty calculation example for TIGen dn0 time interval. The time interval was measured with
Keysight 53230A frequency counter. 1000 measurements were made. Frequency deviation of the reference Cesium
time-base Af]f and corresponding uncertainty were —6.45-10""> and 1-10"® and were taken from last calibration
certificate (i.e., 20C00272). The value of c4(ty) was 8.5-10"3 and it was taken from manufacturers specifications.

Quantity Standa_rd P_rot?abi!ity Div. Sens.iti‘vity Unce_rtainty Effective degr.
uncertainty distribution coefficient contribution of freedom
Xi Xi u(xi) ci ui(y) vi
t.; | 2,50E-07 s 9,97E-12 s normal 1 0,5 / 4,98E-12 s 999
to | 2,50E-07 s 1,03E-11 s normal 1 0,5 / 514E-12 s 999
ksys1 | -1,61E-21 s 2,67E-10 s normal 1 0,5 / 1,34E-10 s 1E+99
ksys2 | -1,61E-21 s 2,67E-10 s normal 1 0,5 / 1,34E-10 s 1E+99
KResrMs1 0 s 2,80E-11 s normal 1 0,5 / 1,40E-11 s 1E+99
KResris2 0 s 2,80E-11 s normal 1 0,5 / 1,40E-11 s 1E+99
Koiticher 0 s 0 s normal 1 05 / 0 s 1E+99
Kpirrcherr2 0 s 0 s normal 1 05 |/ 0 s 1E+99
T, | 2,50E-07 s 2,09E-10 s 1E+09
Expanded uncertainty of measurement: 4,18E-10 s
Relative expanded uncertainty of measurement: 02 %

Table 2: Uncertainty calculation example for TIGen dn3 time interval. The time interval was measured with
Keysight 53230A frequency counter. 1000 measurements were made. Frequency deviation of the reference Cesium
time-base Af/f and corresponding uncertainty were —6.45-10'3 and 1-10""* and were taken from last calibration
certificate (i.e., 20C00272). The value of c.4(y) was 8.5-10"'3 and it was taken from manufacturers specifications.
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Somgad | bty o, | St | Ureetany | dogrof
reedom
Xi Xi u(xi) ci ui(y) vi
tor 1,51E-06 s 1,01E-11 s normal 1 0,5 / 5,05E-12 s 999
to | 1,51E-06 s 1,01E-11 s normal 1 05 / 5,05E-12 s 999
ksys1 | -9,73E-21 s 2,67E-10 s normal 1 0,5 / 1,34E-10 s 1E+99
ksys2 | -9,73E-21 s 2,67E-10 s normal 1 05 / 1,34E-10 s 1E+99
Kresrms1 0 s 2,80E-11 s normal 1 0,5 / 1,40E-11 s 1E+99
Kresrms2 0 s 2,80E-11 s normal 1 05 |/ 1,40E-11 s 1E+99
Kpifrchen 0 s 0 s normal 1 0,5 / 0 s 1E+99
Kpitrcherm? 0 s 0 s normal 1 0,5 / 0 s 1E+99
T. | 1,51E-06 s 2,09E-10 s 1E+09
Expanded uncertainty of measurement: 4,18E-10 s
Relative expanded uncertainty of measurement: 0,03 %

Table 3: Uncertainty calculation example for TIGen dn7 time interval. The time interval was measured with
Keysight 53230A frequency counter. 1000 measurements were made. Frequency deviation of the reference Cesium
time-base Af/f and corresponding uncertainty were —6.45-10'3 and 1-10""* and were taken from last calibration
certificate (i.e., 20C00272). The value of c4(ty) was 8.5-107'% and it was taken from manufacturers specifications.

Serdard | Provablty oy, | Serity | Ureetay | oot
reedom
Xi Xi u(xi) ci ui(y) vi
ts | 1,20E-05 s 1,27E-11 s normal 1 05 / 6,36E-12 s 999
t> | 1,20E-05 s 1,21E-11 s normal 1 05 / 6,04E-12 s 999
Ksys1 | -7,76E-20 s | 267E-10 s normal 1 05 / 1,34E-10 s 1E+99
Ksys2 | -7,76E-20 s | 267E-10 s normal 1 05 / 1,34E-10 s 1E+99
Kresrus1 0 s| 280E-11 s normal 1 05 / 1,40E-11 s 1E+99
Kresrus2 0 s| 280E-11 s normal 1 05 / 1,40E-11 s 1E+99
Koificher 0 s 0 s normal 1 05 / 0 s 1E+99
Kpiricherr2 0 s 0 s normal 1 05 / 0 s 1E+99
Ti| 1,20E-05 s 2,09E-10 s 6E+08
Expanded uncertainty of measurement: 4,18E-10 s
Relative expanded uncertainty of measurement: 0,003 %

Table 4: Uncertainty calculation example for TIGen dn126 time interval. The time interval was measured with
Keysight 53230A frequency counter. 1000 measurements were made. Frequency deviation of the reference Cesium
time-base Af/f and corresponding uncertainty were —6.45-10'3 and 1-10""* and were taken from last calibration
certificate (i.e., 20C00272). The value of c.4(,) was 8.5-10"'3 and it was taken from manufacturers specifications.
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Quantity Standqrd P'rot?abi!ity Div. Sens.itilvity Unceﬂaipty Effective degr.
uncertainty distribution coefficient contribution of freedom
Xi Xi u(xi) ci ui(y) vi
ter | 2,41E-08 1,14E-11 s normal 1 05 / 5,70E-12 s 999
t | 2,42E-08 1,17E-11 s normal 1 05 / 587E-12 s 999
Ksys1 | -1,56E-22 2,67E-10 s normal 1 05 / 1,34E-10 s 1E+99
ksys2 | -1,56E-22 2,67E-10 s normal 1 0,5 / 1,34E-10 s 1E+99
Kresrus1 0 2,80E-11 s normal 1 05 / 1,40E-11 s 1E+99
Kresrms2 0 2,80E-11 s normal 1 0,5 / 1,40E-11 s 1E+99
Kbificher 0 0 s normal 1 05 / 0 s 1E+99
Koificher2 0 0 s normal 1 0,5 / 0 s 1E+99
T | 2,42E-08 2,09E-10 s 9E+08
Expanded uncertainty of measurement: 4,18E-10 s
Relative expanded uncertainty of measurement: 1,7 %

Table S: Uncertainty calculation example for inLambda InA20 time interval. The time interval was measured with
Keysight 53230A frequency counter. 1000 measurements were made. Frequency deviation of the reference Cesium
time-base Af/f and corresponding uncertainty were —6.45-10"> and 1-10""* and were taken from last calibration
certificate (i.e., 20C00272). The value of ¢4(,) was 8.5-10"% and it was taken from manufacturers specifications.

Quantity Standgrd P_rot_)abi!ity Div. Sensiti_vity Unce_rlaipty Effective degr.
uncertainty distribution coefficient contribution of freedom
Xi Xi u(xi) ci ui(y) vi
ter | 1,04E-07 1,10E-11 s normal 05 / 5,49E-12 s 999
t> | 1,05E-07 1,08E-11 s normal 05 / 538E-12 s 999
ksys1 | -6,73E-22 2,67E-10 s normal 0,5 / 1,34E-10 s 1E+99
Ksys2 | -6,74E-22 2,67E-10 s normal 05 / 1,34E-10 s 1E+99
Kresrus1 0 2,80E-11 s normal 05 / 1,40E-11 s 1E+99
Kresrms2 0 2,80E-11 s normal 0,5 / 1,40E-11 s 1E+99
Koifichen 0 0 s normal 0,5 / 0 s 1E+99
Kbificherr 0 0 s normal 0,5 / 0 s 1E+99
T. | 1,04E-07 2,09E-10 s 1E+09
Expanded uncertainty of measurement: 4,18E-10 s
Relative expanded uncertainty of measurement: 04 %

Table 6: Uncertainty calculation example for inLambda InA100 time interval. The time interval was measured with
Keysight 53230A frequency counter. 1000 measurements were made. Frequency deviation of the reference Cesium
time-base Af/f and corresponding uncertainty were —6.45-10""> and 1-10"'3 and were taken from last calibration
certificate (i.e., 20C00272). The value of g4(t,) was 8.5-107% and it was taken from manufacturers specifications.
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Quantity Standqrd P'rot?abi!ity Div. Sens.itilvity Unceﬂaipty Effective degr.
uncertainty distribution coefficient contribution of freedom
Xi Xi u(xi) ci ui(y) vi
tes | 3,07E-07 s 1,35E-11 s normal 1 05 / 6,76E-12 s 999
t | 3,07E-07 s 1,38E-11 s normal 1 05 / 6,92E-12 s 999
Ksyst1 | -1,98E-21 s 2,67E-10 s normal 1 05 / 1,34E-10 s 1E+99
ksys2 | -1,98E-21 s 2,67E-10 s normal 1 0,5 / 1,34E-10 s 1E+99
Kresrus1 0 s 2,80E-11 s normal 1 05 / 1,40E-11 s 1E+99
Kresrms2 0 s 2,80E-11 s normal 1 0,5 / 1,40E-11 s 1E+99
Kbificher 0 s 0 s normal 1 05 / 0 s 1E+99
Koificher2 0 s 0 s normal 1 0,5 / 0 s 1E+99
Ti| 3,07E-07 s 2,09E-10 s 4E+08
Expanded uncertainty of measurement: 4,18E-10 s
Relative expanded uncertainty of measurement: 0,14 %

Table 7: Uncertainty calculation example for inLambda InA300 time interval. The time interval was measured with
Keysight 53230A frequency counter. 1000 measurements were made. Frequency deviation of the reference Cesium
time-base Af/f and corresponding uncertainty were —6.45-10"3 and 1-10""* and were taken from last calibration
certificate (i.e., 20C00272). The value of c.4(ty) was 8.5-10!3 and it was taken from manufacturers specifications.
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Annex 4. Summary of results
Supplementary comparison EURAMET.TF-S1

Time interval measurements

Acronym of institute: SIQ Ljubljana Country: Slovenia
Average date of measurements: 2020-07-21; 2020-07-22
Remarks:/

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz . Meet
. Required reference .
reference frequency applied for i requirements?
conditions
TIGen standard yes / no
Source
(Cs clock, HM, ..) Cs clock 10 MHz £ 1 Hz YES
Amplitude (at 50 Q) within (0,5 + 2) Vpp YES
. . Meet
Ambient temperature : Required reference ;
during measurements Unit of conditions requirements?
measure yes / no
23 * 2 °C within (22 + 4) °C YES
Ambient humidity . Required reference .Meet
. Unit of " requirements?
during measurements conditions
measure yes / no
50 * 20 % within (50 = 30) % YES

The base equipment used for time interval measurements

The type / brand of time interval counter/ Keysight 53230A
digital oscilloscope
(eg. SR620, 532304, ...)

Applied trigger level ( 50 Q) 0.5V
(Required: 0,5 V)

Standard uncertainty component related unknown
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)
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A2. TIGen standard - measurement results with uncertainty:

Number of the Determined value of the
m red measured Time Interval with
measure expanded uncertainty Unit of
Time Interval o/ [+
(p =95 %) (in ns measure
“dn0” 22,64 * 0,42 |ns
“dn3” 250,00 * 0,42 |ns
“dn7” 1508,95 * 0,42 |ns
“dn126” 12039,47 + 0,42 |ns

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference re uitltleerre:;nts’?
auxiliary InLambda standard conditions q '
yes / no
Source
(Cs clock, HM, frequency Cs clock
generator, ..)
1 pps
(yes / no) YES
Frequency <200 Hz YES
Low level ov YES
High level (at 50 Q) (1.75+2.25)V YES
Rise time (20% to 80 %) <10 ns YES
Duty cycle <50 % YES
to avoid the pulse
widths
Pulse width close (<10 ns) to YES
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference .Meet
’ . requirements?
Test device conditions
yes / no
InA 20 InA 100 or InA 300 YES
InA 100 InA 20 or Inx 300 YES
InA 300 InA 20 or Inx 100 YES
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Ambient temperature Required reference lMeet
. . " requirements?
during measurements | Unit of measure conditions
yes / no
23 * 2 °C within (22 + 4) °C YES
Ambient humidity Required reference lMeet
. . " requirements?
during measurements | Unit of measure conditions
yes / no
50 * 20 % within (50 + 30) % YES
The base equipment used for time interval measurements
The type / brand of time interval counter/ Keysight 53230A
digital oscilloscope
(eg. SR620, 532304, ...)
Applied trigger level ( 50 Q) 0.5V
(Required: 0,5 V)
Standard uncertainty component related unknown
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)
B2. InLambda standards - measurement results with uncertainty:
Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p =95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 24,18 + | 042 |ns 23 * 2 °C
InA 100 104,48 | 042 |ns 23 * 2 °C
InA 300 307,28 | 042 |ns 23 * 2 °C
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Supplementary Comparison: EURAMET.TF-S1

Annex 4. Summary of results
Supplementary comparison EURAMET.TF-S1

Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: SMU Country: Slovakia
Average date of measurements: 20.8. — 24.8.2020
Remarks:

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz Required reference Meet
reference frequency applied for 9 conditions requirements?
TIGen standard yes / no
Source
(Cs clock, HM, ...) Cs clock 10 MHz £ 1 Hz Yes
Amplitude (at 50 Q) 2 Voo within (0,5 + 2) Vpp Yes
Ambient temperature . Required reference _Meet
during measurements Unit of conditions requirements?
measure yes / no
23 * 2 °C within (22 + 4) °C yes
. - . Meet
Ambient humidity . Required reference .
. Unit of " requirements?
during measurements measure conditions yes / no
45 + 5 % within (50 + 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/ Agilent 53132A
digital oscilloscope
(eg. SR620, 53230A, ...)

Applied trigger level ( 50 Q) 0,5V
(Required: 0,5 V)
Standard uncertainty component related Start/Stop trigger error
to a residual nonlinearities or other not uncertainties — 0,05ns;

reduced systematic effects and included in
the uncertainty budget of measurement
results Trigger level timing error —
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...) 0,046ns

Time resolution — 0,3ns;

A2. TlGen standard - measurement results with uncertainty:

Time interv:
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Number of the Determined value of the
measured measured Time Interval with
Time Interval expanded uncertainty Unit of
(p =95 %) (inns measure
“dn0” 22,52 + | 0,68 |ns
“dnd” 249,92 + 0,68 |ns
“dn7” 1508,86 + | 0,68 |ns
“‘dn126” 12039,32 + 0,70 |[ns

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference re uiwclaenita nts?
auxiliary InLambda standard conditions 9 '
yes / no
Source
(Cs clock, HM, frequency Cs Clock
generator, ..)
1 pps
(yes / no) yes
Frequency 1Hz <200 Hz Yes
Low level ov oV Yes
High level (at 50 Q) 22,4V (1,75 +2,25) V No
Rise time (20% to 80 %) < 5ns <10 ns Yes
Duty cycle <50 % <50 % yes
to avoid the pulse
widths
Pulse width 20us close (<x 10 ns) to yes
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference .Meet
Test device conditions requirements?
yes / no
InA 20 InA 100 InA 100 or InA 300 yes
InA 100 InA 20 InA 20 or InA 300 yes
InA 300 InA 20 InA 20 or InA 100 yes
. . Meet
Ambient temperature Required reference .
. . o requirements?
during measurements | Unit of measure conditions yes / no
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23 + 2 °C within (22 £ 4) °C yes
Ambient humidity Required reference .Meet
- . . requirements?
during measurements | Unit of measure conditions
yes / no
45 + 5 % within (50 £ 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope
(eg. SR620, 53230A, ...)

Agilent 53132A

Applied trigger level ( 50 Q)
(Required: 0,5 V)

05V

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

Start/Stop trigger error uncertainties —

0,05ns;
Time resolution — 0,3ns;

Trigger level timing error — 0,046ns

B2. InLambda standards - measurement results with uncertainty:

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 24,23 +| 065 [ns 23 * 2 °C
InA 100 104,47 | 0,67 |ns 23 + 2 °C
InA 300 307,26 +| 068 |ns 23 * 2 °C

Juraj Sluciak
SMU

Time interv:
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Annex 7. Minimum contents for the measurement report

Identification of the participating laboratory
Acronym of institute: SMU
Country: Slovakia

Description of calibration method

Direct connection of measured devices to frequency counter HP53132A with direct
synchronization (external 10MHz input) to national standard which consists of cesium clock
HP5071A. Used coax cables had a length of 20cm each.

Description of the calibration set-up and equipment
Equipment: Frequency Counter HP53132A

Cesium clock: HP5071A

A pair of coax cables (20cm).

Traceability chart
Traced to Slovak National Standard of time and frequency (HP5071A).

Used relationship/ equation for obtaining estimates of results and uncertainty budget
Model equation that follows from the measurement setup:

TI=(Tz2-Tq) £ (Te+Top+TrestTo)

Description of the quantities in the model equation:
Quantity | Description

i

T2 start of measurement (trigger)

Ty stop of measurement (trigger)

Ts Start trigger error (uncertainty) (manual HP53132A)

Tsp Stop trigger error (uncertainty) (manual HP53132A)

Tres Time resolution of time interval counter (manual HP53132A)
TL Trigger level timing error (uncertainty) (manual HP53132A)

Obtained results of measurements with the associated standard and expanded
uncertainty of measurement and a complete uncertainty budget, including information
on the uncertainty components connected with residual non-linearities of the
measurement system or other non-compensated effects
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Uncertainty budget table

Quantity | Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom

Xi Xi u(xi) (A, B) ci i - u(xi) "

[ns] [ns]

To-To 22,52 0,14 Normal A 1 0,14 80

(dn0)

Ts 0 0,05 Normal B 1 0,05 o0

Tep 0 0,05 Normal B 1 0,05 o0

Tres 0 0,3 Normal B 1 0,3 ]

TL 0 0,046 Normal B 1 0,046 00
Combined standard uncertainty Uc 0,34
Effective degrees of freedom Veff >50 (k=2)
Expanded uncertainty (p ~ 95%) u 0,68

Quantity | Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty | distribution evaluation | coefficient | contribution freedom

Xi Xi u(xi) (A, B) ci ci - ulxi) "

[ns] [ns]

Ta-T4 249,92 0,14 Normal A 1 0,14 80

(dn3)

Ts 0 0,05 Normal B 1 0,05 ©

Tsp 0 0,05 Normal B 1 0,05 0

Tres 0 0,3 Normal B 1 0,3 ©0

TL 0 0,046 Normal B 1 0,046 o
Combined standard uncertainty Ue 0,34
Effective degrees of freedom Vet >50 (k=2)
Expanded uncertainty (p ~ 95%) U 0,68
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Quantity | Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty | distribution evaluation | coefficient contribution freedom
Xi Xi u(xi) (A, B) ci i+ u(xi) u
[ns] [ns]
To-T4 1508,86 | 0,13 Normal A 1 0,13 80
(dn7)
Ts 0 0,05 Normal B 1 0,05 o0
Tsp 0 0,05 Normal B 1 0,05 0
Tres U 0,3 Nﬂrmal B 1 0,3 o
TL 0 0,046 Normal B 1 0,046 0
Combined standard uncertainty Ue 0,34
Effective degrees of freedom Vet >50 (k=2)
Expanded uncertainty (p ~ 95%) U 0,68
Quantity | Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) i ci+ u(xi) W
[ns] [ns] [ns]
To-Ty 12039,32 | 0,15 Normal A 1 0,15 80
(dn126)
Ts 0 0,05 Normal B 1 0,05 0
Tsp 0 0,05 Normal B 1 0,05 )
Tres 0 0,3 Normal B 1 0,3 o0
TL 0 0,046 Normal B 1 0,046 0
Combined standard uncertainty Ue 0,35
Effective degrees of freedom Veff >50 (k=2)
Expanded uncertainty (p ~ 95%) U 0,70
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Quantity | Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom

Xi Xi u{xi) (A, B) [l e ulxi) Vi

[ns] [ns] [ns]

To-T4 24,234 0,085 Normal A 1 0,085 80

(20ns)

Te 0 0,05 Normal B il 0,05 c0

Tsp 0 0,05 Normal B 1 0,05 LS

Ties 0 0,3 Normal B 1 0,3 0

To 0 0,046 Normal B 1 0,046 00
Combined standard uncertainty Ue 0,32
Effective degrees of freedom Veff >50 (k=2)
Expanded uncertainty (p ~ 95%) U 0,65

Quantity | Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom

Xi Xi u(xi) (A, B) Ci ci - u(xi) Y

[ns] [ns] [ns]

To-T4 104,47 0,13 Normal A 1 0,13 80

(100ns)

Ts 0 0,05 Normal B 1 0,05 0

Tep 0 0,05 Normal B 1 0,05 co

Tres 0 0,3 Normal B 1 0,3 00

To 0 0,046 Normal B 1 0,046 o0
Combined standard uncertainty Ue 0,34
Effective degrees of freedom ' Veff >50 (k=2)
Expanded uncertainty (p ~ 95%) U 0,67
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Quantity | Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty | distribution evaluation coefficient | contribution freedom

Xi Xi u(xi) (A, B) Ci ¢+ u(xi) W

[ns] [ns] [ns]

To-T1 307,26 0,14 Normal A 1 0,14 80

(300ns)

Ts 0 0,05 Normal B 1 0,05 0

 Tsp 0 0,05 Normal B 1 0,05 0

Tres 0 0,3 Normal B 1 0,3 o0

TL 0 0,046 Normal B 1 0,046 L]
Combined standard uncertainty Ue 0,34
Effective degrees of freedom Veft >50 (k=2)
Expanded uncertainty (p ~ 95%) U 0,68

Identification and description of the source 10 MHz reference frequency for TIGen

standard

External standard 10 MHz
reference frequency applied for

Required reference

requirements?

Meet

TIGen standard conditions yes / no
Source
(Cs clock, HM, ...) Cs clock 10 MHz + 1 Hz Yes
Amplitude (at 50 Q2) 2 Vpp within (0,5 + 2) Vpp Yes

Description of the used input pulse signals for InLambda standards (low level, high level
(amplitude), frequency, pulse width, rise time (20% to 80 %), duty cycle)

External input pulses applied to an

Required reference

Meet

requirements?

auxiliary InLambda standard conditions yes / no
Source
(Cs clock, HM, frequency Cs Clock
generator, ..)
1 pps
(yes / no) iy
Frequency 1Hz <200 Hz Yes
Low level ov ov Yes
High level (at 50 Q) =24V (1,75 +2,25) V No
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Rise time (20% to 80 %) < bns <10 ns Yes

Duty cycle <50 % <=50% yes

to avoid the pulse
widths

Pulse width 20us close (<10 ns) to yes

the measured time
intervals

Ambient conditions of measurements (the temperature and the relative humidity) — the
temperature for every InLambda standard separately

. . Meet
Ambient temperature . Required reference : "
during measurements Unif of conditions reqHremants’

measure yes / no
23 + 2 °c within (22 + 4) °C yes
Ambient humidity " Required reference ‘Meet
during measurements Unit of conditions requirsments?
measure yes / no
45 + 5 % within (50 £ 30) % yes

Average date of performing measurements
20.8. — 24.8.2020

Date: 21.03.2022

Juraj smeiakg C ;E

SMU



Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Annex 3. Typical scheme for an uncertainty budget
Supplementary comparison EURAMET.TF-S1
Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: SMU Country: Slovakia
Average date of measurements: 20.8. — 24.8.2020
Remarks:

Model equation that follows from the measurement setup:

Tl = (T2'T1) + (Ts+Tsp+Tres+TL)

Description of the quantities in the model equation:

Quantity | Description
X

T start of measurement (trigger)

T stop of measurement (trigger)

Ts Start trigger error (uncertainty) (manual HP53132A)

Tsp Stop trigger error (uncertainty) (manual HP53132A)

Tres Time resolution of time interval counter (manual HP53132A)

TL Trigger level timing error (uncertainty) (manual HP53132A)

Uncertainty budget table

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of

uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci Gi - U(Xi) 7
[ns] [ns]

To-Ty 22,52 0,14 Normal A 1 0,14 80

(dn0)

Ts 0 0,05 Normal B 1 0,05 o0

Tsp 0 0,05 Normal B 1 0,05 o0

Tres 0 0,3 Normal B 1 0,3 0

TL 0 0,046 Normal B 1 0,046 0
Combined standard uncertainty Ue 0,34
Effective degrees of freedom Vet >50 (k=2)
Expanded uncertainty (p =~ 95%) u 0,68




Supplementary Comparison:

EURAMET.TF-ST1

Time interval measurements

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) lor ¢ - u(x) %
[ns] [ns]

To-T4 249,92 0,14 Normal A 1 0,14 80

(dn3)

Ts 0 0,05 Normal B 1 0,05 o0

Tsp 0 0,05 Normal B 1 0,05 o0

Tres 0 0,3 Normal B 1 0,3 0

TL 0 0,046 Normal B 1 0,046 0
Combined standard uncertainty Ue 0,34
Effective degrees of freedom Vet >50 (k=2)
Expanded uncertainty (p = 95%) U 0,68

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom

Xi Xi u(xi) (A, B) Ci ¢ - u(x) %
[ns] [ns]

To-T1 1508,86 | 0,13 Normal A 1 0,13 80

(dn7)

Ts 0 0,05 Normal B 1 0,05 0

Tsp 0 0,05 Normal B 1 0,05 0

Tres 0 0,3 Normal B 1 0,3 0

TL 0 0,046 Normal B 1 0,046 o0
Combined standard uncertainty Ue 0,34
Effective degrees of freedom Vet >50 (k=2)
Expanded uncertainty (p = 95%) U 0,68




Supplementary Comparison:

EURAMET.TF-ST1

Time interval measurements

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of

uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) G Gi - u(x) %
[ns] [ns] [ns]

To-T4 12039,32 | 0,15 Normal A 1 0,15 80

(dn126)

Ts 0 0,05 Normal B 1 0,05 o0

Tsp 0 0,05 Normal B 1 0,05 o0

Tres 0 0,3 Normal B 1 0,3 0

TL 0 0,046 Normal B 1 0,046 0
Combined standard uncertainty Ue 0,35
Effective degrees of freedom Veit >50 (k=2)
Expanded uncertainty (p = 95%) U 0,70




Supplementary Comparison:

EURAMET.TF-ST1

Time interval measurements

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) G Gi - u(x) %
[ns] [ns] [ns]
To-T4 24,234 0,085 Normal A 1 0,085 80
(20ns)
Ts 0 0,05 Normal B 1 0,05 o0
Tsp 0 0,05 Normal B 1 0,05 o0
Tres 0 0,3 Normal B 1 0,3 0
TL 0 0,046 Normal B 1 0,046 0
Combined standard uncertainty Ue 0,32
Effective degrees of freedom Veit >50 (k=2)
Expanded uncertainty (p = 95%) u 0,65
Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) C G- u(xi) v
[ns] [ns] [ns]
To-Ty 104,47 0,13 Normal A 1 0,13 80
(100ns)
Ts 0 0,05 Normal B 1 0,05 0
Tep 0 0,05 Normal B 1 0,05 o0
Tres 0 0,3 Normal B 1 0,3 o0
TL 0 0,046 Normal B 1 0,046 o0
Combined standard uncertainty Uc 0,34
Effective degrees of freedom Veft >50 (k=2)
Expanded uncertainty (p = 95%) U 0,67




Supplementary Comparison:

EURAMET.TF-ST1

Time interval measurements

Juraj Sluciak

SMU

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of

uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) G Gi - u(x) %
[ns] [ns] [ns]

To-Ty 307,26 0,14 Normal A 1 0,14 80

(300ns)

Ts 0 0,05 Normal B 1 0,05 o0

Tsp 0 0,05 Normal B 1 0,05 o0

Tres 0 0,3 Normal B 1 0,3 0

TL 0 0,046 Normal B 1 0,046 o0
Combined standard uncertainty Ue 0,34
Effective degrees of freedom Veit >50 (k=2)
Expanded uncertainty (p = 95%) u 0,68




Final report: EURAMET.TF-S1 Time interval measurements

Appendix L

NIM report



Acronym of institute: NIMB
Average date of measurements: 09.09.2020-10.09.2020
Remarks: Contact person: Violeta Ciociea

Country:

Model equation that follows from the measurement setup:

T« = (Ta-TB) + 0T

Where 0OT is:

OT=0Tr+ OT1B + OTtrigger + 0TcD + O TRV

A1. TIGen standard — conditions met during measurements

Romania

External standard 10 MHz . Meet
reference frequency applied for Required _rgference requirements?
conditions
TIGen standard yes / no
Source Cs clock
(Cs clock) 5071A 10 MHz +1 Hz yes
Amplitude (at 50 Q) within (0,5 + 2) Vpp yes
Ambient temperature Required reference Meet
. Unit of . requirements?
during measurements measure conditions yes / no
22,5 t 0,5 °C within (22 + 4) °C yes
. - . Meet
o ot | it o | FeoS 010 | oqurements
measure yes / no
42,5 + 2,5 % within (50 * 30) % yes

The base equipment used for time interval measurements

(Required: 0,5 V)

The type / brand of time interval counter/ TIC
digital oscilloscope
(eg. SR620, 532304, ...) Fluke type PM6681R
Applied trigger level (50 Q) 05V

Standard uncertainty component related
to residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

random

It is included in the time
interval deviation due to

values of TIC




STANDARD CESIUM ATOMIC CLOCK
AGILENT 5071A

10MHz OUTPUTS

Distribution/ Amplifier Symmetricom 9611A

START

Tl Generator

10MHz

1pps

STOP

Ext Ref

Fluke PM6881R
CH. A CH.B

A2. TIGen standard - measurement results with uncertainty:

Number of the Determined value of the
measured measured Time Interval with
Time Interval expanded unc_ertalnty Unit of
(p =95 %) (inns measure
“dn0” 22,55 t 0,13 | ns
“dn3” 249,94 + 0,13 | ns
“dn7” 1508,93 * 0,13 |ns
“dn126” 12039,37 * 0,13 | ns




B1. InLambda standards — conditions met during measurements

1.DUT InA 20
. . : Meet
External input pulses applied to an Required reference requirements?
auxiliary InLambda standard conditions 9 '
yes / no
Source
(Cs clock, HM, frequency Cs clock
generator, ..)
1 pps
(yes / no) yes
Frequency 1Hz <200 Hz yes
Low level ov ov yes
High level (at 50 Q) 2,25V (1,75 +2,25) V yes
Rise time (20% to 80 %) <0,5ns <10ns yes
Duty cycle 0,0003 % <50 % yes
to avoid the pulse
widths
Pulse width 3,3 us close (<x 10 ns) to yes
the measured time
intervals
Application of a double configuration
. o . Meet
DUT — Device Under Auxiliary used Required reference X "
Test device conditions requirements:
yes / no
InA 20 InA 100 InA 100 or InA 300 yes




STANDARD CESIUM ATOMIC CLOCK
AGILENT 5071A

10 MHz OUTPUTS

Distribution/Amplifier
Symmetricom 9611A

10 MHz
Tl Generator
1pps
START STOP

Trigger seed input

TIE-10

Aux InA 100
Start trigger output

Ext Ref

Fluke PM6881R

CH. A

CH.B

Start trigger output Stop trigger output
TIE-10

DUT InA 20
Trigger seed input




Description of the quantities in the model equation:

Quantity | Description
Xi

0Tr Time interval deviation due to resolution of TIC

O0T1s Time interval deviation due to the time base error

OTwigger | Time interval deviation due to the trigger level error

O0Tco Time interval deviation due to the cable delays between A and B

OTgy Time interval deviation due to random values of TIC

Uncertainty budget table
Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation | coefficient contribution freedom
Xi Xi u(xi) (A, B) C G - u(xi) W
(ns) (ns) (ns)

Ta-Ts 24.06 0.016 normal A 1.0 0.016 9
oTr 0 0.003 rectangular B 1.0 0.003 00
oTrs 0 5x10° | rectangular B 1.0 5x10° )

O Ttrigger 0 0.016 rectangular B 1.0 0.016 )
OTcop 0 0.006 rectangular B 1.0 0.006 )
OTry 0 0.060 rectangular B 1.0 0.060 00

Combined standard uncertainty Ue 0.064
Effective degrees of freedom Vet > 106
T= 24.06 ns | Expanded uncertainty (p = 95%) u 0.13 ns




B1. InLambda standards — conditions met during measurements

2.DUT InA 100
. . : Meet
External input pulses applied to an Required reference requirements?
auxiliary InLambda standard conditions 9 '
yes / no
Source
(Cs clock, HM, frequency Cs clock
generator, ..)
1 pps
(yes / no) yes
Frequency 1Hz <200 Hz yes
Low level oV ov yes
High level (at 50 Q) 2,25V (1,75 +2,25) V yes
Rise time (20% to 80 %) <0,5ns <10ns yes
Duty cycle 0,0008 % <50 % yes
to avoid the pulse
widths
Pulse width 3,3 us close (<x 10 ns) to yes
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference _Meet
Test device conditions requirements?
yes / no
InA 100 InA 300 InA 20 or InA 300 yes




STANDARD CESIUM ATOMIC CLOCK
AGILENT 5071A

10 MHz OUTPUTS

Distribution/Amplifier
Symmetricom 9611A

10 MHz

1pps
START

TI Generator

STOP

Ext Ref

Fluke PM6881R

CH. A

CH.B

Trigger seed input

TIE-10

Aux InA 300
Start trigger output

Start triaaer outout Stoo triaaer outout

TIE-10

DUT InA 100
Trigger seed input




Description of the quantities in the model equation:

Quantity | Description
Xi

O0Tr Time interval deviation due to resolution of TIC

O0Tts Time interval deviation due to the time base error

OTwigger | Time interval deviation due to the trigger level error

O0Tco Time interval deviation due to the cable delays between A and B

OTgy Time interval deviation due to random values of TIC

Uncertainty budget table
Quantity Estimate Standard Probability Method of | Sensitivity | Uncertainty | Degrees of
uncertainty distribution evaluation | coefficient | contribution freedom
Xi Xi u(xi) (A, B) G G- u(x) v
(ns) (ns) (ns)

Ta-Ts 104.44 0.014 normal A 1.0 0.014 9
0Tr 0 0.003 rectangular B 1.0 0.003 0
oTts 0 25x 108 | rectangular B 1.0 25x 108 00

O Twrigger 0 0.016 rectangular B 1.0 0.016 o0
0Tco 0 0.006 rectangular B 1.0 0.006 0
OTry 0 0.060 rectangular B 1.0 0.060 0

Combined standard uncertainty Ue 0.064
Effective degrees of freedom Visti S 106
T= 104.44 ns Expanded uncertainty (p = 95%) u 0.13 ns




B1. InLambda standards — conditions met during measurements

3.DUT InA 300
. . : Meet
External input pulses applied to an Required reference requirements?
auxiliary InLambda standard conditions 9 '
yes / no
Source
(Cs clock, HM, frequency Cs clock
generator, ..)
1 pps
(yes / no) yes
Frequency 1Hz <200 Hz yes
Low level ov ov yes
High level (at 50 Q) 2,25V (1,75 +2,25) V yes
Rise time (20 % to 80 %) <0,5ns <10ns yes
Duty cycle 0,0008 % <50 % yes
to avoid the pulse
widths
Pulse width 3,3 us close (<x 10 ns) to yes
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference _Meet
Test device conditions requirements?
yes / no
InA 300 InA 100 InA 20 or InA 100 yes
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STANDARD CESIUM ATOMIC CLOCK
AGILENT 5071A

10 MHz OUTPUTS

Distribution/Amplifier

Symmetricom 9611A

10 MHz

1pps
START

Tl Generator

STOP

Ext Ref

Fluke PM6881R

CH. A

CH.B

Trigger seed input

TIE-10

Aux InA 100
Start trigger output

Start trigger output Stop trigger output
TIE-10

DUT InA 300
Trigger seed input




Description of the quantities in the model equation:

Quantity | Description
Xi

0Tr Time interval deviation due to resolution of TIC

O0T1s Time interval deviation due to the time base error

OTwigger | Time interval deviation due to the trigger level error

O0Tco Time interval deviation due to the cable delays between A and B

O0Try Time interval deviation due to random values of TIC

Uncertainty budget table
Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation | coefficient contribution freedom
Xi Xi u(xi) (A, B) C G - u(xi) "
(ns) (ns) (ns)

Ta-Tg | 307.28 0.015 normal A 1.0 0.015 9
0Tr 0 0.003 rectangular B 1.0 0.003 00
oTts 0 7.5x 108 | rectangular B 1.0 7.5x 1078 )

O Twrigger 0 0.016 rectangular B 1.0 0.016 )
0Tco 0 0.006 | rectangular B 1.0 0.006 0
OTrv 0 0.060 | rectangular B 1.0 0.060 0

Combined standard uncertainty Ue 0.064
Effective degrees of freedom Vet > 106
T= 307.28 ns | Expanded uncertainty (p =~ 95%) u 0.13 ns

11




Ambient temperature
during measurements

Unit of measure

Required reference
conditions

Meet

requirements?

yes / no

22.5 * 0.5

°C

within (22 + 4) °C

yes

Ambient humidity
during measurements

Unit of measure

Required reference
conditions

Meet

requirements?

yes / no

42.5 * 2.5

%

within (50 + 30) %

yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope
(eg. SR620, 532304, ...)

TIC
Fluke type PM6681R

Applied trigger level ( 50 Q)
(Required: 0,5 V)

05V

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ... )

It is included in the time interval deviation

due to random values of TIC

B2. InLambda standards - measurement results with uncertainty:

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure

InA 20 24.06 + | 013 |ns 225 * 0.5 °C

InA 100 104.44 + | 013 |ns 225 * 0.5 °C

InA 300 307.28 + | 013 |ns 225 + 0.5 °C

Violeta Ciociea
14.09.2020
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Annex 7. Minimum contents for the measurement report

- Identification of the participating laboratory: NIMB

- Description of the calibration method: Direct method

- Description of the calibration set-up and equipment: Cs clock 5071A, Fluke type PM6681R,
DUT, Distribution/Amplifier Symmetricom 9611A, Direct connection via BNC connectors (See
the charts on pages 2,4 and 7)

- Traceability chart: Cs clock 5071A standard

- Used relationship/ equation for obtaining estimates of results and uncertainty budget,

Tx=(Ta-Ts) + 0T, where 8T= O0Tr+ OTTB + OTtrigger+ OTcD+ OTRY

- Obtained results of measurements with the associated standard and expanded uncertainty of
measurement and a complete uncertainty budget, including information on the uncertainty
components connected with residual non-linearities of the measurement system or other non-
compensated effects

Where 8T is:
0Tr Time interval deviation due to resolution of TIC
O0T1s Time interval deviation due to the time base error
OTwigger | Time interval deviation due to the trigger level error
OTcp Time interval deviation due to the cable delays between A and B
OTry Time interval deviation due to random values of TIC

See charts on pages 5,8,11.
- Identification and description of the source: 10 MHz reference frequency for TIGen standard,
Source of 10 MHz reference frequency is Standard of Cs clock 5071A

- Description of the used input pulse signals for InLambda standards (low level, high level
(amplitude), frequency, pulse width, rise time (20% to 80 %), duty cycle)

See charts on pages: 3,6,9

- Ambient conditions of measurements (the temperature and the relative humidity) — the
temperature for every InLambda standard separately

For -DUT InA 20 : temperature is: 22.5 °C
-DUT InA 100 : temperature is: 22.5 °C

-DUT InA 300: temperature is: 22.5 °C
- Average date of performing measurements
09- 10.09.2020(2 days)
- Date and signature.

Violeta Ciociea
Andrei Vladut 14.09.2020
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Annex 7. Minimum contents for the measurement report

- Identification of the participating laboratory: NIMB

- Description of the calibration method: Direct method

- Description of the calibration set-up and equipment: Cs clock 5071A, Fluke type PM6681R,
DUT, Distribution/Amplifier Symmetricom 9611A, Direct connection via BNC connectors (See
the charts on pages 2,4 and 7)

- Traceability chart: Cs clock 5071A standard

- Used relationship/ equation for obtaining estimates of results and uncertainty budget,

Tx = (Ta-Tg) + OT, where 8T=0Tr+ O0T7s + OTtrigger + OTcn + OTRV

- Obtained results of measurements with the associated standard and expanded uncertainty of
measurement and a complete uncertainty budget, including information on the uncertainty
components connected with residual non-linearities of the measurement system or other non-
compensated effects

Where 8T is:
[ Time interval deviation due to resolution of TIC
0T Time interval deviation due to the time base error
OTwigger | Time interval deviation due to the trigger level error
O8Tep Time interval deviation due to the cable delays between A and B
8Try Time interval deviation due to random values of TIC

See charts on pages 5,8,11.
- |dentification and description of the source: 10 MHz reference frequency for TIGen standard,
Source of 10 MHz reference frequency is Standard of Cs clock 5071A

- Description of the used input pulse signals for InLambda standards (low level, high level
(amplitude), frequency, pulse width, rise time (20% to 80 %), duty cycle)

See charts on pages: 3,6,9

- Ambient conditions of measurements (the temperature and the relative humidity) — the
temperature for every InLambda standard separately

For -DUT InA 20 : temperature is: 22.5 °C
-DUT InA 100 : temperature is: 22.5 °C

-DUT InA 300: temperature is: 22.5 °C
- Average date of performing measurements
09- 10.09.2020(2 days)
- Date and signature.

Violeta Clomea\—/%
Andrei Viadut 7{; / 14.09.2020
AL
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Final report: EURAMET.TF-S1 Time interval measurements

Appendix L

NIM report - updated



Acronym of institute: NIMB Country: Romania
Average date of measurements: 09.09.2020-10.09.2020
Remarks: Contact person: Violeta Ciociea
Model equation that follows from the measurement setup:
Tx = (Ta-Ts) + 0T
Where 0T is:
OT=0Tr+ OT18+ OTtrigger+ OTcp+ O TRV +OTcA
A1. TIGen standard — conditions met during measurements
External standard 10 MHz . Meet
- Required reference :
reference frequency applied for s requirements?
conditions
TIGen standard yes / no
Source Cs clock
(Cs clock) 5071A 10 MHz £ 1 Hz yes
Amplitude (at 50 Q) within (0,5 + 2) V., yes
] . Meet
Ambient temperature . Required reference .
. Unit of i requirements?
during measurements conditions
measure yes / no
22,5 t 0,5 °C within (22 + 4) °C yes
Ambient humidity . Required reference .Meet
. Unit of " requirements?
during measurements conditions
measure yes / no
42,5 + 2,5 % within (50 = 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/

digital oscilloscope
(eg. SR620, 53230A, ...)

TIC
Fluke type PM6681R

Applied trigger level (50 Q)
(Required: 0,5 V)

0,5V

Standard uncertainty component related
to residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

Itis included in the time
interval deviation due to
random values of TIC




STANDARD CESIUM ATOMIC CLOCK
AGILENT 5071A

10 MHz OUTPUTS

Distribution/ Amplifier Symmetricom 9611A

START

Tl Generator

10 MHz

1pps
STOP

Ext Ref

Fluke PM6881R

CH. A

CH.B

A2. TIGen standard - measurement results with uncertainty:

Nurmber of th Determined value of the
umber o q e measured Time Interval with
measure expanded uncertainty Unit of
Time Interval :
(p ~ 95 %) (in ns measure
“dn0” 22,55 + 0,61 | ns
“dn3” 249,94 + 0,61 | ns
“‘dn7” 1508,93 + 0,61 | ns
“dn126” 12039,37 + 0,61 | ns




B1. InLambda standards — conditions met during measurements

1.DUT InA 20
. . : Meet
External input pulses applied to an Required reference requirements?
auxiliary InLambda standard conditions q '
yes / no
Source
(Cs clock, HM, frequency Cs clock
generator, ..)
1 pps
(yes / no) yes
Frequency 1Hz <200 Hz yes
Low level oV oV yes
High level (at 50 Q) 2,25V (1,75 + 2,25) V yes
Rise time (20% to 80 %) <0,5ns <10ns yes
Duty cycle 0,0003 % <50 % yes
to avoid the pulse
widths
Pulse width 3,3 us close (<¥ 10 ns) to yes
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference .Meet
: s requirements?
Test device conditions
yes / no
InA 20 InA 100 InA 100 or InA 300 yes




STANDARD CESIUM ATOMIC CLOCK
AGILENT 5071A

10 MHz OUTPUTS

Distribution/Amplifier
Symmetricom 9611A

10 MHz

Tl Generator

1pps
START

STOP

Ext Ref

Fluke PM6881R

CH. A

CH.B

Trigger seed input

TIE-10

Aux InA 100
Start trigger output

Start trigger output Stop trigger output
TIE-10

DUT InA 20
Trigger seed input




Description of the quantities in the model equation:

Quantity | Description
Xi

O0Tr Time interval deviation due to resolution of TIC

O0Ts Time interval deviation due to the time base error

OTuwigger | Time interval deviation due to the trigger level error

OTcp Time interval deviation due to the cable delays between A and B

OTrv Time interval deviation due to random values of TIC

dTca Contribution due of the inter-channel asymmetry (as stated by the instrument

manufacturer in the Operators Manual)
Uncertainty budget table
Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation | coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci i - u(xi) v
(ns) (ns) (ns)

Ta-Ts 24.06 0.016 normal A 1.0 0.016 9
0Tr 0 0.003 rectangular B 1.0 0.003 o0
OTrs 0 5x 109 | rectangular B 1.0 5x10° )

OTtrigger 0 0.016 rectangular B 1.0 0.016 00
O0Tcp 0 0.006 rectangular B 1.0 0.006 o0
O0Trv 0 0.060 rectangular B 1.0 0.060 00
oTca 0 0.300 rectangular B 1.0 0.300 )

Combined standard uncertainty Uc 0.306
Effective degrees of freedom Vef > 108
T= 24.06 ns | Expanded uncertainty (p ~ 95%) U 0.61 ns




B1. InLambda standards — conditions met during measurements

2.DUT InA 100
. . . Meet
External input pulses applied to an Required reference requirements?
auxiliary InLambda standard conditions 9 '
yes / no
Source
(Cs clock, HM, frequency Cs clock
generator, ..)
1 pps
(yes / no) yes
Frequency 1Hz <200 Hz yes
Low level ov oV yes
High level (at 50 Q) 2,25V (1,75 + 2,25) V yes
Rise time (20% to 80 %) <0,5ns <10ns yes
Duty cycle 0,0003 % <50 % yes
to avoid the pulse
widths
Pulse width 3,3 us close (<10 ns) to yes
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference .Meet
. " requirements?
Test device conditions
yes / no
InA 100 InA 300 InA 20 or InA 300 yes




STANDARD CESIUM ATOMIC CLOCK
AGILENT 5071A

10 MHz OUTPUTS

Distribution/Amplifier
Symmetricom 9611A

10 MHz

1pps
START

Tl Generator

STOP

Ext Ref

Fluke PM6881R

CH. A

CH.B

Trigger seed input

TIE-10

Aux InA 300
Start trigger output

Start triaaer outout Stob triaaer outout

TIE-10

DUT InA 100
Trigger seed input




Description of the quantities in the model equation:

Quantity | Description
Xi
O0Tr Time interval deviation due to resolution of TIC
O0Ts Time interval deviation due to the time base error
OTuwigger | Time interval deviation due to the trigger level error
OTcp Time interval deviation due to the cable delays between A and B
OTrv Time interval deviation due to random values of TIC
dTca Contribution due of the inter-channel asymmetry (as stated by the instrument
manufacturer in the Operators Manual)
Uncertainty budget table
Quantity Estimate Standard Probability Method of | Sensitivity | Uncertainty | Degrees of
uncertainty distribution evaluation | coefficient | contribution freedom
Xi Xi u(xi) (A, B) Ci Ci - u(xi) v
(ns) (ns) (ns)

Ta-Ts 104.44 0.014 normal A 1.0 0.014 9
0Tr 0 0.003 rectangular B 1.0 0.003 00
0Trs 0 25x 108 | rectangular B 1.0 25x 108 0

OTtrigger 0 0.016 rectangular B 1.0 0.016 )
O0Tcp 0 0.006 rectangular B 1.0 0.006 00
0Trv 0 0.060 rectangular B 1.0 0.060 0
OTca 0 0.300 rectangular B 1.0 0.300 00

Combined standard uncertainty Uc 0.307
Effective degrees of freedom Vieft > 108
T= 104.44ns Expanded uncertainty (p ~ 95%) U 0.61 ns




B1. InLambda standards — conditions met during measurements

3.DUT InA 300
. . . Meet
External input pulses applied to an Required reference requirements?
auxiliary InLambda standard conditions 9 '
yes / no
Source
(Cs clock, HM, frequency Cs clock
generator, ..)
1 pps
(yes / no) yes
Frequency 1Hz <200 Hz yes
Low level ov oV yes
High level (at 50 Q) 2,25V (1,75 + 2,25) V yes
Rise time (20 % to 80 %) <0,5ns <10ns yes
Duty cycle 0,0003 % <50 % yes
to avoid the pulse
widths
Pulse width 3,3 us close (<x 10 ns) to yes
the measured time
intervals
Application of a double configuration
: - : Meet
DUT — Device Under Auxmary used Required .r.eference requirements?
Test device conditions
yes / no
InA 300 InA 100 InA 20 or InA 100 yes
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STANDARD CESIUM ATOMIC CLOCK
AGILENT 5071A

10 MHz OUTPUTS

Distribution/Amplifier

Symmetricom 9611A

10 MHz

1pps
START

Tl Generator

STOP

Ext Ref

Fluke PM6881R

CH. A

CH.B

Trigger seed input

TIE-10

Aux InA 100
Start trigger output

Start trigger output Stop trigger output
TIE-10

DUT InA 300
Trigger seed input




Description of the quantities in the model equation:

Quantity | Description
Xi

O0Tr Time interval deviation due to resolution of TIC

O0Ts Time interval deviation due to the time base error

OTuwigger | Time interval deviation due to the trigger level error

OTcp Time interval deviation due to the cable delays between A and B

OTrv Time interval deviation due to random values of TIC

dTca Contribution due of the inter-channel asymmetry (as stated by the instrument

manufacturer in the Operators Manual)
Uncertainty budget table
Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation | coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci i - u(xi) v
(ns) (ns) (ns)

Ta-Te | 307.28 0.015 normal A 1.0 0.015 9
0Tr 0 0.003 rectangular B 1.0 0.003 o0
0Trs 0 7.5 x 108 | rectangular B 1.0 7.5x 102 0

OTtrigger 0 0.016 rectangular B 1.0 0.016 00
O0Tcp 0 0.006 rectangular B 1.0 0.006 o0
0Trv 0 0.060 | rectangular B 1.0 0.060 0
OTca 0 0.300 rectangular B 1.0 0.300 00

Combined standard uncertainty Uc 0.307
Effective degrees of freedom Vieft > 108
T= 307.28 ns | Expanded uncertainty (p ~ 95%) U 0.61 ns
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Ambient temperature Required reference _Meet
. . s requirements?
during measurements | Unit of measure conditions
yes / no
22.5 + 0.5 °C within (22 + 4) °C yes
Ambient humidity Required reference _Meet
. . " requirements?
during measurements | Unit of measure conditions
yes / no
42.5 * 2.5 % within (50 + 30) % yes

The base equipment used for

time interval measurements

The type / brand of time interval counter/

digital oscilloscope
(eg. SR620, 53230A, ...)

TIC
Fluke type PM6681R

Applied trigger level ( 50 Q)
(Required: 0,5 V)

05V

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

It is included in the time interval deviation
due to random values of TIC

B2. InLambda standards - measurement results with uncertainty:

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure

InA 20 24.06 + | 0.61 |ns 22.5 + 0.5 °C

InA 100 104.44 + | 0.61 |ns 22.5 + 0.5 °C

InA 300 307.28 | 0.61 |ns 22.5 + 0.5 °C

Violeta Ciociea
01.10.2024
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Annex 7. Minimum contents for the measurement report

- Identification of the participating laboratory: NIMB
- Description of the calibration method: Direct method

- Description of the calibration set-up and equipment: Cs clock 5071A, Fluke type PM6681R,
DUT, Distribution/Amplifier Symmetricom 9611A, Direct connection via BNC connectors (See
the charts on pages 2,4 and 7)

- Traceability chart: Cs clock 5071A standard
- Used relationship/ equation for obtaining estimates of results and uncertainty budget,
Tx = (Ta-Ts) + 8T, where 8T= 8Tr+ 0Tt + OTtrigger + OTcp + OTRv+ OTcA

- Obtained results of measurements with the associated standard and expanded uncertainty of
measurement and a complete uncertainty budget, including information on the uncertainty
components connected with residual non-linearities of the measurement system or other non-
compensated effects

Where 8T is:
O0Tr Time interval deviation due to resolution of TIC
OTts Time interval deviation due to the time base error
OTuwigger | Time interval deviation due to the trigger level error
OTcop Time interval deviation due to the cable delays between A and B
OTrv Time interval deviation due to random values of TIC
O0Tca Contribution due of the inter-channel asymmetry (as stated by the instrument
manufacturer in the Operators Manual)

See charts on pages 5,8,11.
- Identification and description of the source: 10 MHz reference frequency for TIGen standard,
Source of 10 MHz reference frequency is Standard of Cs clock 5071A

- Description of the used input pulse signals for InLambda standards (low level, high level
(amplitude), frequency, pulse width, rise time (20% to 80 %), duty cycle)

See charts on pages: 3,6,9

- Ambient conditions of measurements (the temperature and the relative humidity) — the
temperature for every InLambda standard separately

For -DUT InA 20 : temperature is: 22.5 °C
-DUT InA 100 : temperature is: 22.5 °C

-DUT InA 300: temperature is: 22.5 °C
- Average date of performing measurements
09- 10.09.2020(2 days)
- Date and signature.
Violeta Ciociea
Andrei Vladut 01.10.2024
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Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

TiGen
10 MHz Counter
CNT 91
Cs clock 10 MHz Frequency
—
Cs 4000 distribution
10 MHz | Start Stop

TIGen

Four different measurements used to reduce differential delays of the used
connecting cables between Time interval generators and the Time Interval
Counter(CNT91):

Start Stop Start Stop
Cab.1 Cab.2 Cab.1 Cab.2
A B B A
T1 measurement from channel A to B T2 measurement from channel B to A
Start Stop Start Stop
Cab.2 Cab.1 Cab.2 Cab.1
A B B A
T3 measurement from channel A to B T4 measurement from channel B to A
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Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Model equation that follows from the measurement setup:

Tl = T1+T21—T3+T4 + 6Trez + (STCS

Description of the quantities in the model equation:

Quantity | Description

X
T1, T2, | time interval from 4 different measurements
T3, T4
T mean value of the different measurement time interval between start and stop

signal

OTrez contains all internal residual time delays and quantisation errors of the TIC

0TCs correction due to Time base short term stability (Cs Clock)

Uncertainty budget table INLambda 20 ns

) . Standard i
Quantity, | Estimate, : Probability | Method of | Sensitivity Uncertau?ty Degrees of
uncertainty o . . .| contribution freedom

Xi X; distribution | evaluation |coefficient, Ci . X .

u;(x;) ci - u(xi) vi

TI 24,23 0,004 normal A 1 0,004 80
0Tcs 0,00 0,012 normal B 1 0,012
O0Trez 0,00 0,10 normal B 1 0,10
Combined standard uncertainty, uc: 0,10

Effective degrees of freedom Vg: 28501344

MHoxuTen Ha nokputue k: 2,00

Expanded uncertainty (p =~ 95%): 0,20
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Supplementary Comparison:

EURAMET.TF-S1

Time interval measurements

Uncertainty budget table INLambda 100 ns

. Standard . Sensitivity | Uncertainty
Quantity, X, Estimate, uncertainty Probability | Method of coefficient, | contribution Degrees of
X distribution | evaluation R . . freedom vi
w(x;) Ci ci + u(xi)
TI 104,54 0,005 normal A 1 0,005 80
OTe 0,00 0,012 normal B 1 0,012
0T rez 0,00 0,10 normal B 1 0,10
Combined standard uncertainty, uc: 0,10
Effective degrees of freedomV o 14686068
MHoxwuTen Ha nokputue k: 2,00
Expanded uncertainty (p =~95%): 0,20
Uncertainty budget table INLambda 300 ns
. Standard Sensitivity | Uncertaint De f
Estimate N R Yy grees o
Quantity, X; " | uncertainty | Probability | Method of coefficient, | contribution freedom
X distribution | evaluation R . ; .
u;(x;) Ci ci - u(xi) vi
TI 307,34 0,006 normal A 1 0,006 80
0Tc 0,00 0,012 normal B 1 0,012
0Trez 0,00 0,10 normal B 1 0,10
Combined standard uncertainty, uc: 0,10
Effective degrees of freedom V o 8666135
MHoxuten Ha nokputue k: 2,00
Expanded uncertainty (p =~ 95%): 0,20
Uncertainty budget table TIGen dn0
i Standard Sensitivit Uncertaint D f
Estimate 1 - y ncertainty egrees o
Quantity, X; " | uncertainty | Probability | Method of | o cqic ot | contribution | freedom
X distribution | evaluation . . . .
u;(x;) Ci ci - u(xi) vi
TI 22,66 0,004 normal A 1 0,004 80
O0Te 0,00 0,012 normal B 1 0,012
O0Trez 0,00 0,10 normal B 1 0,10
Combined standard uncertainty, uc: 0,10
Effective degrees of freedomV gff: 27912931
MHoxwuTen Ha nokputue k: 2,00
Expanded uncertainty (p =95%): 0,20
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Supplementary Comparison: EURAMET.TF-S1 Time interval measurements
Uncertainty budget table TIGen dn3
- Standard Sensitivit U rtaint
Estimate, " i Yy ncertainty
Quantity, X; uncertainty | Probability | Method of | ., ¢cient, | contribution | DE9rees of
X distribution | evaluation ; . . freedom vi
w(x;) Ci ci * u(xi)
TI 249,99 0,007 normal A 1 0,007 80
0T 0,00 0,012 normal B 1 0,012
OTrez 0,00 0,10 normal B 1 0,10
Combined standard uncertainty, uc: 0,10
Effective degrees of freedomV gff: 2785115
MHoxwuTen Ha nokputue k: 2,00
Expanded uncertainty (p =~95%): 0,20
Uncertainty budget table TIGen dn7
. Standard Sensitivity Uncertaint D f
. Estimate A - y egrees o
Quantity, " | uncertainty F'_rob_abll_lty Method_ of coefficient, | contribution ci freedom
i X distribution | evaluation R L -
u;(x;) Ci - u(xi) vi
TI 1508,97 0,004 normal A 1 0,004 80
OTc 0,00 0,012 normal B 1 0,012
OTrez 0,00 0,10 normal B 1 0,10
Combined standard uncertainty, uc: 0,10
Effective degrees of freedom V ¢r: 29842850
MHoxwuTen Ha nokputue k: 2,00
Expanded uncertainty (p =95%): 0,20
Uncertainty budget table TIGen dn126
Standard . Sensitivity Uncertainty
. ; P Probability | Method of . . Degrees of
: . uncertaint
Quantity, X; Estimate, x; ¥ | distribution | evaluation | S°Sfficient, | contribution | ¢ o40n ;
u;(x;) Ci ci - u(xi)
TI 12039,50 0,006 normal A 1 0,006 80
0Tcs 0,00 0,012 normal B 1 0,012
OTrez 0,00 0,10 normal B 1 0,10
Combined standard uncertainty, uc: 0,10
Effective degrees of freedomV qp: 8633615
MHoxuTen Ha nokputue k: 2,00
Expanded uncertainty (p =95%): 0,20

11.06.2021
(Date)

Natasha Tosheva
(Name)
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Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Annex 4. Summary of results

Supplementary comparison EURAMET.TF-S1
Time interval measurements
In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).
Acronym of institute: BIM Country: Bulgaria
Average date of measurements: 25.09.2020
Remarks:

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz Required reference Meet
reference frequency applied for 9 conditions requirements?
TIGen standard yes / no
Source
(Cs clock, HM, ...} Cs 4000 10 MHz £ 1 Hz yes
Amplitude (at 50 Q) 2 within (0,5 + 2) V., yes
Ambient temperature Unit of Required reference requil:/le?ﬁ}ents?
during measurements measure conditions yes / no
22.93 + 0.24 | °C within (22 + 4) °C yes
. - . Meet
Ambient humidity . Required reference .
. Unit of . requirements?
during measurements measure conditions yes / no
48.43 * 1.6 | % within (50 £ 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope CNT 91
(eg. SR620, 532304, ...)

Applied trigger level ( 50 Q) 0.5V
(Required: 0,5 V) ’

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ... )

<5E-10
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Supplementary Comparison:

EURAMET.TF-S1

Time interval measurements

A2. TIGen standard - measurement results with uncertainty:

Number of the Determingd value of the'
measured measured Time Interval with .
T oval | St ncetanty | ot
“dn0” 22.66 * 0.20 | ns
“dn3” 249.99 * 0.20 | ns
“dn7” 1508.97 + 0.20 |ns
“dn126” 12039.50 + 0.20 |ns

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference lMeet
o . requirements?
auxiliary InLambda standard conditions
yes / no
Source frequency
(Cs clock, HM, frequency generator
generator, ..) PM5193
1 pps
(yes / no)
Frequency 10 Hz <200 Hz yes
Low level ov ov yes
High level (at 50 Q) 2.09 (1,75+2,25) VvV yes
Rise time (20% to 80 %) <4.5ns <10 ns yes
Duty cycle 50 % <50 % yes
to avoid the pulse
widths
Pulse width 50 close (<x 10 ns) to yes
the measured time
intervals
Application of a double configuration
. . . Meet
DUT — Device Under Auxmary used Required _rgference requirements?
Test device conditions
yes / no
InA 20 InA 300 InA 100 or InA 300 yes
InA 100 InA 20 InA 20 or InA 300 yes
InA 300 InA 100 InA 20 or InA 100 yes
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Supplementary Comparison: EURAMET.TF-S1

Time interval measurements

Ambient temperature
during measurements | Unit of measure

Required reference
conditions

Meet

requirements?

yes / no

22.93 + 0.24 °C

within (22 + 4) °C

yes

Ambient humidity
during measurements | Unit of measure

Required reference
conditions

Meet

requirements?

yes / no

48.43 + 1.6 %

within (50 + 30) %

yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope
(eg. SR620, 532304, ...)

CNT 91

Applied trigger level ( 50 Q)
(Required: 0,5 V)

0.5V

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ... )

<5E-10

B2. InLambda standards - measurement results with uncertainty:

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 24.23 +]| 020 |ns 22.93 t 0.24 |°C
InA 100 104.54 £ 020 |ns 22.93 t 0.24 |°C
InA 300 307.34 +| 020 |ns 22.93 * 0.24 |°C
Natasha Tosheva 11.06.2021
(Name) (Date)

Page 24 of 23




Final report: EURAMET.TF-S1 Time interval measurements

Appendix N

EIM report



Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Annex 4. Summary of results
Supplementary comparison EURAMET.TF-S1

Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: EIM Country: Greece
Average date of measurements: 09/10/2020
Remarks:

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz . Meet
reference frequency applied for Req%gi%i;ieofﬁ;ence requirements?
TiGen standard yes / no
Source
(Cs clock, HM. ...) Cs clock 10 MHz £ 1 Hz Yes
Amplitude (at 50 Q) 1.46 Vpp within (0,5 + 2) Vpp Yes
Ambient temperature Unit of Required reference requi':/claen?;ntﬂ
during measurements measure conditions yes / no
23,4 + 0,5 |°C within (22 + 4) °C Yes
. - . Meet
ot rasauramon. | Unitot | FOSUISS EI00nER | roqiements?
measure yes / no
66 t 18 | % within (50 + 30) % No

The base equipment used for time interval measurements

The type / brand of time interval counter/ Fluke PM6681R universal
digital oscilloscope counter
(eg. SR620, 532304, ...)

Applied trigger level ( 50 Q) 0,5V
(Required: 0,5 V)

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg- 0,150 ns/2 for SR620, unknown, < ..., ...)

300 ps

A2. TIGen standard - measurement results with uncertainty:
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Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Number of th Determined value of the
umeaesucr)ed © measured Time Interval with
Time Interval expanded uncertainty Unit of
(p =95 %) (in ns measure
“dn0” 22,590 + 0.70 ns
“dn3" 249,998 . | 070 | o
“dn7” 1,508993 + | 070 | o
dni26” 12039426 | + | 070 |ns

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference re ui':/tlai?(tants’?
auxiliary InLambda standard conditions 9 '
yes / no
Source Frequency
(Cs clock, HM, frequency | generator Agilent
generator, ..) Tech. 33250A
1 pps
(yes / no) no
Frequency 100 Hz <200 Hz Yes
Low level oV ov Yes
High level (at 50 Q) 2V (1,75 +2,25) V Yes
Rise time (20% to 80 %) 5ns <10ns Yes
Duty cycle <50% <50 %
to avoid the pulse
widths
Pulse width 200 ns close (<x 10 ns) to Yes
the measured time
intervals
Application of a double configuration
: . . Meet
DUT — Device Under Auxmary used Required _rgference requirements?
Test device conditions
yes / no
InA 20 InA 100 InA 100 or InA 300 Yes
InA 100 InA 20 InA 20 or InA 300 Yes
InA 300 InA 20 InA 20 or InA 100 Yes

Page 18 of 23



Supplementary Comparison:

EURAMET.TF-S1

Time interval measurements

Ambient temperature
during measurements

Unit of measure

Required reference
conditions

Meet

yes / no

requirements?

23,4 * 0,5 °C

within (22 + 4) °C

Yes

Ambient humidity
during measurements

Unit of measure

Required reference
conditions

Meet

yes / no

requirements?

66 + 18 %

within (50 + 30) %

No

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope
(eg. SR620, 532304, ...)

Fluke PM6681R universal counter

reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

Applied trigger level ( 50 Q) 05V
(Required: 0,5 V)
Standard uncertainty component related
to a residual nonlinearities or other not 300 ps

B2. InLambda standards - measurement results with uncertainty:

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 24,142 +| 0,70 |ns 23,4 * 0,5 °C
InA 100 104,482 | £ | 0,70 |ns 23,4 R 0,5 °C
InA 300 307,329 | £ | 0,70 |ns 23,4 * 0,5 °C
George Krikelas 07/01/2022
(Name) (Date)
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1. Introduction: goal of inter-comparison

The purpose of this Supplementary Comparison (SC) was to support CMC claims to support
CMC claims in time interval measurements. It was proceeded by the experience with a
cable delay measurement within #828 EURAMET Project, 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.

The measurements carried out concerned Time Intervals generated by (a) Tl Generator
(TIGen) based on PLL loops and programmable logic and counters and (b) 3 Delay
standards (InLambda standards) based on stabilised fiber delays of c. 20 ns, c. 100 ns
and c. 300 ns respectively.

2. Travelling Standards

For this comparison, two types of travelling standards have been selected: One (1) TIGen
standard and three (3) InLambda standards.

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. It requires
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
the programmable logic and counters. All signal inputs/outputs are terminated with SMA-
female connectors. TIGen is equipped with DC power supply that has to be connected
to the input terminal in the rear panel. Three auxiliary SMA-male-BNC-female
adapters are attached.

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.
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> 3

START STOP

(e)

Figure 1: TIGen: a) the base unit, 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
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Figure 2: InLambda standards: a) front panel (1 — nominal value of delay: 20 ns, 100 ns or 300
ns, 2 — status diodes, 3 — input for external pulses, 4 — output of START pulses, 5 — output of
STOP pulses), b) rear panel, c) required double configuration for measurements
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3. Details of Participating Laboratory

The contact details of the participating laboratory (NQIS/EIM) are given below:

GREECE National Quality =~ NQIS/EIM  National Quality Infrastructure George KRIKELAS &
Infrastructure System (NQIS/EIM) Myrto Holiastou
System / Hellenic Industrial area of Thessaloniki, gkrik@eim.gr &
Institute of Block 45, holiastou@eim.gr
Metrology GR-57022 Sindos Tel: +30 2310 569 970
GREECE

*Because Dr. George Krikelas is no longer a member of EIM’s staff, communications should also be addressed to Dr.
Myrto Holiastou

4. Measurement period and conditions

The measurements were performed during 06/10/2020 and 14/10/2020.

Environmental conditions during the measurements

Temperature: (23,4 £ 0,5) °C

rH: (66 £ 18) %

COMPARISON ON S-PARAMETERS ON N-TYPE CONNECTOR DEVICES (NQIS/EIM) 6/7



{
SRS

—

EIM

5. Measurement set-up and calibration method

The calibration method used was similar for both types of travelling standards, with some
differences for each standard. In both situations, a Fluke PM 6681R Rubidium Universal Counter
served as a time interval counter, with a 10MHz external reference, taken from the Primary Time
& Frequency Standard of the lab.

A) For the case of the TIGen, an external 10MHz frequency signal was supplied to the
device. The pulse signals from the START and STOP outputs of the TIGen were applied
at a counter’s Channel A and Channel B respectively. For each selected time interval
(dn0, dn3, dn7 and dn126-with approximate nominal values of 20 ns, 250 ns 1,5 uys and
12 us) measurements of the time interval (Time A-B function of the counter) have been
performed.

B) For the case of the InLambda standards, a similar setup has been used, adapted to the
specific connection requirements of the standards. More specific, for each measurement
two InLambda standards have been used, one serving as the auxiliary device, in the
required “double configuration” for the measurement (see Fig. 2.c). The signal from the
source has been fed into the “trigger seed” input of the auxiliary device and afterwards the
“start trigger” output from the auxiliary device was driver into the “trigger seed” input of the
DUT. Then measurements of the time interval (Time A-B function of the counter) have
been performed, using the “start trigger” and “stop trigger” outputs of the.

The software used for the measurements was TimeView 2.1.14 from Pendulum.

6. Traceability

Traceability to UTC through the laboratory’s Primary Time & Frequency Standard (participating in
the on-going .... Intercomparison”.

7. Results

The measurement results, measuring conditions and various measurement parameters are
summarized to the provided completed document “Annex 4: Summary of results”.

COMPARISON ON S-PARAMETERS ON N-TYPE CONNECTOR DEVICES (NQIS/EIM) 717



Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Annex 3. Typical scheme for an uncertainty budget
Supplementary comparison EURAMET.TF-S1
Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: EIM
Average date of measurements:
Remarks:

Country: Greece

Model equation that follows from the measurement setup:

Tl = Tlmeas+6rnd(TI)+6randomfeff+6syst7eff+6round,LSD

Description of the quantities in the model equation:

Quantity | Description
X

Tlmeas Measured time interval

Ornd(T1) Correction due to repeatability of the measurement

Orandom_eff | Correction due to (total) random uncertainty of Tl (including quantization errors &
trigger errors due to noise)

Osyst_eff Correction due to systematic effect (including: trigger level timing errors, channel
mismatch error & timebase error)

Oround,Lsp | Correction due to least significant digit displayed

Uncertainty budget table

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty | distribution evaluation coefficient contribution freedom
Xi Xi u(x) (A, B) Ci ci - u(x) %
Tlmeas 22,590 ns
Ormd(T) 0ns 0,025 ns | Normal A 1 0,025 ns 8
6random_e 0Ons Normal B 1
ff 0,179 ns 0,179 ns
Osyst_eff 0ns 0,300 ns Normal B 1 0,300 ns 0
Oround,Ls Ons Normal B 1 o0
D 0,001 ns 0,001 ns
Combined standard uncertainty Ue 0,35 ns
Effective degrees of freedom Vit 0
Expanded uncertainty (p = 95%) U 0,70 ns
George | Krikelas 13/01/2022
(Name) (Date)
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== Bundesamt
fur Eich- und
Vermessungswesen

EURAMET.TF-S1 Supplementary Comparison

14

"Comparison of time interval measurements

Measurement Report

Description of the calibration method

Measurement of time interval with a time interval/frequency counter.

Description of the calibration set-up and equipment

The time interval measurements were carried out with a SR620 counter. For all measurements cables
with different length were connected from the transfer standard to START and STOP of the counter
and two interchanged measurements were done to cancel out the cable delay influence.

Traceability chart

The frequency reference input of SR620 counter was connected to a 10 MHz signal from our Caesium
master clock which represents UTC(BEV).

Measurement results and uncertainty budget

For every measured time interval the measurement result and uncertainty budget is attached in a
separate document:

e EURAMET_TF_S1_DNO.pdf

e EURAMET_TF_S1_DN3.pdf

e EURAMET_TF_S1_DN7.pdf

e EURAMET_TF_S1_DN126.pdf

e EURAMET_TF_S1_InLambda20.pdf

e EURAMET_TF_S1_InLambdal00.pdf

e EURAMET_TF_S1_InLambda300.pdf
A summarized report of measurements is written in document EURAMET_TF_S1_Results_BEV.pdf.
The scheme of uncertainty budget with the example for DNO generated by TIGen is also listed in
document EURAMET_TF_S1_Uncertainty Budget_ BEV.pdf.



Description of 10 MHz and 1 PPS source
All details are listed in attached document EURAMET_TF_S1_Results_BEV.pdf.

Ambient conditions of measurements
All details are listed in attached document EURAMET_TF_S1_Results_BEV.pdf.

Average date of measurements
23.10.2020

[ o
( A/u\."\ L
(S 3

Anton Niessner
30.11.2020



Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Annex 4. Summary of results
Supplementary comparison EURAMET.TF-S1

Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: BEV Country: Austria
Average date of measurements: 23.10.2020

Remarks:

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz . Meet
. Required reference .
reference frequency applied for conditions requirements?
TIGen standard yes / no
Source
(Cs clock, HM, ...) Cs clock 10 MHz + 1 Hz yes
Amplitude (at 50 Q) 1,15V within (0,5 +2) V yes
. . Meet
Ambient temperature . Required reference .
- Unit of n requirements?
during measurements conditions
measure yes / no
22,8 + 1 °C within (22 £ 4) °C yes
Ambient humidity . Required reference .Meet
during measurements Unit of conditions requirements?
measure yes / no
41 * 5 % within (50 + 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/ SR620
digital oscilloscope
(eg. SR620, 532304, ...)

Applied trigger level ( 50 Q) 0,5V
(Required: 0,5 V)

Standard uncertainty component related 0,118 ns
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)
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Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

A2. TIGen standard - measurement results with uncertainty:

Numb £ th Determined value of the
unr1n ero d € measured Time Interval with
measure expanded uncertainty Unit of
Time Interval o/ [+
(p =95 %) (in ns measure
“dn0” 22,60 + 0,24 | ns
“dn3” 249,95 + 0,24 |ns
“‘dn7” 1508,96 + 0,24 | ns
“dn126” 12039,44 * 0,24 |ns

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference re uitl?:?(tents?
auxiliary InLambda standard conditions 9 '
yes / no
Source
(Cs clock, HM, frequency Cs clock
generator, ..)
1 pps
(yes / no) yes
Frequency 1Hz <200 Hz yes
Low level oV oV yes
High level (at 50 Q) 28V (1,75 +2,25)V no
Rise time (20% to 80 %) 2ns <10 ns yes
Duty cycle 0,002 % <50 % yes
to avoid the pulse
widths
Pulse width 20 ys close (<t 10 ns) to yes
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference .Meet
; s requirements?
Test device conditions
yes / no
InA 20 InA 100 InA 100 or InA 300 yes
InA 100 Inx 300 InA 20 or InA 300 yes
InA 300 InA 100 InA 20 or InA 100 yes
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Supplementary Comparison:

EURAMET.TF-S1

Time interval measurements

Ambient temperature

during measurements | Unit of measure

Required reference
conditions

Meet

requirements?

yes / no

22,8 * 1 °C

within (22 + 4) °C

yes

Ambient humidity

during measurements | Unit of measure

Required reference
conditions

Meet

requirements?

yes / no

41 * 5 %

within (50 + 30) %

yes

The base equipment used for time interval measurements

The type / brand of time interval counter/ SR620
digital oscilloscope
(eg. SR620, 53230A, ...)
Applied trigger level ( 50 Q) 0,5V
(Required: 0,5 V)
Standard uncertainty component related 0,118 ns

to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

B2. InLambda standards - measurement results with uncertainty:

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 24,14 | 0,24 |ns 22,8 * 1 °C
InA 100 104,44 + | 024 |ns 22,8 * 1 °C
InA 300 307,22 t | 0,24 |ns 22,8 * 1 °C
Anton Niessner 26.11.2020
(Name) (Date)
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Annex 3. Typical scheme for an uncertainty budget

Supplementary comparison EURAMET.TF-S1
Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: BEV Country: Austria

Average date of measurements: 23.10.2020

Remarks:

Model equation that follows from the measurement setup:
i = (t1+ £2)/2 + Ostartstop + Osre20
t1 = t1m + 51LSD + 61res + 5TriggerLeveIStar1 + 6TriggerLeveIStop

t2 = t2m + 52LSD + 62res + 6TriggerLeveIStart + 8TriggerLeveIStop
51res = 5Jitter + t1m . 5ref + (STriggerJitterStart + 5TiggerJitterStop

52res = 5Jitter + t2m : 5ref + 6TriggerJitterStar1 + 5TiggerJitterStop

Description of the quantities in the model equation:

Quantity | Description
Xi
1 time interval of standard
t time interval with shorter cable on START
t time interval with shorter cable on STOP
Ostartstop auxiliary quantity used to model difference of START/STOP change (short or
long time interval)
OsRre20 auxiliary quantity used to model further SR620 uncertainty
bm measurement with shorter cable on START
S1LsD auxiliary quantity used to model least significant digit for ¢,
Oires auxiliary quantity used to model measurement resolution of ¢

6T riggerLevelStart

auxiliary quantity used to model start trigger level timing uncertainty

5TriqqerLeveIStop

auxiliary quantity used to model stop trigger level timing uncertainty

tom measurement with shorter cable on STOP
SLsb auxiliary quantity used to model least significant digit for ¢,
Sores auxiliary quantity used to model measurement resolution of t,
Ojitter auxiliary quantity used to model single-shot resolution of SR620
Oret auxiliary quantity used to model frequency stability

6TriqqerJitterStar1

auxiliary quantity used to model start trigger timing jitter

6T iggerJitterStop

auxiliary quantity used to model stop trigger timing jitter
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Supplementary Comparison:

EURAMET.TF-S1

Time interval measurements

Uncertainty budget table:
Quantity Estimate Standard Probability | Method of | Sensitivity Uncertainty Degrees
uncertainty distribution | evaluation | coefficient contribution of
Xi Xi u(xi) (A, B) Ci ci - u(xi) freedom
Vi
SstartStop Ons 0,0144 ns rectangular | B 1 0,014 ns infinity
OSR620 Ons 0,118 ns normal B 1 0,12 ns 100
tim 25,147 ns | 600:10°ns | normal A 0,5 300-10°ns | 99
S1LsD Ons 2,31-10% ns rectangular | B 0,5 1,2:10° ns infinity
OrriggerLevelstart | 0 NS 0,0101 ns rectangular | B 1 0,010 ns infinity
OrriggerLevelstop | 0 NS 0,0101 ns rectangular | B 1 0,010 ns infinity
tam 20,063 ns | 600:10°ns | normal A 0,5 300-10°ns | 99
SLsD Ons 2,31-10% ns rectangular | B 0,5 1,210 ns infinity
Siiter 0ns 2,5:10°ns | normal A 1 2510°ns | 99
St 0 1-10™ normal A 23 23-10"? 99
Striggersiterstart_| 0 NS 50:10° ns normal A 1 50:10° ns 99
Stiggerditierstop | 0 NS 50:10° ns normal A 1 50-10° ns 99
Combined standard uncertainty U 0,12 ns
Effective degrees of freedom Veft 110
Expanded uncertainty (p =~ 95%) u 0,24 ns
Anton Niessner 26.11.2020
(Name) (Date)
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EURAMET.TF-S1 Time Interval Measurements

Time Interval Measurements

Author: Anton Niessner

Measurements of 7 time intervals of two different travelling standards (Time Interval Generator, InLambda
Standards) for EURAMET Supplementary Comparison EURAMET.TF-S1.

The measurements were carried out with a SR620 counter. For all measurements cables with diffferent
length were connected to START and STOP of the counter and two interchanged measurements were
done to cancel out the cable delay influence.

Measurement budget for dnO channel of Time Interval Generator.

Time Interval Generator

Model Equation:

t=(ty+12)/2+3 stanstoptOsre200

t1 =t1 m+81 LSD+61 res+8TriggerLeveIStart+6TriggerLeveIStop;
t2=t2m+52LSD+82res+8TriggerLeveIStart+8TriggerLeveIStop;
61 res=8Jitter+t1 m*aref+8TriggerJitterStart+STiggerJitterStop;

- * .
82res_8Jitter+t2m Bref+8TriggerJitterStan+8TiggerJitterStop’

List of Quantities:

Quantity Unit Definition
f) ns time interval of standard
t ns time interval with shorter cable on START
t, ns time interval with shorter cable on STOP
Sstartstop ns auxiliary quantity used to model difference of START/STOP change (short or
long time interval)
SsR620 ns auxiliary quantity used to model further SR620 uncertainty
tim ns measurement with shorter cable on START
d1LsD ns auxiliary quantity used to model least significant digit for t,
S1res ns auxiliary quantity used to model measurement resolution of t,
OriggerLevelStart ns auxiliary quantity used to model start trigger level timing uncertainty
S TriggerLevelStop ns auxiliary quantity used to model stop trigger level timing uncertainty
Date: 11/17/2020 |File: EURAMET_TF_S1_DNO0.smu Page 1 of 4
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EURAMET.TF-S1

Time Interval Measurements

Quantity Unit Definition
tom ns measurement with shorter cable on STOP
So1sD ns auxiliary quantity used to model least significant digit for t,
Sores ns auxiliary quantity used to model measurement resolution of t,
d jitter ns auxiliary quantity used to model single-shot resolution of SR620
Oref auxiliary quantity used to model frequency stability
SriggerditterStart ns auxiliary quantity used to model start trigger timing jitter
STiggerditterStop ns auxiliary quantity used to model stop trigger timing jitter
startstop® Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.025 ns
Osre20: Type B normal distribution
Value: 0 ns
Expanded Uncertainty: 0.236
Coverage Factor: 2
tin Type A summarized
Mean: 25.147 ns
Experimental Standard Deviation: 0.006 ns
Number of observations: 100
Oy st Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns
drriggerLevelStart: Type B rectangular distribution

Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Ur;gqe,)/ INput Slew Rate

aTriggerLeveIStop:

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Ugqer)/ INput Slew Rate

tn:

;1 sp"

8 jitter®

Type A summarized

Mean: 20.063 ns

Experimental Standard Deviation: 0.006 ns
Number of observations: 100

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.025 ns
Number of observations: 100

Date: 11/17/2020
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EURAMET.TF-S1 Time Interval Measurements

Opert Type A summarized
Mean: 0
Experimental Standard Deviation: 1-10™"
Number of observations: 100

rriggeritterstart* Type A summarized
Mean: 0 ns
Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

Signal Noise/Input Slew Rate

Sriggeritterstop: Type A summarized
Mean: 0 ns
Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

Signal Noise/Input Slew Rate

Interim Results:

Quantity Value Standard Degrees
Uncertainty of
Freedom
t 25.1470 ns 0.0147 ns infinity
t, 20.0630 ns 0.0147 ns infinity
S1res 0.0ns 2.50:10° ns 99
Sores 0.0 ns 2.50-10° ns 99
Date: 11/17/2020 |File: EURAMET_TF_S1_DNO0.smu Page 3 of 4
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EURAMET.TF-S1

Time Interval Measurements

Uncertainty Budgets:

t: time interval of standard
Quantity Value Standard | Degrees | Distributi | Sensitivity | Uncertainty | Index
Uncertaint of on Coefficient | Contributio
y Freedom n
t, 25.1470 ns 0.0147 ns infinity
t, 20.0630 ns 0.0147 ns infinity
SstartStop 0.0ns 0.0144 ns infinity | rectangula 1.0 0.014ns |15%
r
Ssre20 0.0ns 0.118 ns 100 normal 1.0 0.12 ns 97 1
%
tim 25.147000 ns | 600-10° ns 99 normal 0.50 300-10°ns | 0.0 %
81LsD 0.0 ns 2.31:10% ns| infinity |rectangula|  0.50 1.210%ns | 0.0 %
r
S1res 0.0 ns 2.50:10%ns| 99
OriggerLevelStart 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
SriggerLevelStop 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
tom 20.063000 ns | 600-10° ns 99 normal 0.50 300-10°ns | 0.0 %
Sa1sD 0.0ns 2.3110° ns infinity | rectangula 0.50 1.2110%ns | 0.0%
r
Sores 0.0 ns 2.50:10%ns| 99
8 jiter 0.0 ns 250-10°ns| 99 normal 1.0 2510%ns | 0.0 %
Srer 0.0 1.00-10™" 99 normal 23 23:10"ns | 0.0 %
Srrggerditierstart 0.0 ns 50.0-10°ns| 99 normal 1.0 50-10°ns | 0.0 %
STiggerditterStop 0.0ns 50.0-10° ns 99 normal 1.0 50-10°ns | 0.0 %
t, 22.605 ns 0.120 ns 110
Results:
Quantity Value Expanded Coverage Coverage
Uncertainty factor
t, 22.60 ns 0.24 ns 2.00 95% (normal)
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EURAMET.TF-S1 Time Interval Measurements

Time Interval Measurements

Author: Anton Niessner

Measurements of 7 time intervals of two different travelling standards (Time Interval Generator, InLambda
Standards) for EURAMET Supplementary Comparison EURAMET.TF-S1.

The measurements were carried out with a SR620 counter. For all measurements cables with diffferent
length were connected to START and STOP of the counter and two interchanged measurements were
done to cancel out the cable delay influence.

Measurement budget for dn3 channel of Time Interval Generator.

Time Interval Generator

Model Equation:

t=(ty+12)/2+3 stanstoptOsre200

t1 =t1 m+81 LSD+61 res+8TriggerLeveIStart+6TriggerLeveIStop;
t2=t2m+52LSD+82res+8TriggerLeveIStart+8TriggerLeveIStop;
61 res=8Jitter+t1 m*aref+8TriggerJitterStart+STiggerJitterStop;

- * .
82res_8Jitter+t2m Bref+8TriggerJitterStan+8TiggerJitterStop’

List of Quantities:

Quantity Unit Definition
f) ns time interval of standard
t ns time interval with shorter cable on START
t, ns time interval with shorter cable on STOP
Sstartstop ns auxiliary quantity used to model difference of START/STOP change (short or
long time interval)
SsR620 ns auxiliary quantity used to model further SR620 uncertainty
tim ns measurement with shorter cable on START
d1LsD ns auxiliary quantity used to model least significant digit for t,
S1res ns auxiliary quantity used to model measurement resolution of t,
OriggerLevelStart ns auxiliary quantity used to model start trigger level timing uncertainty
S TriggerLevelStop ns auxiliary quantity used to model stop trigger level timing uncertainty
Date: 11/17/2020 |File: EURAMET_TF_S1_DN3.smu Page 1 of 4
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Time Interval Measurements

Quantity Unit Definition
tom ns measurement with shorter cable on STOP
So1sD ns auxiliary quantity used to model least significant digit for t,
Sores ns auxiliary quantity used to model measurement resolution of t,
d jitter ns auxiliary quantity used to model single-shot resolution of SR620
Oref auxiliary quantity used to model frequency stability
6Trigge”itter3tart ns auxiliary quantity used to model start trigger timing jitter
STiggerditterStop ns auxiliary quantity used to model stop trigger timing jitter
startstop® Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.001 ns
Osre20: Type B normal distribution
Value: 0 ns
Expanded Uncertainty: 0.236
Coverage Factor: 2
tin Type A summarized
Mean: 252.527 ns
Experimental Standard Deviation: 0.007 ns
Number of observations: 100
Oy st Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns
drriggerLevelStart: Type B rectangular distribution

Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Ur;gqe,)/ INput Slew Rate

aTriggerLeveIStop:

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Ugqer)/ INput Slew Rate

tn:

;1 sp"

8 jitter®

Type A summarized

Mean: 247.372 ns

Experimental Standard Deviation: 0.005 ns
Number of observations: 100

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.025 ns
Number of observations: 100

Date: 11/17/2020
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EURAMET.TF-S1

Time Interval Measurements

6ref :

aTriggerJitterStarT:

Type A summarized

Mean: 0

Experimental Standard Deviation: 1-10™"
Number of observations: 100

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

Signal Noise/Input Slew Rate

STiggerJitterStop:

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

Signal Noise/Input Slew Rate

Interim Results:

Quantity Value Standard Degrees
Uncertainty of
Freedom
t, 252.5270 ns 0.0147 ns infinity
t, 247.3720 ns 0.0147 ns infinity
S1res 0.0ns 2.50:10° ns 99
Sores 0.0 ns 2.50-10° ns 99
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Time Interval Measurements

Uncertainty Budgets:

t: time interval of standard
Quantity Value Standard | Degrees | Distributi | Sensitivity | Uncertainty | Index
Uncertaint of on Coefficient | Contributio
y Freedom n
t, 252.5270 ns 0.0147 ns infinity
ty 247.3720 ns 0.0147 ns infinity
Sstartstop 0.0ns 577-10° ns infinity | rectangula 1.0 580-10° ns | 0.0 %
r
Ssre20 0.0ns 0.118 ns 100 normal 1.0 0.12 ns 98.5
%
tim 252.527000 ns | 700-10° ns 99 normal 0.50 350-10° ns | 0.0 %
81LsD 0.0 ns 2.31:10% ns| infinity |rectangula|  0.50 1.210%ns | 0.0 %
r
S1res 0.0 ns 2.50:10%ns| 99
OriggerLevelStart 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
SriggerLevelStop 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
tom 247.372000 ns | 500-10° ns 99 normal 0.50 250-10° ns | 0.0 %
Sa1sD 0.0ns 2.3110° ns infinity | rectangula 0.50 1.2110%ns | 0.0%
r
Sores 0.0 ns 2.50:10%ns| 99
8 jiter 0.0 ns 250-10°ns| 99 normal 1.0 2510%ns | 0.0 %
Srer 0.0 1.00-10™" 99 normal 250 250-10"* ns | 0.0 %
Srrggerditierstart 0.0 ns 50.0-10°ns| 99 normal 1.0 50-10°ns | 0.0 %
STiggerditterStop 0.0ns 50.0-10° ns 99 normal 1.0 50-10°ns | 0.0 %
t, 249.950 ns 0.119 ns 100
Results:
Quantity Value Expanded Coverage Coverage
Uncertainty factor
t, 249.95 ns 0.24 ns 2.00 95% (normal)
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EURAMET.TF-S1 Time Interval Measurements

Time Interval Measurements

Author: Anton Niessner

Measurements of 7 time intervals of two different travelling standards (Time Interval Generator, InLambda
Standards) for EURAMET Supplementary Comparison EURAMET.TF-S1.

The measurements were carried out with a SR620 counter. For all measurements cables with diffferent
length were connected to START and STOP of the counter and two interchanged measurements were
done to cancel out the cable delay influence.

Measurement budget for dn7 channel of Time Interval Generator.

Time Interval Generator

Model Equation:

t=(ty+12)/2+3 stanstoptOsre200

t1 =t1 m+81 LSD+61 res+8TriggerLeveIStart+6TriggerLeveIStop;
t2=t2m+52LSD+82res+8TriggerLeveIStart+8TriggerLeveIStop;
61 res=8Jitter+t1 m*aref+8TriggerJitterStart+STiggerJitterStop;

- * .
82res_8Jitter+t2m Bref+8TriggerJitterStan+8TiggerJitterStop’

List of Quantities:

Quantity Unit Definition
f) ns time interval of standard
t ns time interval with shorter cable on START
t, ns time interval with shorter cable on STOP
Sstartstop ns auxiliary quantity used to model difference of START/STOP change (short or
long time interval)
SsR620 ns auxiliary quantity used to model further S620 uncertainty
tim ns measurement with shorter cable on START
d1LsD ns auxiliary quantity used to model least significant digit for t,
S1res ns auxiliary quantity used to model measurement resolution of t,
OriggerLevelStart ns auxiliary quantity used to model start trigger level timing uncertainty
S TriggerLevelStop ns auxiliary quantity used to model stop trigger level timing uncertainty
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Time Interval Measurements

Quantity Unit Definition
tom ns measurement with shorter cable on STOP
So1sD ns auxiliary quantity used to model least significant digit for t,
Sores ns auxiliary quantity used to model measurement resolution of t,
d jitter ns auxiliary quantity used to model single-shot resolution of SR620
Oref auxiliary quantity used to model frequency stability
SriggerditterStart ns auxiliary quantity used to model start trigger timing jitter
STiggerditterStop ns auxiliary quantity used to model stop trigger timing jitter
startstop® Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.05 ns
Osre20: Type B normal distribution
Value: 0 ns
Expanded Uncertainty: 0.236
Coverage Factor: 2
tin Type A summarized
Mean: 1511.514 ns
Experimental Standard Deviation: 0.006 ns
Number of observations: 100
Oy st Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns
drriggerLevelStart: Type B rectangular distribution

Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Ur;gqe,)/ INput Slew Rate

aTriggerLeveIStop:

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Ugqer)/ INput Slew Rate

tn:

;1 sp"

8 jitter®

Type A summarized

Mean: 1506.403 ns

Experimental Standard Deviation: 0.006 ns
Number of observations: 100

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.025 ns
Number of observations: 100

Date: 11/17/2020
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EURAMET.TF-S1

Time Interval Measurements

6ref :

aTriggerJitterStarT:

Type A summarized

Mean: 0

Experimental Standard Deviation: 1-10™"
Number of observations: 100

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

Signal Noise/Input Slew Rate

STiggerJitterStop:

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

Signal Noise/Input Slew Rate

Interim Results:

Quantity Value Standard Degrees
Uncertainty of
Freedom
t, 1511.5140 ns 0.0147 ns infinity
t, 1506.4030 ns 0.0147 ns infinity
S1res 0.0ns 2.50:10° ns 99
Sores 0.0 ns 2.50-10° ns 99
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Time Interval Measurements

Uncertainty Budgets:

t: time interval of standard
Quantity Value Standard | Degrees | Distributi | Sensitivity | Uncertainty | Index
Uncertaint of on Coefficient | Contributio
y Freedom n
t, 1511.5140ns | 0.0147 ns infinity
t, 1506.4030 ns | 0.0147 ns infinity
Sstartstop 0.0ns 0.0289 ns infinity | rectangula 1.0 0.029ns |56%
r
Ssre20 0.0ns 0.118 ns 100 normal 1.0 0.12 ns 93.0
%
tim 1511.514000 ns | 600-10° ns 99 normal 0.50 300-10° ns | 0.0 %
81LsD 0.0 ns 2.31:10% ns| infinity |rectangula|  0.50 1.210%ns | 0.0 %
r
S1res 0.0 ns 2.50:10%ns| 99
OriggerLevelStart 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
SriggerLevelStop 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
tom 1506.403000 ns | 600-10° ns 99 normal 0.50 300-10° ns | 0.0 %
Sa1sD 0.0ns 2.3110° ns infinity | rectangula 0.50 1.2110%ns | 0.0%
r
Sores 0.0 ns 2.50:10%ns| 99
8 jiter 0.0 ns 250-10°ns| 99 normal 1.0 2510%ns | 0.0 %
Srer 0.0 1.00-10™" 99 normal 1500 1.5:10°ns | 0.0 %
Srrggerditierstart 0.0 ns 50.0-10°ns| 99 normal 1.0 50-10°ns | 0.0 %
STiggerditterStop 0.0ns 50.0-10° ns 99 normal 1.0 50-10°ns | 0.0 %
t, 1508.958 ns 0.122 ns 120
Results:
Quantity Value Expanded Coverage Coverage
Uncertainty factor
t, 1508.96 ns 0.24 ns 2.00 95% (normal)
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EURAMET.TF-S1 Time Interval Measurements

Time Interval Measurements

Author: Anton Niessner

Measurements of 7 time intervals of two different travelling standards (Time Interval Generator, InLambda
Standards) for EURAMET Supplementary Comparison EURAMET.TF-S1.

The measurements were carried out with a SR620 counter. For all measurements cables with diffferent
length were connected to START and STOP of the counter and two interchanged measurements were
done to cancel out the cable delay influence.

Measurement budget for dn126 channel of Time Interval Generator.

Time Interval Generator

Model Equation:

t=(ty+12)/2+3 stanstoptOsre200

t1 =t1 m+81 LSD+61 res+8TriggerLeveIStart+6TriggerLeveIStop;
t2=t2m+52LSD+82res+8TriggerLeveIStart+8TriggerLeveIStop;
61 res=8Jitter+t1 m*aref+8TriggerJitterStart+STiggerJitterStop;

- * .
82res_8Jitter+t2m Bref+8TriggerJitterStan+8TiggerJitterStop’

List of Quantities:

Quantity Unit Definition
f) ns time interval of standard
t ns time interval with shorter cable on START
t, ns time interval with shorter cable on STOP
Sstartstop ns auxiliary quantity used to model difference of START/STOP change (short or
long time interval)
SsR620 ns auxiliary quantity used to model further SR620 uncertainty
tim ns measurement with shorter cable on START
d1LsD ns auxiliary quantity used to model least significant digit for t,
S1res ns auxiliary quantity used to model measurement resolution of t,
OriggerLevelStart ns auxiliary quantity used to model start trigger level timing uncertainty
S TriggerLevelStop ns auxiliary quantity used to model stop trigger level timing uncertainty
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Time Interval Measurements

Quantity Unit Definition
tom ns measurement with shorter cable on STOP
So1sD ns auxiliary quantity used to model least significant digit for t,
Sores ns auxiliary quantity used to model measurement resolution of t,
d jitter ns auxiliary quantity used to model single-shot resolution of SR620
Oref auxiliary quantity used to model frequency stability
SriggerditterStart ns auxiliary quantity used to model start trigger timing jitter
STiggerditterStop ns auxiliary quantity used to model stop trigger timing jitter
startstop® Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.02 ns
Osre20: Type B normal distribution
Value: 0 ns
Expanded Uncertainty: 0.236
Coverage Factor: 2
tin Type A summarized
Mean: 12042.022 ns
Experimental Standard Deviation: 0.006 ns
Number of observations: 100
Oy st Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns
drriggerLevelStart: Type B rectangular distribution

Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Ur;gqe,)/ INput Slew Rate

aTriggerLeveIStop:

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Ugqer)/ INput Slew Rate

tn:

;1 sp"

8 jitter®

Type A summarized

Mean: 12036.850 ns

Experimental Standard Deviation: 0.006 ns
Number of observations: 100

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.025 ns
Number of observations: 100

Date: 11/17/2020
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EURAMET.TF-S1 Time Interval Measurements

Opert Type A summarized
Mean: 0
Experimental Standard Deviation: 1-10™"
Number of observations: 100

rriggeritterstart* Type A summarized
Mean: 0 ns
Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

Signal Noise/Input Slew Rate

Sriggeritterstop: Type A summarized
Mean: 0 ns
Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

Signal Noise/Input Slew Rate

Interim Results:

Quantity Value Standard Degrees
Uncertainty of
Freedom
t, 12042.0220 ns 0.0147 ns infinity
t, 12036.8500 ns 0.0147 ns infinity
S1res 0.0ns 2.50:10° ns 99
Sores 0.0 ns 2.50-10° ns 99
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Uncertainty Budgets:

t: time interval of standard
Quantity Value Standard | Degrees | Distributi | Sensitivity | Uncertainty | Index
Uncertaint of on Coefficient | Contributio
y Freedom n
t, 12042.0220 ns | 0.0147 ns infinity
t, 12036.8500 ns | 0.0147 ns infinity
SstartStop 0.0ns 0.0115 ns infinity | rectangula 1.0 0.012ns | 0.9%
r
Ssre20 0.0ns 0.118 ns 100 normal 1.0 0.12 ns 97.6
%
tim 12042.022000 | 600-10° ns 99 normal 0.50 300-10° ns | 0.0 %
ns
81LsD 0.0 ns 2.31:10°% ns| infinity |rectangula|  0.50 1.210%ns | 0.0 %
r
S1res 0.0 ns 2.50:10%ns| 99
OriggerLevelStart 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
SriggerLevelStop 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
tom 12036.850000 | 600-10° ns 99 normal 0.50 300-10° ns | 0.0 %
ns
815D 0.0 ns 2.31:10% ns| infinity |rectangula|  0.50 1.210%ns | 0.0 %
r
Sores 0.0 ns 2.50:10%ns| 99
3 jitter 0.0ns 2.50-10° ns 99 normal 1.0 2.5:10°ns | 0.0 %
Srer 0.0 1.00-10™" 99 normal 12000 12:10°ns [ 0.0 %
Srrggerditierstart 0.0 ns 50.0-10°ns| 99 normal 1.0 50-10°ns | 0.0 %
SriggerditierStop 0.0 ns 50.0110°ns| 99 normal 1.0 50-10°ns | 0.0 %
t, 12039.436 ns 0.119 ns 110
Results:
Quantity Value Expanded Coverage Coverage
Uncertainty factor
t, 12039.44 ns 0.24 ns 2.00 95% (normal)
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EURAMET.TF-S1 Time Interval Measurements

Time Interval Measurements

Author: Anton Niessner

Measurements of 7 time intervals of two different travelling standards (Time Interval Generator, InLambda
Standards) for EURAMET Supplementary Comparison EURAMET.TF-S1.

The measurements were carried out with a SR620 counter. For all measurements cables with diffferent
length were connected to START and STOP of the counter and two interchanged measurements were
done to cancel out the cable delay influence.

Measurement budget for InLambda 20 ns standard.

InLambda Standard

Model Equation:

t=(ty+12)/2+3stanstopHOsre205

t1 =t1 m+61 LSD+61 res+8TriggerLeveIStart+8TriggerLeveIStop;
t2=t2m+62LSD+62res+8TriggerLeveIStart+8TriggerLeveIStop;
61 res:SJitter"'t‘l m*Sref+8TriggerJitterStart+8TiggerJitterStop;

o * .
62res_6Jitter+th 6ref+6TriggerJitterStar‘[-'-éTiggerJitterStop’

List of Quantities:

Quantity Unit Definition
t, ns time interval of standard
t ns time interval with shorter cable on START
ty ns time interval with shorter cable on STOP
Sstartstop ns auxiliary quantity used to model difference of START/STOP change (short or
long time interval)
OsR620 ns auxiliary quantity used to model further SR620 uncertainty
tim ns measurement with shorter cable on START
d1L.sD ns auxiliary quantity used to model least significant digit for t,
Si1res ns auxiliary quantity used to model measurement resolution of t,
STriggerLevelStart ns auxiliary quantity used to model start trigger level timing uncertainty
STriggerLevelStop ns auxiliary quantity used to model stop trigger level timing uncertainty
tom ns measurement with shorter cable on STOP
) ns auxiliary quantity used to model least significant digit for t,
Sores ns auxiliary quantity used to model measurement resolution of t,
3 jitter ns auxiliary quantity used to model single-shot resolution of SR620
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Quantity

Unit Definition

5

ref

auxiliary quantity used to model frequency stability

6TriggerJitterStart

ns auxiliary quantity used to model start trigger timing jitter

6Tigger.JitterStop

ns auxiliary quantity used to model stop trigger timing jitter

SStartStop:

dsre20°

m*

81150t

6TriggerLeveIStan:

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.035 ns

Type B normal distribution
Value: 0 ns

Expanded Uncertainty: 0.236
Coverage Factor: 2

Type A summarized

Mean: 26.741 ns

Experimental Standard Deviation: 0.012 ns
Number of observations: 100

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Urygge,)/ INput Slew Rate

6TriggerLeveIStop:

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Ugqe,)/ INput Slew Rate

tn:

;150"

aJitter:

6ref :

Type A summarized

Mean: 21.538 ns

Experimental Standard Deviation: 0.009 ns
Number of observations: 100

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.025 ns
Number of observations: 100

Type A summarized

Mean: 0

Experimental Standard Deviation: 1-10™"
Number of observations: 100
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EURAMET.TF-S1 Time Interval Measurements

aTriggerJitterStarT: Type A summarized
Mean: 0 ns
Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

Signal Noise/Input Slew Rate
Sriggeritterstop* Type A summarized
Mean: 0 ns

Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

Signal Noise/lnput Slew Rate

Interim Results:

Quantity Value Standard Degrees
Uncertainty of
Freedom
t 26.7410 ns 0.0147 ns infinity
t, 21.5380 ns 0.0147 ns infinity
S1res 0.0ns 2.50:10° ns 99
Sores 0.0 ns 2.50:10° ns 99
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Uncertainty Budgets:

t: time interval of standard
Quantity Value Standard | Degrees | Distributi | Sensitivity | Uncertainty | Index
Uncertaint of on Coefficient | Contributio
y Freedom n
t, 26.7410 ns 0.0147 ns infinity
t, 21.5380 ns 0.0147 ns infinity
SstartStop 0.0ns 0.0202 ns infinity | rectangula 1.0 0.020ns |28 %
r
Ssre20 0.0ns 0.118 ns 100 normal 1.0 0.12 ns 95.7
%
tym 26.74100ns |1.20:110%ns| 99 normal 0.50 600-10° ns | 0.0 %
81LsD 0.0 ns 2.31:10% ns| infinity |rectangula|  0.50 1.210%ns | 0.0 %
r
S1res 0.0 ns 2.50:10%ns| 99
OriggerLevelStart 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
SriggerLevelStop 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
tom 21.538000 ns | 900-10° ns 99 normal 0.50 450-10°ns [ 0.0 %
Sa1sD 0.0ns 2.3110° ns infinity | rectangula 0.50 1.2110%ns | 0.0%
r
Sores 0.0 ns 2.50:10%ns| 99
8 jiter 0.0 ns 250-10°ns| 99 normal 1.0 2510%ns | 0.0 %
Srer 0.0 1.00-10™" 99 normal 24 24-10"ns [ 0.0 %
Srrggerditierstart 0.0 ns 50.0-10°ns| 99 normal 1.0 50-10°ns | 0.0 %
STiggerditterStop 0.0ns 50.0-10° ns 99 normal 1.0 50-10°ns | 0.0 %
t, 24140 ns 0.121 ns 110
Results:
Quantity Value Expanded Coverage Coverage
Uncertainty factor
t, 2414 ns 0.24 ns 2.00 95% (normal)
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EURAMET.TF-S1 Time Interval Measurements

Time Interval Measurements

Author: Anton Niessner

Measurements of 7 time intervals of two different travelling standards (Time Interval Generator, InLambda
Standards) for EURAMET Supplementary Comparison EURAMET.TF-S1.

The measurements were carried out with a SR620 counter. For all measurements cables with diffferent
length were connected to START and STOP of the counter and two interchanged measurements were
done to cancel out the cable delay influence.

Measurement budget for InLambda 100 ns standard.

InLambda Standard

Model Equation:

t=(ty+12)/2+3stanstopHOsre205

t1 =t1 m+61 LSD+61 res+8TriggerLeveIStart+8TriggerLeveIStop;
t2=t2m+62LSD+62res+8TriggerLeveIStart+8TriggerLeveIStop;
61 res:SJitter"'t‘l m*Sref+8TriggerJitterStart+8TiggerJitterStop;

o * .
62res_6Jitter+th 6ref+6TriggerJitterStar‘[-'-éTiggerJitterStop’

List of Quantities:

Quantity Unit Definition
t, ns time interval of standard
t ns time interval with shorter cable on START
ty ns time interval with shorter cable on STOP
Sstartstop ns auxiliary quantity used to model difference of START/STOP change (short or
long time interval)
OsR620 ns auxiliary quantity used to model further SR620 uncertainty
tim ns measurement with shorter cable on START
d1L.sD ns auxiliary quantity used to model least significant digit for t,
Si1res ns auxiliary quantity used to model measurement resolution of t,
STriggerLevelStart ns auxiliary quantity used to model start trigger level timing uncertainty
STriggerLevelStop ns auxiliary quantity used to model stop trigger level timing uncertainty
tom ns measurement with shorter cable on STOP
) ns auxiliary quantity used to model least significant digit for t,
Sores ns auxiliary quantity used to model measurement resolution of t,
3 jitter ns auxiliary quantity used to model single-shot resolution of SR620
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Quantity

Unit Definition

5

ref

auxiliary quantity used to model frequency stability

6TriggerJitterStart

ns auxiliary quantity used to model start trigger timing jitter

6Tigger.JitterStop

ns auxiliary quantity used to model stop trigger timing jitter

SStartStop:

dsre20°

m*

81150t

6TriggerLeveIStan:

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.015 ns

Type B normal distribution
Value: 0 ns

Expanded Uncertainty: 0.236
Coverage Factor: 2

Type A summarized

Mean: 107.064 ns

Experimental Standard Deviation: 0.011 ns
Number of observations: 100

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Urygge,)/ INput Slew Rate

6TriggerLeveIStop:

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Ugqe,)/ INput Slew Rate

tn:

;150"

aJitter:

6ref :

Type A summarized

Mean: 101.822 ns

Experimental Standard Deviation: 0.011 ns
Number of observations: 100

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.025 ns
Number of observations: 100

Type A summarized

Mean: 0

Experimental Standard Deviation: 1-10™"
Number of observations: 100
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Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

aTriggerJitterStarT:

Signal Noise/Input Slew Rate

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

aTiggerJitterStop:

Signal Noise/lnput Slew Rate

Interim Results:

Quantity Value Standard Degrees
Uncertainty of
Freedom
t 107.0640 ns 0.0147 ns infinity
t, 101.8220 ns 0.0147 ns infinity
S1res 0.0ns 2.50:10° ns 99
Sores 0.0 ns 2.50:10° ns 99
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Uncertainty Budgets:
t: time interval of standard
Quantity Value Standard | Degrees | Distributi | Sensitivity | Uncertainty | Index
Uncertaint of on Coefficient | Contributio
y Freedom n
t, 107.0640 ns 0.0147 ns infinity
t, 101.8220 ns 0.0147 ns infinity
Sstartstop 0.0 ns 8.66:10° ns| infinity |rectangula 1.0 8.710%ns | 0.5%
r
Ssre20 0.0ns 0.118 ns 100 normal 1.0 0.12 ns 98.0
%
tim 107.06400 ns [1.10-10° ns 99 normal 0.50 550-10° ns | 0.0 %
81LsD 0.0 ns 2.31:10% ns| infinity |rectangula|  0.50 1.210%ns | 0.0 %
r
S1res 0.0 ns 2.50:10%ns| 99
OriggerLevelStart 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
SriggerLevelStop 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
tom 101.82200 ns [1.10-10° ns 99 normal 0.50 550-10° ns | 0.0 %
Sa1sD 0.0ns 2.3110° ns infinity | rectangula 0.50 1.2110%ns | 0.0%
r
Sores 0.0 ns 2.50:10%ns| 99
8 jiter 0.0 ns 250-10°ns| 99 normal 1.0 2510%ns | 0.0 %
Srer 0.0 1.00-10™" 99 normal 100 100-10"? ns | 0.0 %
Srrggerditierstart 0.0 ns 50.0-10°ns| 99 normal 1.0 50-10°ns | 0.0 %
STiggerditterStop 0.0ns 50.0-10° ns 99 normal 1.0 50-10°ns | 0.0 %
t, 104.443 ns 0.119 ns 100
Results:
Quantity Value Expanded Coverage Coverage
Uncertainty factor
t, 104.44 ns 0.24 ns 2.00 95% (normal)
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Time Interval Measurements

Author: Anton Niessner

Measurements of 7 time intervals of two different travelling standards (Time Interval Generator, InLambda
Standards) for EURAMET Supplementary Comparison EURAMET.TF-S1.

The measurements were carried out with a SR620 counter. For all measurements cables with diffferent
length were connected to START and STOP of the counter and two interchanged measurements were
done to cancel out the cable delay influence.

Measurement budget for InLambda 300 ns standard.

InLambda Standard

Model Equation:

t=(ty+12)/2+3stanstopHOsre205

t1 =t1 m+61 LSD+61 res+8TriggerLeveIStart+8TriggerLeveIStop;
t2=t2m+62LSD+62res+8TriggerLeveIStart+8TriggerLeveIStop;
61 res:SJitter"'t‘l m*Sref+8TriggerJitterStart+8TiggerJitterStop;

o * .
62res_6Jitter+th 6ref+6TriggerJitterStar‘[-'-éTiggerJitterStop’

List of Quantities:

Quantity Unit Definition
t, ns time interval of standard
t ns time interval with shorter cable on START
ty ns time interval with shorter cable on STOP
Sstartstop ns auxiliary quantity used to model difference of START/STOP change (short or
long time interval)
OsR620 ns auxiliary quantity used to model further SR620 uncertainty
tim ns measurement with shorter cable on START
d1L.sD ns auxiliary quantity used to model least significant digit for t,
Si1res ns auxiliary quantity used to model measurement resolution of t,
STriggerLevelStart ns auxiliary quantity used to model start trigger level timing uncertainty
STriggerLevelStop ns auxiliary quantity used to model stop trigger level timing uncertainty
tom ns measurement with shorter cable on STOP
) ns auxiliary quantity used to model least significant digit for t,
Sores ns auxiliary quantity used to model measurement resolution of t,
3 jitter ns auxiliary quantity used to model single-shot resolution of SR620
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Quantity

Unit Definition

5

ref

auxiliary quantity used to model frequency stability

6TriggerJitterStart

ns auxiliary quantity used to model start trigger timing jitter

6Tigger.JitterStop

ns auxiliary quantity used to model stop trigger timing jitter

SStartStop:

dsre20°

m*

81150t

6TriggerLeveIStan:

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.026 ns

Type B normal distribution
Value: 0 ns

Expanded Uncertainty: 0.236
Coverage Factor: 2

Type A summarized

Mean: 309.830 ns

Experimental Standard Deviation: 0.011 ns
Number of observations: 100

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Urygge,)/ INput Slew Rate

6TriggerLeveIStop:

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.0175 ns

(15 mV + 0,005*Ugqe,)/ INput Slew Rate

tn:

;150"

aJitter:

6ref :

Type A summarized

Mean: 304.613 ns

Experimental Standard Deviation: 0.011 ns
Number of observations: 100

Type B rectangular distribution
Value: 0 ns
Halfwidth of Limits: 0.004 ns

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.025 ns
Number of observations: 100

Type A summarized

Mean: 0

Experimental Standard Deviation: 1-10™"
Number of observations: 100
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EURAMET.TF-S1 Time Interval Measurements

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

aTriggerJitterStarT:

Signal Noise/Input Slew Rate

Type A summarized

Mean: 0 ns

Experimental Standard Deviation: 0.0005 ns
Number of observations: 100

aTiggerJitterStop:

Signal Noise/lnput Slew Rate

Interim Results:

Quantity Value Standard Degrees
Uncertainty of
Freedom
t 309.8300 ns 0.0147 ns infinity
t, 304.6130 ns 0.0147 ns infinity
S1res 0.0ns 2.50:10° ns 99
Sores 0.0 ns 2.50:10° ns 99
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Uncertainty Budgets:

t: time interval of standard
Quantity Value Standard | Degrees | Distributi | Sensitivity | Uncertainty | Index
Uncertaint of on Coefficient | Contributio
y Freedom n
t, 309.8300 ns 0.0147 ns infinity
t, 304.6130 ns 0.0147 ns infinity
Sstartstop 0.0ns 0.0150 ns infinity | rectangula 1.0 0.015ns |1.6%
r
Ssre20 0.0ns 0.118 ns 100 normal 1.0 0.12 ns 96.9
%
tim 309.83000 ns |1.10-10° ns 99 normal 0.50 550-10° ns | 0.0 %
81LsD 0.0 ns 2.31:10% ns| infinity |rectangula|  0.50 1.210%ns | 0.0 %
r
S1res 0.0 ns 2.50:10%ns| 99
OriggerLevelStart 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
SriggerLevelStop 0.0ns 0.0101 ns infinity | rectangula 1.0 0.010ns | 0.7 %
r
tom 304.61300 ns |1.10-10° ns 99 normal 0.50 550-10° ns | 0.0 %
Sa1sD 0.0ns 2.3110° ns infinity | rectangula 0.50 1.2110%ns | 0.0%
r
Sores 0.0 ns 2.50:10%ns| 99
8 jiter 0.0 ns 250-10°ns| 99 normal 1.0 2510%ns | 0.0 %
Srer 0.0 1.00-10™" 99 normal 310 31010 ns | 0.0 %
Srrggerditierstart 0.0 ns 50.0-10°ns| 99 normal 1.0 50-10°ns | 0.0 %
STiggerditterStop 0.0ns 50.0-10° ns 99 normal 1.0 50-10°ns | 0.0 %
t, 307.222 ns 0.120 ns 110
Results:
Quantity Value Expanded Coverage Coverage
Uncertainty factor
t, 307.22 ns 0.24 ns 2.00 95% (normal)
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1) Reference
e [SO/IEC 17025:2017: “General requirements for the competence of testing and calibration laboratories”
e JCGM 100:2008, “Evaluation of measurement data — Guide to the expression of uncertainty in measurement”
o Keysight Technologies, 53200A Series, RF/Universal Frequency, Counter/Timers Datasheet, 5990-6283EN, 2017

e G D Rovera, M Siccardi, S Rémisch and M Abgrall
Time delay measurement: estimation of the error budget, Metrologia 2019 56 035004

2) Calibration method

The time interval measurements were made using a time interval counter (TIC) driven by the reference UTC(LUX). In
order to reduce differential channel delays of the TIC and differential delays of the used connecting cables between the
delay generators and the TIC, each measurements was performed in two steps like in figure 1. The measurement is
repeated 100 times to obtain T; and T,.

The reference time intervals are defined between appearing rising slopes of the pulses at the outer ends of the dielectric

of the SMA connectors (TIGen) / BNC connectors (for InLambda standards) at the start and stop outputs at the same
trigger. The trigger levels are fixed at 0,5 V in each channel of the TIC.

Step 1: Ty

DUT

Step 2: T,

DUT

Figure 1: Measurement method (DUT = device under test)

One T, consists of 10 measurements of T; and T,. T, is calculated using the following formula:

Tn-T
Txi = >
10
1
T, = E Z Txi
k=1

With:

T,: The time interval of device under test.

T,: First time interval measurement between start and stop signal (step 1).

T,: Second time interval measurement between start and stop signal (step 2).
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All measurements were performed in an air-conditioned room and after the initial period for stabilizing the temperature of the
different standards after transport.

3) DUT configuration
a. TIGen

For TIGen, we use the input signal 10 MHz from UTC(LUX) as described in §5.a. We add a 6 dB attenuator to respect the
specification ((0,5 + 2) Vpp / 50 Q).

Figure 2: TIGen

b. InLambda

InLambda standards require external input pulses and must be used in pairs (in double configuration). The external pulse is
the PPS from UTC(LUX). We add a 3 dB attenuator to respect the specification (high level — (1,75 + 2,25) Vpp / 50 Q).

Figure 3: InLambda in double configuration

4) Traceability

The traceability is given by participation in the “key comparison” CCTF-K001.UTC for the Time Frequency, published monthly
by the BIPM in the KCDB in accordance with “WGMRA Guideline 9 - CCTF criteria for obtaining traceability in time and

Page 3 of 17

La reproduction de ce certificat n'est autorisée que sous la forme de Fac Similé Photographique Integral. This certificate may not be reproduced other than in full by photographic
process.



Measurement Report I \| Xg

frequency”. This comparison gives the traceability to the International System of units (SI) by the determination of UTC-UTC(k)
and makes it possible to determine the frequency error of our clock.

UTC(LUX) is generated according to the procedure ILNAS-LAB-PT_T&F001.

The time interval counter used is a Keysight 53230A (internal identification: T&F00013) with the 10 MHz from UTC(LUX) as
reference.

5) External Reference UTC(LUX)

UTC(LUX) is generated from equipment in the time / frequency lab room. ILNAS has a main channel to produce UTC(LUX)
and a backup channel to ensure the robustness of the signal.

ILNAS has two Microsemi 5071A high performance atomic clocks. The 10 MHz signal of the main clock (T&F00001) is
connected to the “High Resolution frequency and phase Offset Generator” (HROG) (T&F00008). It brings UTC(LUX) as close
as possible to UTC, thanks to a correction applied to the frequency coming from the clock. A correction is applied after each
publication of UTCr.

The reference point of UTC(LUX) is defined by the 1 PPS signal of the output 16 of the Timetech pulse distributor (T&F00010),
at a trigger level of 1 V.

a. 10 MHz

The 10 MHz of UTC(LUX) has an amplitude of 2,8 Vpp. In order to respect the input specification of TIGen, we add a 6 dB
attenuator. Therefore, the 10 MHz has an amplitude of 1,4 Vpp.

b. 1PPS

The 1 PPS has a rise time of 350 ps and is given by the specification of the HROG (T&F00008). The low level is 0 V and the
high level is 2,5 V at 50 Q. To respect the input specification of the InLambda, we add a 3 dB attenuator. The High level with
the attenuatoris 1,9 V.

6) Measurement Model of uncertainty

1
Tx = E (Tl + aQuantf + aLinearitfy + aSyst + aTrigger + aImp + aBamd + OCable + aTimebaLse + asmndard)

_%(TZ + aQuamt + aLinearity + OSyst + aTrigger + aImp + aBand + 6Cable + aTimebaLse + aStundard)
With:
T,: The time interval of device under test.
T;: First time interval measurement between start and stop signal (step 1).
T,: Second time interval measurement between start and stop signal (step 2).
Oouant - Correction due to the quantization error of the TIC.
OLinearity - Correction due to the linearity error of the TIC.
0sys: - Correction due to the systematic error of the TIC.
Orrigger - Correction due to trigger jitter and level timing trigger error.
Omp - Correction due to impedance mismatch.
Ogana : Correction due to bandwidth filter.
Jcanie - Correction due to residual delay of cable.
Orimebase - Correction due to the timebase error from UTC(LUX).
Ostandara - Correction due to the standard.

We do not apply any correction, but consider all these parameters in the uncertainty budget.
These parameters are assumed to be all uncorrelated.
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7) Analysis of the measurement process

Equipements

Methods
Quantization,
Systematic Non-linearity ~ Timebase
‘:“:: - ":‘\'\: """ “~:-- TIC
Trigger Impedance Bandwidth
> Result
Generator  ______
temperature
Materials Environment Manpower

8) Measurement uncertainty

For the time interval measurement from 1 ns to 1000 s, ILNAS provides an uncertainty of 2 ns.
In this comparison, we reduce the uncertainty of the measure because of the fact that the start and stop pulse have identical
shapes and fast rise time.

2 _ .2 2
uz, = uj +ug

With:

_ |r2 .2 2.2 202
Uy = JCI X Urepety, T Cy x Urepety, T (3 X Urepetr,

— 2 2 2 2 2 2 2 2 2 2
up = JC X (uQuant + uLinearity + uSyst + uTrigger + ulmp + UBand + Ucable + UTimebase + uStandard)

where C =1,(C; =0,5,C, =-05and C3 = 1.
All uncertainties are describes below.

a. Type B evaluation of the standard uncertainty

i. TIGen uncertainty

— 2 2 2
Ustandard = \/ Ureference + Utemperature + UStability TIGen

1. TIGen stability
In reference condition, the specification in the technical protocol gives an instability, repeatability of the generator of 3 ps. We
consider this uncertainty like a type B with a normal distribution.
Ustability TIGen = 3ps

The stability effects of the generator may be assumed to be reliable to 5 percent, and thus the degree of freedom, given by
the following equation from GUM (this equation is used for each type B parameters), is estimated by:
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-2
e

So for this parameter, we have a degree of freedom of 200.
2. Temperature effect on TIGen

In reference condition, the specification in the technical protocol says that no temperature influence was observed in 22 +
5°C. We consider an uncertainty of 1 ps for this parameter.

Utemperature = 1ps
The temperature effects of the generator may be assumed to be reliable to 5 percent, and thus the degree of freedom is 200.
3. Reference input effect

The generator uses the reference signal from UTC(LUX). We retain an uncertainty of 1 ps.

Ureference = 1ps

The input reference effects of the generator may be assumed to be reliable to 5 percent, and thus the degree of freedom is
200.

ii. InLambda uncertainty

— |2 2 2
Ustandard = \/ Urererence T Utemperature T UsStability inLambda

1. Stability uncertainty of InLambda

In reference condition, the specification in the technical protocol gives an instability, repeatability of the generator of 10 ps.
We consider this uncertainty like a type B with a normal distribution.

Ustability inLambda = 10 pS
The stability effects of the generator may be assumed to be reliable to 5 percent, and thus the degree of freedom is 200.
2. Temperature uncertainty
* InA20: in the specification sheet, we have a coefficient of (0,6 £ 0,2) ps / K
* InA100: in the specification sheet, we have a coefficient of (1,4 £ 0,2) ps / K

» InA300: in the specification sheet, we have a coefficient of (2,5 + 0,2) ps/ K

The lab is regulated at 23 + 3 °C. We decided not to apply this correction on the measurement. Assuming a U-shaped
distribution, we have respectively a temperature uncertainty of:

e InA20:
0,6 x3
Utemperature = NG ~ 1ps
2
e InA100:
- 1,4 x3
Utemperature = \/— ~ 4 ps
2
e InA300:

Utemperature = ~ 6ps
V2

The stability effects of the generator may be assumed to be reliable to 5 percent, and thus the degree of freedom is 200.
3. Reference input effect

The generator uses the reference signal from UTC(LUX). We retain an uncertainty of 1 ps.

Ureference = 1ps
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The input reference effects of the generator may be assumed to be reliable to 5 percent, and thus the degree of freedom is
200.

iii. Quantization uncertainty

We estimate the quantization error experimentally by measuring a constant delay with noise. The quantization error effect
can be seen in the graph below. The quantization levels are spaced by no more than 10 ps.

The uncertainty associated with the quantization is a type B uncertainty that in an ideal case can be estimated as dt/2v/3,
where dt is the quantization error. We retain a value of 3 ps.

10
UQuant = ~3ps
© 2%x3

The quantization effects of the generator may be assumed to be reliable to 10 percent, and thus the degree of freedom is 50.

Quantization levels

40
30 o *

20 e *e .

a 0 006 o o L 2 L 2 *

— 1

(%]

= L 2 &L X2 2 2 K X 22 2 X X X I K 2 XX 4

% 0

(%]

& QO OO O OO O OO CXLED LR > <D 0 O
-10 L S 4 ® 600 ® ¢ o L 4 L 2 4
-20 * * o 0o 00 © W 000 O 00 WO
-30

0 50 100 150 200
Sample

Figure 4: Measurement of a constant noisy delay
iv. Non-linearity uncertainty

This error is due to the interpolator in the TIC. The non-linearity of the interpolator is evaluated experimentally. We use an
auxiliary offset generator that produces a series of pulses sent to the stop of the TIC with a known rate offset with respect to
the time series going directly to the start input of the TIC. We make this for a short delay and long delay (in graphs below).
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Non Linearity error of TIC
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Figure 5: Non-linearity for a short delay like T+
Non Linearity error of TIC
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-100
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Figure 6: Non-linearity for a long delay like T2

By smoothing out the noise with a moving average, we can deduce that the residual non-linearity is at most 80 ps. The
standard systematic uncertainty is:
80
ULinearity = ﬁ ~ 46 ps

The linearity effects of the TIC may be assumed to be reliable to 20 percent, and thus the degree of freedom is 12.

v. Trigger uncertainty
In the constructor specifications, we have a trigger level setting error of + (0,2% of setting + 0,1% of range). In our application,
we have the trigger level fixed at 0,5 V. We obtain an error of 6 mV. For TIGen, we know that we have a rise time (20-80%)
< 0,5 ns for a signal of 2,25 V and for InLambda we have a the same rise time for a signal of 0 — 2 V. We consider a rectangular
distribution for this uncertainty.
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We obtain for start trigger:

For TIGen :
Trigger error Trigger error 0,006 3

= = X — pSs
SRx/3 AVzo—so/ 1,35 NE) V3
t20-g0 = V3 /0'5

uTrigger levelstart —

For InLambda :
_ Trigger error Trigger error 0,006 3

UTyi = = = ~ — PS
friggertevelsiare =GR x V3 AVzo—BO/ o xv3 MpsVE VB g
20-80 ’

So we have an error due to the trigger of 3 ps for the start and of 3 ps for the stop trigger level.

UTrigger level = \/E X—=

s
\/§P

We have also an uncertainty due to the start and stop trigger jitter:

N Jinternal noise? + external noise signal?
UTrigger jitter = 2x SR

We assume that the trigger external noise is less than 30 mV.
For TIGen:

/500 uVz +30my?2
=2 x a

Ui i, =
Trigger jitter 2,7 x 10° V/ns

For InLambda:

/500 uV2 + 30 my?2
V2 x o

2,4 %109 Y/,

UTrigger jitter =

The trigger uncertainty is:

— 2 2
uTrigger - \/uTrigger jitter + uTrigger level

For TIGen:
uTrigger ~ 16 ps
For InLambda:

Urrigger = 18 ps

The trigger level effects of the TIC may be assumed to be reliable to 5 percent, and thus the degree of freedom is 200.
vi. Impedance mismatch uncertainty

For the measurement, the load impedance should to be at 50 Q. The constructor specification indicates 50 Q + 1,5% in parallel
with 25 pF. With the method used for the measurement, we consider only a residual uncertainty. We consider the value from
the publication “Time delay measurements: estimation of the error budget, Metrologia 56 035004”. In section 4.5, we take the
worst case for slow rising pulses because the rising pulse signal measured is between the two cases in the publication. This
gives a delay of 70 ps. Due to the method we retain 5 % of this uncertainty.

Ummp = 70 X 0,05 = 4 ps
The impedance mismatch effects of the generator may be assumed to be reliable to 10 percent, and thus the degree of
freedom is 50.
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vii. Input filter uncertainty
In the constructor specifications, we have a bandwidth of 350 MHz. This filter introduces a delay in time measurement and it

reduces the slope of the signal. So it is increases the trigger error impact. We measured two PPS signals with a rise time of
350 ps specified by the constructor and made some measurements at different trigger levels. We obtain:

Scan 1 PPS signal charaterizing the input filter

\N
wv

N

Trigger threshold in V
=
[N w

o
]

-1 -0,5 0 0,5 1 1,5 2 2,5 3

Time in ns

Figure 7: Scan of a fast 1 PPS signal

We consider the value from the publication “Time delay measurements: estimation of the error budget, Metrologia 56 035004”.
In section 4.6, we retain a systematic delay of 400 ps. Due to the measurement method we considering a residual uncertainty
of 5% of this delay. We obtain:

Ugana = 400 x 0,05 = 20 ps

The input filter effects of the TIC may be assumed to be reliable to 20 percent, and thus the degree of freedom is 12.

viii. Cable delay uncertainty

With this measurement method (step 1 and step 2), we consider that the effect of the short coaxial cables are compensated.
We retain 1 ps for the uncertainty calculus.

Ucapte = 1 pS
The Cable delay effects may be assumed to be reliable to 5 percent, and thus the degree of freedom is 200.
ix. TIC systematic uncertainty

In the constructor specifications, we have a systematic uncertainty between two point measurements. It is given by 100 ps
with a confidence level of 95 % (k=2).
Ugyst = 50 ps

The systematic uncertainty may be assumed to be reliable to 25 percent, and thus the degree of freedom is 8.

x. Timebase uncertainty

We started to participate in November 2018 and have the following history. Our history is too recent for the moment, so it is
better to increase this error. For safety, we consider a maximal error of 5x 10713 Hz/Hz.

We consider a rectangular distribution so we have:
5x 10713

UTimebase X Tx
V3

With:
T, =time interval measured
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The timebase effects may be assumed to be reliable to 5 percent, and thus the degree of freedom is 200.

For the impact of the temperature on the reference, the measurements are made in a temperature-controlled room at 23 +
3°C. On this same time, we have the data from CCTF-k001.UTC and the frequency error criterion of 5 x 10713 HZ/HZ is

checked. The laboratory meets this criterion. Temperature is a factor that is controlled over this temperature range. This
allows the lab to ignore the uncertainty due to temperature.

b. Type A evaluation of the standard uncertainty

The measurements of T; and T, are repeated 100 times. With these results, we obtain a standard deviation on each
measurement. We consider a normal distribution. T, is obtain by 10 repetitions. For T; and T, standard deviation, we take the
maximum values over the 10 repetitions.

Urepetr, = OTymax
Urepetr, = OT,max

Urepetr, = 0T,
With:
Or,max = Maximum standard deviation of the T';.
Or,max = Maximum standard deviation of the T’,.
oy, = Standard deviation of the T,.

We have for type A uncertainty:

_ [r2y .2 2 o2 2.2
Uy = JC1 X urepetT1 +C5 X urepeth + 05 % Urepet,,

— 2 2 _ 2 2 2
w, = Jo,s XUlapet, + (05 X eyt +1X Whper,

We obtained the results from 100 repeated observations, thus the degree of freedom is 100-1=99 (GUM) for
urepetnand Urepetr, and 9 for Urepetr, -
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c. Summary of uncertainties

i. Example for measurement TIGen Dn7

Quantity Estimate Standa.rd Probability Method' of Sens.m_vnty Uncertainty Unce_rtalr']!y Degrees of
X % (ns) uncertainty distribution evaluation coefficient u(x) (ns) contribution freedom
' ' u(xy (ns) (A, B) Ci i G- u(x) (ns) A
T, ] 0,011 Normal=1 A 0,50 0,011 0,005 99
T, 0,013 Normal=1 A -0,50 0,013 -0,006 99

T,—T, -

— 1508,953 0,001 Normal=1 A 1,00 0,001 0,001 9
Quantification of the TIC Z 2 0003 Rectangular B 1 0,003 0,003 50
Non linearity effects 0,046 Rectangular B 1 0,046 0,046 12
Uncertainty systematic 0,050 Normal=2 B 1 0,050 0,050 8
(specification)

Trigger 0,016 Rectangular B 1 0,016 0,016 200
Impedance mismatch effects 7 Z 0,004 / B 1 0,004 0,004 50
Bandw idth 350 MHz effects 0,020 / B 1 0,020 0,020 12
Residual delay of cable 0,001 / B 1 0,001 0,001 200
Timebase effects 0,001 / B 1 0,001 0,001 200
Reference input standard effects 0,001 / B 1 0,001 0,001 200
Temperature effects standard 0,001 U-Shaped B 1 0,001 0,001 200
Standard stability 0,003 Normal =1 B 1 0,003 0,003 200

Combined standard uncertainty: [T 0,073

Effective degrees of freedom: Vegt 24

Expanded uncertainty (p = 95%):

||(k=2,09) Ue 016
T, 1508,95
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i. Example for measurement InLambda100

Quantity Estimate Standa.rd Probability Method- of Sens.ltl.wty Uncertainty Unce.rtalr.lty Degrees of
X % (ns) uncertainty distribution evaluation coefficient u(x) (ns) contribution freedom
' ' u(x) (ns) (A B) ci ' ci* u(x) (ns) vi
Ty 0,011 Normal=1 A 0,50 0,011 0,006 99
T, 0,016 Normal=1 A -0,50 0,016 -0,008 99

T,—T, —

— 0,001 Normal=1 A 1,00 0,001 0,001 9
Quantification of the TIC 0,003 Rectangular B 1 0,003 0,003 50
Non linearity effects 0,046 Rectangular B 1 0,046 0,046 12
Uncertainty systematic 0,050 Normal=2 B 1 0,050 0,050 8
(specification)

Trigger 0,016 Rectangular B 1 0,016 0,016 200
Impedance mismatch effects 0,004 / B 1 0,004 0,004 50
Bandw idth 350 MHz effects 0,020 / B 1 0,020 0,020 12
Residual delay of cable 0,001 / B 1 0,001 0,001 200
Timebase effects 0,001 / B 1 0,001 0,001 200
Reference input standard effects 0,001 / B 1 0,001 0,001 200
Temperature effects standard 0,004 U-Shaped B 1 0,004 0,004 200
Standard stability 0,010 Normal =1 B 1 0,010 0,010 200
Combined standard uncertainty: uc 0,074
Effective degrees of freedom: Vest 25
Expanded uncertainty (p = 95%):
||(k=2,06) U, 0,16
Ty 104,48

9) Measurement results

Measurement location: 22 Avenue des Hauts-Fourneaux, L-4362 Esch-Sur-Alzette - Luxembourg.
Realized by: Franck Calabraise

Measurement Date: 02/11/2020 to 05/11/2020

InLambda 20 could not be measured.
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TIGen standard

i. Conditions met during measurements

External standard 10 MHz Required Meet
reference frequency applied for reference requirements?
TIGen standard conditions yes / no
Source Cs + 10 MHz £ 1 Hz Yes
uphasestepper -
Amplitude s .
(at 50 Q) 1,4V within (0,5 + 2) Vpp Yes
Ambient temperature . Required Meet
. Unit of .
during reference requirements?
measure o
measurements conditions yes / no
23 t 3 °C within (22 + 4) °C Yes
Ambient humidity . Required Meet
. Unit of .
during reference requirements?
measure o
measurements conditions yes / no
50 + 20 % within (50 + 30) % Yes

The base equipment used for time interval measurements

The type / brand of time interval Keysight — 53230A
counter T&F00013
Applied trigger level (50 Q) 05V
(Required: 0,5 V) !
Standard uncertainty 0,073 ns
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ii. Measurement results with uncertainty

Number of the Determined value of the measured Unit of
measured Time Interval with expanded measSre
Time Interval uncertainty (p=95 %) (in ns)
"dnQ" 22,64 * 0,16 ns
"dn3" 250,00 * 0,16 ns
"dn7" 1508,95 + 0,16 ns
"dn126" 12039,48 + 0,16 ns
InLambda standards
i. Conditions met during measurements
External input pulses applied to an Required Meet requirements?
o reference
auxiliary InLambda standard o yes / no
conditions
Source
(Cs clock, HM, Cs +
frequency generator, uphasestepper
)
1 pps Yes
(yes/no)
Frequency 1Hz <200 Hz Yes
Low level oV oV Yes
High level .
(at 50 Q) 1,9V (1,75 +2,25) V Yes
Rise time
(20% to 80 %) 350 ps <10ns Yes
Duty cycle <0,1% <50 % Yes
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Pulse width

25,6 ps

to avoid the pulse
widths
close (<+ 10 ns) to
the measured time
intervals

Yes

The base equipment used for time interval measurements

The type / brand of time interval

Keysight — 53230A

counter T&F00013
Applied trigger level (50 Q) 05V
(Required: 0,5 V) ’
Standard uncertainty 0,073 ns

Application of a double configuration

DUT - Device Under Test Auxiliary used device Meet T:Su/ir:?ents'?
InLambda 100 InLambda 300 Yes
InLambda 300 InLambda 100 Yes

X X X
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Measurement results with uncertainty

Nur?:er of Determined value of the Ambient tempetrat;Jre during
measere d measured Time Interval with | Unit of ngsnugzmeslsérgzjv?ry Unit of
ey expanded uncertainty measure ) . p y measure
Time (p=95 %) (in ns) including expanded
Interval uncertainty, 95 %)
InA 20 X + X ns X + X °C
InA 100 104,48 + 0,16 ns 23,0 + 0,6 °C
InA 300 307,28 + 0,16 ns 23,0 + 0,6 °C

End of report
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Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Annex 4. Summary of results

Supplementary comparison EURAMET.TF-S1
Time interval measurements
In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).
Acronym of institute: NPL Country: UK
Average date of measurements: 4-7 December 2020
Remarks: The InLambda 20 ns standard was found to be faulty and was not measured.

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz
reference frequency applied for

Meet

Required reference .
9 requirements?

TIGen standard conditions yes / no
Source
(Cs clock, HM, ..) AHM 10 MHz + 1 Hz Yes
Amplitude (at 50 Q) 2.0 Vpp within (0,5 + 2) Vo Yes
Ambient temperature Unit of Required reference requil:/leﬁ:entﬁ
during measurements measure conditions yes / no
22.0 + 1.0 |°C within (22 + 4) °C Yes
Ambient humidity Unit of | iequired reference requill\r/cleer;la;nts°
during measurements measure conditions yes / no
45 + 20 | % within (50 + 30) % Yes

The base equipment used for time interval measurements

The type / brand of time interval counter/ Stanford SR620
digital oscilloscope
(eg. SR620, 53230A, ...)

Applied trigger level ( 50 Q) 05V
(Required: 0,5 V)

Standard uncertainty component related 0.25ns
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)
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A2. TIGen standard - measurement results with uncertainty:

Number of the Determingd value of the.
measured measured Time Interval with .
Time meval | Sparded ety | uniof
“dn0” 22.75 * 0.50 | ns
“dn3” 250.10 + 0.50 |ns
“dn7” 1509.03 + 0.50 | ns
“dn126” 12039.57 + 0.50 |ns

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference re uit/(laﬁtents?
auxiliary InLambda standard conditions 9 '
yes / no
Source
(Cs clock, HM, frequency AHM
generator, ..)
1 pps
(yes / no) Yes
Frequency 1 Hz <200 Hz Yes
Low level ov oV Yes
High level (at 50 Q) 2.24V (1,75 +2,25) V Yes
Rise time (20% to 80 %) 2.3 ns <10 ns Yes
Duty cycle <0.001% <50 % Yes
to avoid the pulse
widths
Pulse width 25.8 us close (<x 10 ns) to Yes
the measured time
intervals
Application of a double configuration
. . . Meet
DUT — Device Under Auxnlary used Required _reference requirements?
Test device conditions
yes / no
In\ 20 n/a InA 100 or InA 300 n/a
InA 100 InA 300 InA 20 or InA 300 Yes
InA 300 InA 100 InA 20 or InA 100 Yes
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Ambient temperature
during measurements

Unit of measure

Required reference
conditions

Meet

yes / no

requirements?

22.0 + 1.0 °C

within (22 + 4) °C

Yes

Ambient humidity
during measurements

Unit of measure

Required reference
conditions

Meet

yes / no

requirements?

45 * 20 %

within (50 + 30) %

Yes

The base equipment used for time interval measurements

to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

The type / brand of time interval counter/ Stanford SR620
digital oscilloscope
(eg. SR620, 532304, ...)
Applied trigger level ( 50 Q) 05V
(Required: 0,5 V)
Standard uncertainty component related 0.250

B2. InLambda standards - measurement results with uncertainty:

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 n/a +| n/a |ns n/a + n/a °C
InA 100 104.58 £ | 050 |ns 224 t 1.4 °C
InA 300 307.35 +| 050 |ns 224 + 1.4 °C
Peter Whibberley 08/03/2022
(Name) (Date)
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Annex 7. Minimum contents for the measurement report

- Identification of the participating laboratory

- Description of the calibration method

- Description of the calibration set-up and equipment

- Traceability chart

- Used relationship/ equation for obtaining estimates of results and uncertainty budget,

- Obtained results of measurements with the associated standard and expanded uncertainty
of measurement and a complete uncertainty budget, including information on the uncertainty
components connected with residual non-linearities of the measurement system or other non-
compensated effects

- Identification and description of the source 10 MHz reference frequency for TIGen standard,

- Description of the used input pulse signals for InLambda standards (low level, high level
(amplitude), frequency, pulse width, rise time (20% to 80 %), duty cycle),

- Ambient conditions of measurements (the temperature and the relative humidity) — the
temperature for every InLambda standard separately,

- Average date of performing measurements,

- Date and signature.
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Time interval measurements

Measurement Report for NPL

National Physical Laboratory (NPL)
Teddington

Middlesex TW11 OLW

UK

Measurement Setup

The diagrams below show schematically the measurement setup used at NPL.

InLambda Standards

UTCINPL) 1 PPS

UTC{NPL) 10 MHz

Extemal

reference

Ink (1) InA (2)

A

TIC

B

F 1

TlGen Standard

UTC({NPL) 10 MHz

!

TIGen

UTC{NPL) 10 MHz

Extemal
reference

TIC
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Measurement Procedure

At the time of the measurements, UTC(NPL) was based directly on the output signals from a
Datum MHM-2010 active hydrogen maser with NPL designation HM2.

The 1 PPS reference signal was generated using a SpectraDynamics PPS-2 pulse generator
from a 10 MHz reference signal.

The measurements reported in this Supplementary Comparison (SC) were obtained using a
set of 3 Stanford SR620 universal counters (described in this report as time interval counters,
TICs).

Each counter was turned on at least 6 hours before the start of the measurements, and the
internal Autocal routine was run on each unit before starting to take measurements.

The measurements were performed in the standard time interval measurement configuration,
with the two output signals from the delay standard connected to channels A and B of the TIC
respectively.

Each counter was provided with a 10 MHz external reference signal derived from UTC(NPL),
replacing its internal timebase with one directly traceable to UTC(NPL).

Two pairs of matching test cables were used, all nominally 1 m in length:

Cables 1 and 2: RG316, with SMA connectors. A pair of SMA(f)-BNC(m) adapters was used
to connect these cables to the SR620 TIC.

Cables 3 and 4: RG58, with BNC connectors. A pair of SMA(m)-BNC(f) adapters (supplied
with the delay standards) was used to connect these cables to the TIGen standard.

Each individual measurement was the mean of 10 readings, as computed by the TIC.

Four measurements were obtained for each combination of delay standard and TIC, using
both pairs of cables and interchanging the cables in each pair, as shown in the table.

Measurement 1

Measurement 2

Measurement 3

Measurement 4

Channel A

Cable 1

Cable 2

Cable 3

Cable 4

Channel B

Cable 2

Cable 1

Cable 4

Cable 3

The combined measurement value for each TIC was computed as the mean of the four
individual measurements.

The procedure was repeated 3 times using different SR620 TICs, and the final measurement
result for that delay standard was calculated as the mean of the 3 TIC measurement values.

In all other respects the measurements were performed as described in the Technical Protocol
for the SC. The measurement and environmental parameters requested for inclusion in the
measurement report can be found in Annex 4.

Page 23 of 23



Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Fi5 W f/{ft/e";

Peter Whibberley 08/03/2022
(Name) (Date)
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Appendix R

UME report



Measurements Report of UME
for
TC-TF EURAMET Supplementary Comparison
”Comparison of time interval measurements”
EURAMET Project No:1485

Description of the Measurement

All time interval measurements have been performed by using high speed real time
oscilloscope (HSO), (UXR0702A, 70 GHz, 256 GSa/s). TI-Gen, HSO and an external pulse
generator (SRS, model DG645) used in the measurements as auxiliary device are trigged by
10 MHz signals distributed by H-maser which is the source of UTC(UME). In the
measurement of the inA standards have been used double configuration as stated in
Technical Protocol. The measurement setup has been shown in the Figure 1. In order to
measure the ambient temperature and relative humidity during each measurement a digital

thermometer has been used.

HM 10 MHz
Distribution

Thermometer

A A

1 B inA-20ns inA-100ns inA-300ns !

0o o] [000][000]|[000]|0 o

Figure 1. Measurement setup.

Measurement Procedure

In order to reduce differential inter-channel delays of HSO (High Speed Oscilloscope) and
differential delays of the used connecting cables between the pulse standards and HSO,
each measurement has been performed in two stage as shown in the Figure 2. (a) and (b)

with model functions.



HSO HSO

Pulse Standard B I{

Pulse Standard

start stop

0O O

start stop

O O

Chl ¢+ Ch2 -

a) b)

Tl =TI+ Attdd +4 TZ =TI+ Attdd +4

Figure 2. Two stages measurement block diagram: a) First measurement with normal cable
configuration. b) Second measurement with cross cable connection. The ends of the start and stop
cable-connectors on the pulse standards have been replaced only, while the ends on HSO not
change.

Then, the measured time intervals between start and stop pulses will be approximately equal
to:

(T1—T,)

TIzT12= 2

Measurement Model
TI == T12 + 81‘150
Where,

(T1—Ty)
Ty, =———

Ty and T, : The measurement results taken first measurement with normal cable

configuration and second one with cross cable configuration respectively, Figure 2.

Opuso - Total uncertainties from HSO in the time interval measurements. It includes trigger
uncertainty, time-base short term stability, intrinsic jitter, inter-channel-skew-drift of HSO and

the ambient temperature fluctuation. It has normal distribution.
TI : True time interval measurement between start and stop pulses.

At.qq4 = Total differential delays (inter-channel of HSO and cables). It disappears completely

on the calculation process of Tq;.

Since HSO is triggered by the H-Maser, its long-term stability which is better than 5x10™'* has

been neglected.



Measurement Results

Measurement model: TI = T4, + 8yso

Table 1. The uncertainty budget of TiGen Measurements

Uncertainty,
Measurements T12 u(T3) Suso (p=95%) TI edf
DNO 22.6526 ns| 0.00020 ns | 0.0019 ns 0.0040 ns 22.6526 ns | 1260
DN3 250.0002 ns| 0.00025 ns| 0.0019 ns 0.0040 ns 250.0002 ns | 1505
DN7 1508.9522 ns | 0.00029 ns| 0.0019 ns 0.0040 ns 1508.9522 ns | 1419
DN126 12039.4850 ns | 0.00035 ns | 0.0019 ns 0.0040 ns| 12039.4850 ns| 1361
Tablo 2. The uncertainty budget of inA Measurements
Uncertainty,

Measurements T1, u(T42) Suso (p=95% )y TI edf
inA-020ns 24.1870 ns| 0.00010 ns | 0.0015 ns 0.0030 ns| 24.1870 ns| 60834
inA-100ns 104.5025 ns| 0.00013 ns| 0.0015 ns 0.0030 ns| 104.5025 ns | 58673
inA-300ns 307.3302 ns | 0.00030 ns | 0.0015 ns 0.0030 ns| 307.3302 ns| 59938

Table 3. The results of TiGen Measurements

Uncertainty,
Measurements TI (p=95%)
DNO 22.6526 ns 0.0040 ns
DN3 250.0002 ns 0.0040 ns
DN7 1508.9522 ns 0.0040 ns
DN126 12039.4850 ns 0.0040 ns
Tablo 4. The results of inA Measurements
Uncertainty, Temperature,

Measurements TI (p=95%) °c
inA-020ns 24.1870 ns 0.0030 ns 22.75+0.25
inA-100ns 104.5025 ns 0.0030 ns 22.75+0.25
inA-300ns 307.3302 ns 0.0030 ns 22.75+0.25




Annex 4. Summary of results
Supplementary comparison EURAMET.TF-S1

Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: UME Country: TURKEY
Average date of measurements:05-12.01.2021
Remarks:

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz Required reference Meet
reference frequency applied for q . requirements?
conditions
TIGen standard yes / no
Source
(Cs clock, HM, ...) HM 10 MHz + 1 Hz yes
Amplitude (at 50 Q) 2Vp, within (0,5 + 2) V., yes
. . Meet
Ambient temperature . Required reference .
. Unit of i, requirements?
during measurements conditions
measure yes / no
22.75 * 0.25 | °C within (22 + 4) °C yes
Ambient humidity . Required reference _Meet
] Unit of ", requirements?
during measurements conditions
measure yes / no
45 + 15 % within (50 = 30) % yes
The base equipment used for time interval measurements
L Keysight Technologies
The type / brand of time interval counter/ o
digital oscilloscope UXRtQ702AP'IIInf|n||um real-
(eg. SR620, 53230A, ...) Ime oscilioscopes
Applied trigger level ( 50 Q) 0.5V
(Required: 0,5 V) '
Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in <1ps
the uncertainty budget of measurement -
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)




A2. TIGen standard - measurement results with uncertainty:

Number of the Determined value of the
measured measured Time Interval with
. expanded uncertainty Unit of
Time Interval (p = 95 %) (in ns) measure
“dn0” 22.6526 + 0.0040 | ns
“dn3” 250.0002 + 0.0040 | ns
“dn7” 1508.9522 + 0.0040 | ns
“dn126” 12039.4850 + 0.0040 | ns

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference re i':/claer‘ﬁctant@
auxiliary InLambda standard conditions qu |
yes / no
(Cs clocksalﬂ/rlcire uenc Pulse generator
, FV, TTeq Y| trigged by HM
generator, ..)
1 pps
(yes / no) no
Frequency 200 Hz <200 Hz yes
Low level ov oV yes
High level (at 50 Q) 19V (1,75 +2,25)V yes
Rise time (20% to 80 %) <300 ps <10 ns yes
Duty cycle 0.02% <50 % yes
to avoid the pulse
widths
Pulse width 1us close (<x10 ns) to yes
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference lMeet
; " requirements?
Test device conditions
yes / no
InA 20 InA 300 InA 100 or InA 300 yes
InA 100 Inx 300 In 20 or Ink 300 yes
Ik 300 InA 20 InA 20 or InA 100 yes
Ambient temperature | Unit of measure | Required reference Meet




during measurements conditions requirements?
yes / no
22.75 + 0.25 °C within (22 + 4) °C yes
Ambient humidity Required reference re uill\'/tlaerr?;nts’?
during measurements | Unit of measure conditions q '
yes / no
45 + 15 % within (50 + 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope
(eg. SR620, 53230A, ...)

Keysight Technologies UXR0702AP
Infiniium real-time oscilloscopes

Applied trigger level ( 50 Q)

(Required: 0,5 V) 05V
Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in <1ps

the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

B2. InLambda standards - measurement results with uncertainty:

Determined val fih Ambient temperature
etermined value or tne during measurements
;I;]heeﬁs]g;;?jereog measured Time Interval (for every standard
Time Interval with expanded uncertainty . separately — including _
(p = 95 %) (in ns) Unit of expanded uncertainty, Unit of
measure 95%) measure

Ink 20 24.1870 +| 0.0030 | ns 22.75 * 0.25 | °C

InA 100 104.5025 +| 0.0030 | ns 22.75 + 0.25 | °C

InA 300 307.3302 +| 0.0030 | ns 22.75 + | 025 |°C
Mesut Yogun 29.01.2021.........
(Name) (Date)
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EURAMET SUPPLEMENTARY COMPARISON:
“Comparison of time interval measurements” EURAMET.TF-S1

Measurement method
The measurement method is direct measurement of the time interval using time interval counter (TIC) with external 10
MHz frequency reference UTC (BoM). The used method is based on three independent measurement of 100 samples time
interval between Start and Stop by using a Time Interval Counter CNT 91R with function interpolation (ON).
The reference 1PPS input pulse signals for InLambda standard during the process of calibration is following features:

e Inputsignal: 0-3.6V

e Impedance: 50 Q

e Coupling : DC

e Gatetime:1s

e Average repeated per measurement: 100
The reference frequency 10 MHz for TIGen during the process of calibration is following features:

e Frequency: 10 MHz

e Inputsignal : 0—-3.6V

Trigger level for each configuration and channel were measured is fixed to 0.5V (at 50 Q)

Time interval for TIGen and Inlambda Ty is compute from the two subsequent time interval measurement Tland T2 as:
TL+T2

2

Tx
e T1and T2 are displayed mean value in TIC with the device under test.
Calibration set up and equipment

The laboratory BoM uses 2 principle scheme illustrate In Fig. 1, 1a and Fig. 2, 2a
Scheme for TIGen measurements 20ns, 250ns, 1.5us, 12us

Cs clock
10 MHz
|
Attenuator
10 MHz+ -6dB
A 4
TIGen
TIC
Start  Stop ChA ChB
A A

Cable 2

Cable 1

Figure 1 — Scheme of the BoM experimental set up TIGen T1 (TI A to B)
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Cs clock

I
Attenuator
10 MHz

-6dB
v

TIGen

Start  Stop

10 MHz

ChA

TIC

ChB

Cable 2

Cable 1

Intercomparison report

Figure 1a — Scheme of the BoM experimental set up TIGen T2 (TI B to A)

Measurement of time interval T1 and T2 TIGen

The 10 MHz output of Cs clock frequency standard is apply to -6dB attenuator connect to the input external input signal
of the device under test TIGen. Star and Stop output is connect with cable 1 and cable 2 to the input Ch A and Ch B of the
Time Interval Counter TIC. Cable 1 and cable 2 are approximately 60 cm and delay of the cable is approximately 2 ns. One
measurement consist of 100 times the measurements of the time interval between time interval received by the input Ch
A and Ch B of the Time interval counter TIC. In Fig. 1 are series of measurement configuration for time interval T1, and
with replace the cable between the start and stop output of TIGen Fig 1a for time interval T2.

Scheme for InLambda measurements 20ns, 100ns, 300ns

Figure 2 — Scheme of the BoM experimental set up InLambda T1 (TI A to B)

Aucxilary device DUT
Input  Start  Stop Input  Start  Stop
A A
Cs Clock Atten.
-6dB Cable 3
1PPS
Cable 1
ChA |«
10 MHz
d TIC
Cable 2
ChB |
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Auxilary device DUT
Input  Start  Stop Input  Start  Stop
A A
Cs Clock Atten.
-6dB Cable 3
1PPS
Cable 1
ChA
10 MHz
> TIC
Cable 2
ChB |

Figure 2a — Scheme of the BoM experimental set up InLambda T2 (TI B to A)

The 1 pps output of Cs clock frequency standard is apply to -6dB attenuator connect to the input external input signal of
the Auxiliary device, Ch Start is connect to the input external signal of the DUT Inlambda (20,100,300ns) and channel star
and stop output form DUT is connect with cable 1 and cable 2 to the input Ch A and Ch B of the Time Interval Counter TIC.
Cable 1 and cable 2 are approximately 60 cm and Delay of the cable is approximately 2 ns. One measurement consist of
100 times the measurements of the time interval between time interval received by the input Ch A and Ch B of the Time
interval counter TIC. In Fig. 2 are series of measurement configuration for time interval T1 and with replace the cable
between the start and stop output of DUT (InLambda standards) Fig 2a for time interval T2.

Measuring equipment:

Cs Clock -Symmetricom 5071 High performance, national primary standard UTC (BoM)
TIC — Time interval counter CNT 91R synchronize with 10 MHz

Scopometer Fluke 190

Attenuator (— 6dB)

Measurement condition:
All measurement were performed in the period from 02.03.2021 to 03.03.2021 for calibration are:

Temperature: 21.0 to 23.6°C+0.5°C
Humidity: 24.0t033.6 %+ 1 %

Average date of performing measurement: 5 days from 25.02.2021 to 03.03.2021

Traceability:

Traceability of the time interval counter CNT 91is performed every two years.
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Evaluation of the measurement result and measurement uncertainty:
Model equation that following from the measurement setup

tx =t (1+ O 1+0 ta(T)sT) +01q + \/(5[1 )jtart + (&/ )pr + \/(&L )ftart + (&L )32"[0‘[) + Otcn

Description of the quantities in the model equation

Quantity Xi Description
Otq guantization error
a, trigger jitter
9 ta(t)st) short-term instability
&L trigger level timming error
O'ten channel asymmetry
Ots time base frequency offset

Uncertainty budget for time interval measurement TIGen. (All figures are in nanoseconds)

Uncertainty budget for time interval measurement 20ns (N=100)
Quantity | Estimate Standard Probability Method | Sensitivity | Uncertainty | Degrees
uncertainty | distribution of coefficient | contribution | of freedom
Xi Xi u(xi) evaluati G G- u(xi) Vi
on
(A, B)
Tx 22,630 0,026 normal (A) 1 0.026 99
otq 0,050 0,050 normal (B) 1v100 0,005
otj 0.000 0,061 normal (B) V2 0,087
Otb(T)st 0,000 5,E-13 Rectangular (B) 1 0,049
ol 0.000 0,014 Rectangular (B) V2 0,020
otch 0.000 0,289 Rectangular (B) 1 0,289
otb 5E-13 5E-12 normal (A) t 0,005
Combined standard uncertainty Uc 0,31
Effective degrees of freedom Veff 1.96E+06
Expanded uncertainty (p ~ 95%) u 0,61
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Uncertainty budget for time interval measurement TIGen 250ns (N=100)

Quantity | Estimate Standard Probability Method | Sensitivity | Uncertainty | Degrees
uncertainty | distribution of coefficient | contribution | of freedom
Xi Xi u(xi) evaluati G ci - u(xi) %
on
(A, B)
Tx 249,976 0,037 normal (A) 1 0.037 99
otq 0,050 0,050 normal (B) 1v100 0,005
Otj 0.000 0,061 normal (B) V2 0,087
otb(T)st 0,000 5,E-13 Rectangular (B) 1 0,049
ol 0.000 0,014 Rectangular (B) V2 0,020
otch 0.000 0,289 Rectangular (B) 1 0,289
otb 5E-13 5E-12 normal (A) t 0,005
Combined standard uncertainty Ue 0,31
Effective degrees of freedom Veif 4.83E+05
Expanded uncertainty (p ~ 95%) u 0,61
Uncertainty budget for time interval measurement TIGen 1,50us (N=100)
Quantity | Estimate Standard Probability Method | Sensitivity | Uncertainty | Degrees
uncertainty | distribution of coefficient | contribution | of freedom
Xi Xi u(x) evaluati Ci ci - u(x) %
on
(A, B)
Tx 1508,925 0,032 normal (A) 1 0.032 99
otq 0,050 0,050 normal (B) 1v100 0,005
Otj 0.000 0,061 normal (B) V2 0,087
Otb(T)st 0,000 5,E-13 Rectangular (B) 1 0,049
otl 0.000 0,014 Rectangular (B) V2 0,020
otch 0.000 0,289 Rectangular (B) 1 0,289
otb 5E-13 5E-12 normal (A) t 0,005
Combined standard uncertainty Uc 0,31
Effective degrees of freedom Veif 8.87E+05
Expanded uncertainty (p = 95%) u 0,61
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Uncertainty budget for time interval measurement TIGen 12us (N=100)
Quantity | Estimate Standard Probability Method | Sensitivity | Uncertainty Degrees
uncertainty | distribution of coefficient | contribution | of freedom
Xi Xi u(xi) evaluati G ci - u(xi) u
on
(A, B)
Tx 12039,452 0,035 normal (A) 1 0.035 99
otq 0,050 0,050 normal (B) 1 v100 0,005
Otj 0.000 0,061 normal (B) V2 0,087
otb(T)st 0,000 5,E-13 Rectangular (B) 1 0,049
ol 0.000 0,014 Rectangular (B) V2 0,020
otch 0.000 0,289 Rectangular (B) 1 0,289
otb 5E-13 5E-12 normal (A) t 0,005
Combined standard uncertainty Ue 0,31
Effective degrees of freedom Veif 6.19E+05
Expanded uncertainty (p ~ 95%) u 0,61

Uncertainty budget for time interval measurement InLambda. (All figures are in nanoseconds)

Uncertainty budget for time interval measurement 20ns auxiliary device 100 ns (N=100)

Quantity | Estimate Standard Probability Method | Sensitivity | Uncertainty Degrees
uncertainty | distribution of coefficient | contribution | of freedom
Xi Xi u(x) evaluati c ci - u(x) %
on
(A, B)
Tx 22,147 0,027 normal (A) 1 0.027 99
otq 0,050 0,050 normal (B) 1 v100 0,005
otj 0.000 0,061 normal (B) V2 0,087
otb(T)st 0,000 5,E-13 Rectangular (B) 1 0,049
otl 0.000 0,014 Rectangular (B) V2 0,020
otch 0.000 0,289 Rectangular (B) 1 0,289
otb 5E-13 5E-12 normal (A) t 0,005
Combined standard uncertainty Uc 0,31
Effective degrees of freedom Veft 1.73E+06
Expanded uncertainty (p = 95%) u 0,61
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Uncertainty budget for time interval measurement 100ns auxiliary device 20 ns (N=100)

Quantity | Estimate Standard Probability Method | Sensitivity | Uncertainty | Degrees
uncertainty | distribution of coefficient | contribution | of freedom
Xi Xi u(x) evaluati C ci - u(x) w
on
(A, B)
Tx 104,435 0,031 normal (A) 1 0.031 99
otq 0,050 0,050 normal (B) 1v100 0,005
otj 0.000 0,061 normal (B) V2 0,087
otb(T)st 0,000 5,E-13 Rectangular (B) 1 0,049
ol 0.000 0,014 Rectangular (B) V2 0,020
otch 0.000 0,289 Rectangular (B) 1 0,289
otb 5E-13 SE-12 normal (A) t 0,005
Combined standard uncertainty Uc 0,31
Effective degrees of freedom Veff 1.01E+06
Expanded uncertainty (p = 95%) u 0,61
Uncertainty budget for time interval measurement 300ns auxiliary device 100 ns (N=100)
Quantity | Estimate Standard Probability Method | Sensitivity | Uncertainty Degrees
uncertainty | distribution of coefficient | contribution | of freedom
Xi Xi u(xi) evaluati G ci - u(xi) u
on
(A, B)
Tx 307,229 0,032 normal (A) 1 0.032 99
otq 0,050 0,050 normal (B) 1v100 0,005
otj 0.000 0,061 normal (B) V2 0,087
otb(T)st 0,000 5,E-13 Rectangular (B) 1 0,049
otl 0.000 0,014 Rectangular (B) V2 0,020
otch 0.000 0,289 Rectangular (B) 1 0,289
otb 5E-13 SE-12 normal (A) t 0,005
Combined standard uncertainty Ue 0,31
Effective degrees of freedom Veff 8.50E+05
Expanded uncertainty (p = 95%) U 0,61




Bureau of metrology — North Macedonia Intercomparison report

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz . Meet
Required reference

. . o
reference frequency applied for conditions requirements”
TiGen standard yes / no
Source
+
(Cs clock, HM, ) 5071A 10 MHz £ 1 Hz Yes
Amplitude (at 50 Q) 1.8V within (0,5 =+ 2) Vpp Yes
. . Meet
Ambient temperature . Required reference .
. Unit of " requirements?
during measurements conditions
measure yes / no
22.0 * 05 |°C within (22 + 4) °C Yes
. - . Meet
Ambient humidity . Required reference .
. Unit of » requirements?
during measurements conditions
measure yes / no
30.0 * 1 % within (50 £ 30) % no

The base equipment used for time interval measurements

The type / brand of time interval counter/ Pendulum CNT 91R
digital oscilloscope
(eg. SR620, 53230A, ...)

Applied trigger level ( 50 Q) 05V
(Required: 0,5 V)

Standard uncertainty component related unknown
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)
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A2. TIGen standard - measurement results with uncertainty:

Determined value of the
Number of the . .
measured Time Interval with
measured . .
) expanded uncertainty Unit of
Time Interval .
(p =95 %) (in ns) measure
“dn0” 22,630 + 0.61 ns
“dn3” 249,976 + 0.61 ns
“dn7” 1508,925 + 0.61 ns
“dn126" 12039,452 + | 061 |ns

B1. InLambda standards — conditions met during measurements

Intercomparison report

External input pulses applied to an Required reference .Meet
. » requirements?
auxiliary InLambda standard conditions
yes / no
Source
(Cs clock, HM, frequency 5071A
generator, ..)
1 pps
(yes / no) yes
Frequency 1 Hz <200 Hz Yes
Low level ov oV Yes
High level (at 50 Q) 1.8V (1,75 +2,25) V yes
Rise time (20% to 80 %) 1.4 ns <10ns Yes
Duty cycle 0.002% <50 % Yes
to avoid the pulse
widths
Pulse width 2ns close (<x 10 ns) to yes
the measured time
intervals
Application of a double configuration
. . . Meet
DUT — Device Under Auxiliary used Required reference .
X . requirements?
Test device conditions
yes / no
InA 20 100 ns InA 100 or InA 300 Yes
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InA 100 20 ns InA 20 or InA 300 Yes
InA 300 100 ns InA 20 or InA 100 Yes
. . Meet
Ambient temperature Required reference .
. . . requirements?
during measurements | Unit of measure conditions
yes / no
22.0 + 0.5 °C within (22 + 4) °C yes
. - . Meet
Ambient humidity Required reference .
. . » requirements?
during measurements | Unit of measure conditions
yes / no
30.0 * 1 % within (50 + 30) % no

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope
(eg. SR620, 53230A, ...)

Pendulum CNT 91

Applied trigger level ( 50 Q) 0.5V
(Required: 0,5 V)
Standard uncertainty component related unknown
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)
B2. InLambda standards - measurement results with uncertainty:
Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p =95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 24.147 + | 0.61 |ns 22.3 * 0.5 °C
InA 100 104.435 | + | 0.61 |ns 22.3 + 0.5 °C
InA 300 307229 | + | 0.61 |ns 22.3 + 0.5 °C
Armin Mirto 26.04.2021
(Name) (Date)
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Measurement report DMDM

Method of measurement

According to the recommendation, measurements were performed in such a way to reduce
differential channel delays of the used measurement system and differential delays of the used
connecting cables between DUT and the measurement system. The method adopted at
DMDM for the time interval measurements is method of two consequtive series of
measurements: in normal configuration, and with replaced cables between the start and stop
outputs of TIGen and InLambda standards.

TiGen/ TIc TiGen/ TiC
InLambda InLambda

Start Stop Start Stop Start Stop Start Stop
T,=TI+x T,=—-TI+x

Figure 1. Scheme of the applied method

The measured time interval is computed from the two subsequent time interval
measurements T; and T as:

-1
2

Tl =

Calibration set-up and equipment

In Figures 2a. and 2b. are reported the used experimental set-up. The measured 1PPS
signals are obtained from start and stop outputs of a TIGen and InLambda standards. The time
base of the time interval counter is a 10 MHz signal from frequency distribution amplifier. The
10 MHz input signal for the TIGen was applied from cesium clock Symmetricom 5071A, using
50 Q low pass filter, and the input 1pps signal to the InLambda standards was applied from
cesium clock Symmetricom 5071A using 6 db attenuator.

All measurements are performed after adaptation to local environmental conditions and
after the warm-up time. Measurements for InLambda standards were performed using the
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)).

Counter settings: time interval A to B, DC, 50 Q, positive slope, trigger levels 0,5 V,
external reference, N=100. All measurements presented here are performed with the 1 m
cables.
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Cs clock 10 MHz Cs clock 10 MHz
5071A MPS HROG-10RM 5071A MPS HROG-10RM
10 MHz out 10 MMz out 1 pps out 10 MHz out
10 MHz Sou 1eps sbu
10 MMz out 10 MMz out
5001 6 dB attn
B f
10 MHz Input Ext. nput 10 Mz nput 1 pps Ext. input 10 MHz
TiGen TIC InLambda TIC
Start Stop Start Stop Stan Stop Start Stop
hput 1 pps
InLambda
Start Stop

b)

Figure 2. Scheme of the DMDM experimental set-up: a) TIGen, b) InLambda standards

Equipment used Type Manufacturer s/n Traceability
Cesium clock ﬁ?7h1 AerCf)pt. 001 Symmetricom US45312191
gh pert. BIPM Gircular T

MPS HROG-10RM Spectradynamics 14FS28-11
Internal  calibration

TIC CNT-91 Pendulum 985754 DMDM

Termohygrometer 177-H1 Testo 01541924/805 |Internal calibration
DMDM

Switch and distribution .

unit 9611 Symmetricom 8244 /

6 dB attenuator, 50 Q Fluke /

50 Q low pass filter

Hewlett Packard

Measurement conditions

The measurements were performed after adaptation to local environmental conditions

and after the warm-up time.
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Laboratory environmental conditions are monitored continuously, using calibrated
termohygrometer Testo 177-H1. During the measurements, all equipment were placed in a
Faraday cage, with the uninterruptable powering.

A summary of the measurement conditions with the uncertainties (k = 2) is given in the table:

Minimum Maximum Uncertainty
Temperature | 22,3 °C 23,5 °C 0,6 °C
Humidity 22,7 % 40,1 % 5,0 %

Average date of performing measurements: 4 days, from 20. March 2021. to 23. March 2021.

Participating laboratory: DMDM, Belgrade

C/Tr'f'(wx’-‘t-(rl, ﬁugwfk

Snezana Renovica 18.06.2021.
(Name) (Date)
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Annex 3. Typical scheme for an uncertainty budget

Supplementary comparison EURAMET.TF-S1
Time interval measurements

Acronym of institute: DMDM Country: Serbia
Average date of measurements: 4 days, from 20. March 2021. to 23. March 2021.

Model equation that follows from the measurement setup:

T, — T
Tl = - 5 2(1+ Srp + Orp(n) + Siq + 8 + 8t + 8ty

Description of the quantities in the model equation:

Quantity | Description
X

Ti, T consecutive measurements as in Fig. 1 and Fig. 2
short term stability of time base frequency

S TB(Y
5“1 quantization error

&j start/stop trigger error \/(6tj)zstart + (6t;)?

stop

6ty + (8t,)?

start

trigger level timing error \/(&L)z sop

St nonlinearities (residuals) of the system

O rg time base frequency offset =0

Sources of uncertainty
Uncertainty due to the repeated measurements (uncertainty type A, normal distribution)

The measurements are repeated 100 times at each measurement point. The mean value and
the associated experimental standard deviation are calculated. The experimental standard
deviation of the mean is reported as standard uncertainty type A for 99 degrees of freedom.

Time interval measurements with Time Interval Counter Pendulum CNT-91:
1. Random uncertainties

1.1 quantization error

o = 50 ps rms
__50ps _
btg —m—Sps

1.2 start/stop trigger error

\/V 2 noise—input + V 2 noise—signal
Input Signal Slew Rateat Trigger Point

start trigger error = stop trigger error = =

VProise-input = 200 pVrms typical
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start trigger error = stop trigger error

start/stop trigger error =

V2x10
V100

2. Time Base Short-term stability

T=15;0,(2,7) <5x107*2

Sra(n =TI % 2,89% 10712 ~ 0

Systematic uncertainties

_ (0,20 mV)2+(10 mv)?

ps=14ps

1V /ns

3. start trigger level error = stop trigger level error =
Input Signal Slew Rateat Start Trigger Point

_15mVismv

1V/ns

trigger level timing error = Y2 % 20 ps = 16,2 ps

= 20 ps

vz
V3

4. nonlinearities (residuals) of the system

St,

_ 100 ps
3

=57,8ps

Degrees of freedom are calculated as:

u*(y)
N U

Veff=

Zi:l vi

Uncertainty budgets for TIGen standard:

All figures are in nanoseconds.

Uncertainty budget table for the “dn0”

~ 10 ps rms

15mV #(1% x Start Trigger Level Setting)

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(x) (A, B) c c - u(x) %
Ty < 0,005 Normal A 1 < 0,005 99
T: < 0,005 Normal A 1 < 0,005 99
T,—T, | 22,657 | 0,006 Normal A 1 0,006 3
2
Orp 0 0,000 Normal B 1 0,000 00
§tq 0 0,005 Normal B 1 0,005 o0
Stj 0 0,001 Normal B 1 0,001 o)
St; 0 0,016 Normal B 1 0,016 0
5t 0 0,058 Normal B 1 0,058 oo
Combined standard uncertainty Ue 0,061
Effective degrees of freedom Veft >100
Expanded uncertainty (p = 95%) U 0,122
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Uncertainty budget table for the “dn3”

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(x) (A, B) C ¢ - u(x) U
Ty < 0,005 Normal A 1 < 0,005 99
Tz < 0,005 Normal A 1 < 0,005 99
T, — T, | 249,966 0,011 Normal A 1 0,011 3
A
Orp 0 0,000 Normal B 1 0,000 o
5tq 0 0,005 Normal B 1 0,005 o
&j 0 0,001 Normal B 1 0,001 00
5t 0 0,016 Normal B 1 0,016 o
St, 0 0,058 Normal B 1 0,058 o
Combined standard uncertainty Ue 0,062
Effective degrees of freedom Vet >100
Expanded uncertainty (p =~ 95%) U 0,124
Uncertainty budget table for the “dn7”
Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty | distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) c c - u(x) %
Ty < 0,005 Normal A 1 < 0,005 99
T: < 0,005 Normal A 1 < 0,005 99
T,—T, | 1508,990 | 0,009 | Normal A 1 0,009 3
A
Orp 0 0,000 Normal B 1 0,000 00
§tq 0 0,005 Normal B 1 0,005 o
5tj 0 0,001 Normal B 1 0,001 o)
St; 0 0,016 Normal B 1 0,016 0
5t 0 0,058 Normal B 1 0,058 o0
Combined standard uncertainty Ue 0,061
Effective degrees of freedom Veft >100
Expanded uncertainty (p =~ 95%) U 0,122
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Uncertainty budget table for the “dn126”

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertain | distribution evaluation coefficient contribution freedom
Xi Xi ty (A, B) c c - u(x) %
u(x)
T4 < 0,005 Normal A 1 < 0,005 99
T: < 0,005 | Normal A 1 < 0,005 99
T, —T, | 12039,490 | 0,012 Normal A 1 0,012 3
2
S 0,000 0,000 Normal B 1 0,000 e
5tq 0,000 0,005 Normal B 1 0,005 o
5tj 0,000 0,001 Normal B 1 0,001 0
S5t, 0,000 0,016 | Normal B 1 0,016 o0
St 0,000 0,058 Normal B 1 0,058 o
Combined standard uncertainty Ue 0,062
Effective degrees of freedom Vet >100
Expanded uncertainty (p = 95%) U 0,124
Uncertainty budgets for InLambda standards:
All figures are in nanoseconds.
Uncertainty budget table for the “InA 20” (auxiliary used In\ 300)
Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertain | distribution evaluation coefficient contribution freedom
Xi Xi ty (A, B) C ci - u(xi) %
u(xi)
Ty < 0,005 | Normal A 1 < 0,005 99
T: < 0,005 | Normal A 1 < 0,005 99
T, —T, 24,210 0,002 Normal A 1 0,002 3
2
Orp 0,000 0,000 Normal B 1 0,000 o
§tq 0,000 0,005 Normal B 1 0,005 o
5tj 0,000 0,001 Normal B 1 0,001 o)
S5t, 0,000 0,016 | Normal B 1 0,016 oo
St 0,000 0,058 Normal B 1 0,058 o
Combined standard uncertainty U 0,061
Effective degrees of freedom Vet >100
Expanded uncertainty (p = 95%) U 0,122
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Uncertainty budget table for the “InA 100” (auxiliary used In\ 20)

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertain | distribution evaluation coefficient contribution freedom
Xi Xi ty (A, B) lor ¢ - u(x) %
u(xi)
Ty < 0,005 Normal A 1 < 0,005 99
Tz < 0,005 Normal A 1 < 0,005 99
T, —T, | 104,482 | 0,001 Normal A 1 0,001 3
2
S 0,000 0,000 Normal B 1 0,000 0
5tq 0,000 0,005 Normal B 1 0,005 o
St; 0,000 0,001 | Normal B 1 0,001 o
S5t, 0,000 0,016 | Normal B 1 0,016 o0
5tr 0,000 0,058 Normal B 1 0,058 oS
Combined standard uncertainty Ue 0,061
Effective degrees of freedom Vet >100
Expanded uncertainty (p = 95%) U 0,122
Uncertainty budget table for the “InA 300” (auxiliary used InA 100)
Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertain | distribution evaluation coefficient contribution freedom
Xi Xi ty (A, B) c c - u(x) %
u(xi)
Ty < 0,005 Normal A 1 < 0,005 99
Tz < 0,005 | Normal A 1 < 0,005 99
T, — T, 307,273 0,001 Normal A 1 0,001 3
2
S 0,000 0,000 Normal B 1 0,000 o
5tq 0,000 0,005 Normal B 1 0,005 s
5tj 0,000 0,001 Normal B 1 0,001 o)
S5t, 0,000 0,016 | Normal B 1 0,016 o0
St, 0,000 0,058 | Normal B 1 0,058 00
Combined standard uncertainty Ue 0,061
Effective degrees of freedom Veft >100
Expanded uncertainty (p = 95%) U 0,122

c It ua, féu_., T’j aﬁﬂ\

Snezana Renovica

(Name)

18. June 2021.
(Date)
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Annex 4. Summary of results
Supplementary comparison EURAMET.TF-S1

Time interval measurements

In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: DMDM Country: Serbia
Average date of measurements: 4 days, from 20. March 2021. to 23. March 2021.

Measurement results with uncertainty and conditions met during measurements:

A1. TlGen standard — conditions met during measurements

External standard 10 MHz . Meet
reference frequency applied for Required reference requirements?

TiGen standard conditions yes / no
Source
(Cs clock, HM, ...) Cs clock 10 MHz £ 1 Hz yes
Amplitude (at 50 Q) 0,7 Vpp within (0,5 + 2) Vpp yes
Ambient temperature | |, .. . | Required reference requil:/leﬁtentw
during measurements measure conditions yes / no
22,9 + 0,6 |°C within (22 + 4) °C yes
Ambient humidity Unit of | €quired reference requi?lle?géntﬂ
during measurements measure conditions yes / no
31,4 + 8,7 | % within (50 £ 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/ Pendulum CNT-91
digital oscilloscope
(eg. SR620, 53230A, ...)

Applied trigger level ( 50 Q) 0,5V
(Required: 0,5 V)

Standard uncertainty component related 100 ps
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

Page 9 of 11



Supplementary Comparison:

EURAMET.TF-S1

Time interval measurements

A2. TIGen standard - measurement results with uncertainty:

Nurmber of the Determingd value of the.
measured measured Time Interval with .
Timenn | “predumeerany | il
“dn0” 22,66 + 0,12 ns
“dn3” 249,97 + |0,12 ns
“dn7” 1508,99 + |0,12 ns
“dn126” 12039,49 + 0,12 ns

S

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference re uit/(laﬁtentw
auxiliary InLambda standard conditions 9 '
yes / no
Source
(Cs clock, HM, Cs clock
frequency generator, | Symmetricom 5071A
.)
pps
(yes / no) yes
Frequency 1 Hz <200 Hz yes
Low level oV oV yes
High level (at 50 Q) 20V (1,75 +2,25) V yes
Rise timeogO% to 80 1.5ns <10ns ves
Duty cycle <5% <50 % yes
to avoid the pulse yes
widths
Pulse width 20 ps close (<x 10 ns) to
the measured time
intervals
Application of a double configuration
DUT — Device Under Auxiliary used Required reference lMeet
: » requirements?
Test device conditions
yes / no
InA 20 InA 300 InA 100 or InA 300 yes
InA 100 InA 20 InA 20 or InA 300 yes
InA 300 InA 100 InA 20 or InA 100 yes
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Required reference

Ambient Required reference Meet
temperature during Unit of measure 9 conditions requirements?
measurements yes / no
22,9 + |06 °C within (22 + 4) °C yes
Ambient humidity Meet

during . ", requirements?
measurements Unit of measure conditions yes / no
31,4 + |87 % within (50 + 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope
(eg. SR620, 532304, ...)

Pendulum CNT-91

to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

Applied trigger level ( 50 Q) 05V
(Required: 0,5 V)
Standard uncertainty component related 100 ps

B2. InLambda standards - measurement results with uncertainty:

Determined value of Ambient temperature
The source of the measured Time during measurements
the measured | Interval with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20
(used Ik 300) 24,21 +| 0,12 | ns 22,9 t 0,6 C
InA 100
(used Ik 20) 104,48 | + | 0,12 |ns 22,9 * 0,6 C
InA 300
(used In2 100) 307.27 | x| 0,12 | ns 22,9 * 0,6 C

Crrewrava. foust wjﬂ‘

Snezana Renovica
(Name)

18. June 2021.
(Date)
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1. Task goals

Task goals were to measure 7 time intervals by two types of traveling standards: TIGen (1 item) and
InLambda standards (3 items).

2. General information about participating laboratory

Location where measurements
have been carried out:

Montenegrin Bureau of Metrology (MBM), Laboratory for Time
and Frequency;
Arsenija Boljevic¢a bb, 81000 Podgorica, Montenegro

Measured by:

Alina Musié
Jovana Vukoslavovié

The Bureau of Metrology is established by the Government of Montenegro on September 14, 2006, by the
Decree amending the Decree on State Administration Organization and Manner of Work of September 29,

2006.

The Laboratory for Time and Frequency was established in 2011 within the Laboratory Center of the
Bureau of Metrology.

The Laboratory for Time and Frequency carries out the tasks related to:

Realization, conservation, maintenance and improvement of the national standard for time
(frequency) in Montenegro;

Providing metrological traceability in the field of time and frequency in Montenegro by
transferring the unit of time (frequency) from the national measurement standard to secondary
and working standards of time (frequency);

Development of measurement methods for transferring the unit of time;

Calibration of measurement standards/ measuring instruments for measuring time (frequency);
Realization and distribution of the national time scale;

Participation in the calculation of TAI (Temps Atomique International) and UTC (Universal Time
Coordinated) time scales;

Participation in inter-laboratory comparisons;

Defining the prescribed technical and metrological requirements for determining the type of a
measuring instrument used for measuring time (frequency);

Verification of measuring devices used for measuring time (frequency).

In order to examine compliance with the prescribed technical and metrological requirements to determine
the type of a measuring instrument, the Laboratory for Time and Frequency carries out type examination
for measuring instruments in the field of time and frequency measurement in accordance with the Decree
on legal measuring instruments that are subject to mandatory verification or type approval (Official
Gazette of Montenegro 81/09), as follows:

Main clocks within the telephone exchanges;
Traffic speed measuring instruments for moving vehicles.

Laboratory has accredited area for:

Measurement of frequency in the range from 1 mHz to 350 MHz;
Measurement of time interval in the range from 1 ns to 100 000 s;
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e C(Calibration of frequency counters;
e C(Calibration of stopwatches;
e (Calibration of the time measurement standard.

3. Measurement method

For measuring time intervals by TIGen standard we used the frequency counter Agilent 53230A and
10 MHz from the Cesium clock Microsemi 5071A for the external time base. For measurements by
InLambda standards we used also frequency counter Agilent 53230A and signal generator Agilent 33521A.

We made two measurements. For first measurement we connected START and STOP outputs from
standards with START and STOP channels on frequency counter (Time Int 1-2). For the second
measurement we changed position of the cables on standards (Time Int 2-1).

Skew-delay error between channels is zero because we made this cable replacement.

After connecting equipment, it is necessary to read two values from the frequency counter, the mean
measured value (Mean) and the standard deviation (StdDev) for each interval.

For the TIGen standard, we read these values after 100 of countings, and for the InLambda standards after
10 000 of countings.

The equipment connection sheme for TIGen standard is shown in the Figure 1 for first measurement with
cables connections 1-2, and in the Figure 2 for second measurement with cables connection 2-1.

Cesium clock 5071A

10 MHZT ouT

Input 10 MHz i Ex. Ref. 10 MHz
TiGen Frequency counter 53230A
1 PPS OUTPUTS
START  STOP CH1 CH2
® o ® o
l T

Figure 1. Connection sheme for TIGen standard (1-2)
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Cesium clock 507 1A

10 MHz T ourt

Input 10 MHz i Ex. Ref. 10 MHz
TiGen Frequency counter 53230A
1 PPS OUTPUTS
START  STOP CH1  CH2
e o e e

: |
;

Figure 2. Connection sheme for TIGen standard (2-1)

The equipment connection for TIGen standard is shown in the Figure 3.
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Figure 3. Connection of the TIGen standard

The equipment connection sheme for InLambda standards is shown in the Figure 4 for first measurement
with cables connections 1-2, and in the Figure 5 for second measurement with cables connection 2-1. The
example below is given for measuring time interval of InLambda standard (c. 100 ns).

Signal generator InLambda 20 ns InLambda 100 ns Frequency counter 53230A
Agilent 33521A
out SEED START  STOP SEED START STOP CH1 CH2
° ® ) ° ® ®
1 O ,

Figure 4. Connection sheme for InLambda standards (1-2)

Signal generator INLambda 20 ns INLambda 100 ns Frequency counter 53230A
Agilent 33521A
out SEED START  STOP SEED START STOP CH1 CH2
[ ] [ ] [ ] [ ] [ ]
¥ 1 [ T 2 t 4

Figure 5. Connection sheme for InLambda standards (2-1)
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The equipment connection for InLambda standards is shown in the Figure 6.

Figure 6. Connection of the InLambda standards

4. Measuring equipment used

4.1 List of measuring equipment
e Cesium clock, Microsemi, 5071A, SN US49353925, Calibration date: from October 25, 2019 to

November 12, 2019 (DMDM);
e Frequency counter, Agilent, 53230A, SN MY500000544, Calibration date: January 04, 2021 (SIQ).
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4.2 Auxiliary equipment

e Oscilloscope, HM03524, HAMEG, SN 057820040;
e Signal generator, Agilent, 33521A, SN MY50001763;

e BNC cables (2 short cables for time measurement, 2 cables medium length, 1 cable with “T”

connector, and one long cable for 10 MHz source).

4.3 Calibration set-up

In the table below are given informations about the base equipment used for time interval measurements.

Table 1. The base equipment used for time interval measurements

The type of time interval counter

Agilent 53230A

systematic effects and included in the uncertainty
budget of measurement results

Applied trigger level (50 Q) 0,5V
Standard uncertainty component related to a
residual nonlinearities or other not reduced 100 ps (Tacc)

Accuracy of Time Interval Counter

Coupling DC
Impedance 500

Range Y,

Level Setup fSA(L)l(t)Onl]-\Ejvel - Off
Count 100 (TIGen)

10 000 (InLambda)

Table 2. Signal generator setup

The type of signal generator

Agilent 33521A

Frequency 100 Hz
Amplitude 2 Vg
Offset 1v
Pulse Width 1ms
Lead Edge 8,4 ns
Trail Edge 8,4 ns
Duty cycle 10%
Rise time 8ns

5. Measurement traceability

During the measurement, reference standards were used which are traceable to international and national
standards, which represents the realization of the physical quantity unit in accordance with the
International System of Units (SI). The traceability scheme in the Laboratory for Time and Frequency is

shown in Figure 7.
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DU 'UO LABORATORIA ZA VRIJEME
VENCLIU

| FREK

SEMA SLJEDIVOSTIII

AC/HF VOLTAGE E £ ¥ < 3 +
Sl Internacionalne PTB NM"DIB?F"’AIAC KCDB N Rubidljumski
vremenske skale utc NMUDIEA MLA casovnik
- =
NMI/DI CMC KCDB X
BIPM T
NMV/D{ EA MLA Referentna
} - Stoperica
GPS vrijeme g
Generator signala §

e - - - 1) e B LY 090 ounn i | Internacionaini nivo|

GPS CVMClink
(GPS Common-view Muiti-channel link)

UTC(MBM)

vrijeme | frekvenciju
Zavod za metralogiju

Frekvencmetar
(2GHz)

Vremenski interval
N (1nsdo 1000005) Stoperica

Frekvencija
(350 MHz)

Figure 7. The traceability scheme in the Laboratory for Time and Frequency

6. Measurement uncertainty

6.1 Used relationship/equation for obtaining estimates of results and uncertainty budget
The time interval measured by the frequency counter can be expressed as following equation:
ts=tc+k RU+k SU+k TU (eq. 1)

Where:

t. — the mean value of the measured values read from the frequency counter;
k_RU — Random error correction;

k_SU — Systematic Error correction;

k_TU — Timebase error correction.

Random and Systematic error corrections are 0.

The timebase error is a parameter that depends on the time base used (internal time base of the frequency
counter or external time base).

The correction due to the timebase error, k_TU, is calculated as follows:

Af
k_TU =—"%=-
- f

t. (eq. 2)
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Where:

A . . .
Yes relative frequency deviation of the time base.

The value for the relative frequency deviation of the time base is taken from the last calibration certificate
of source used for the time base.

We used this value from the last calibration certificate of Cesium clock from 2019, because we do not have
data for new calibration.

The formula below is used to calculate the final results of time interval measurments:

t;+t,
t= 5 (eq. 3)

6.2 Obtained results of measurements with the associated standard and expanded
uncertainty of measurement and a complete uncertainty budget, including information
on the uncertainty components connected with residual non-linearities of the
measurement system or other non-compensated effects

Table 3. Uncertainty budget table for InLambda standard — A 20 ns

model of
| Linearity =  1.00000E-10 5 Tacc = 100 ps Skew = 0ps
lts=tc+k RU+ k_SU +k TB Tie = THE12 s Tss = 20 ps Start Trig = 05V
1 Offset = 1.075E-10's Ein= 500 uV Input noise Stop Trig = (R
|k_RU =(14(Tss"2+ TeA211/2) En= 1000 WV Signal noise Tise_start = 0.006 V.
| Te =( (Eim2+Em2+Vxe2 /2SR Vi = 2000 uV Cross Talk Tise_stop = 0.006 V
|k_SU = Linearity + Offset SRstart = 1.6.E409 Vis SRstop = 1.6.E+09Vis
| Te= 3TEMs Ulstart = 2,000V Ustop = 2000V Vh= 0.020 vV
Tite = (Tise_start/Srstart + Tise_stop/Srstop } + (1/2Vh/Srstart - 1/2Vh/Ststop ) Ristart = 1.0E-09 s Ristop= 1.0E-09 s
| Ulafesif= 1.00E-13
| Afesi= 4 00E-14
| 5(Cate)= 1.00E-11
Effective | Uncertainty
Prabability degr. of afthe
Quantity Estimate Standard uncertainty distribution Div. Sensitivity Unce freedom estimate
| Xi xi ufx] Gi uify) vi
| i 24067E-08 5 1 300E-11 = nomal 1 10 13000E-11 5 9935, 1.300E-11 s
| k_RU 0is 3.615E-12s rectangular 173 10 36149E12 ¢ 1E+99  6.261E-12 s
| k_su 0's 1.198E-10 s rectangular 1.73 10 1.1980E-10 s 1E+98  2.075E-10's
| k 1B 9683E-22 5 1403E-19 5 rectangular 173 10 14034E-19 5 1E+9% 243E-19 s
[ is 2.407E08. 1206E10 s 73954140
| Expanded uncertainty of measurement. 2411E10 5
| 1.0E-02
|
Table 4. Uncertainty budget table for InLambda standard — A 100 ns
model of
Linearity = 1.00000E-10 s Tace = 100 ps Skew = 0ps
ts=te+k_RU + k_SU + k_TB. Tite = T5E12s Tss = 20 ps Start Trig = 05V
Offset = 1.075E-10 s Ein= 500 uV Input noise Stop Trig = 05 v
K_RU =(14(TssA2+Te"2)11/2) En= 1000 UV Signal naise Tise_start = 0.006 V
Te =( (Ein"2+Em2+Vxa2)p1/2)/SR Vx = 2000 uv Cross Talk Tise_stop = 0.006 V
k_SU = Lingarity + Offset SRstart = 16.E+09 Vis SRstop = 1.6.E+09 Vis
Te= 3TEMs Ulstart = 2000V Ulstop = 2000V Vh= 0.020 vV
The = (Tise_start/Srstart + Tise_stop/Srstop ) + (1/2Vh/Srstart - 1/2Vh/Srstop ) Rtstart = 1.0E-09 s Ristop = 1.0E-09 s
U(Bfesif= 1.00E-13
Afcsi= 4.00E-14
5(Gate)= 1.00E-11
Effective  Uncertainty
Probability degr. of of the
Quantity Estimate Standard uncertainty distribution Div. y coefficient | Uncertainty \ | freedom  estimate
Xi xi ufxi of —uiy) vi uir
fc 1.0436E-07 s 1.100E-11 s normal 1 1.0 1.1000E-11 s 9999 1.100E-11 s 1 8
k_RU Os 3615E-12 s rectangular 173 1.0 3.6149E-12 5 1E+99] 6.261E-12ls 1.7E-145
k_SU 0s 1198E-10 s rectangular 173 10 1.1980E-10 s 1E+99  2075E-10's 21E-139
k 417TE-21 s 6.086E-19 s rectangular 173 10 6.0856E-19 s 1E+99 105E-18 s 14E-172
ts 1.044E-07 1.204E-10 s 143315062 146E-48
Expanded uncertainty of measurement: 2407E10 s
2.3E-03
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Table 5. Uncertainty budget table for InLambda standard — A 300 ns

Page 10 of 16

model of i
Linearity = 1.00000E-10 s Tacc = 100:ps Skew = 0 ps
ts=te+k RU + k_SU + k_TB 75E-12s Tss = 20 ps Start Trig = 0.5V
1.078E-10 s Ein= 500/uV Input noise Stop Trig = 0.5V
k_RU =(1,4(Tss"2+Te*2)*1/2) En= 1000wV Signal noise Tlse_start = 0.006'V
Te =( (Ein"2+Em2+Vxn2) 12)/SR Vx = 20000V Cross Talle Tise_stop = 0.006 V
k_SU = Linearity + Offset SRstart = 16E+09 Vis SRstop = 1.6.E+09 Vis
. Te= 37E14s UDstart = 2000V Ulstop = 2000V Vh= 0020 vV
Tite = (Tise_start/Srstart + Tise_stop/Srstop ) + (1/2Vh/Srstart - 1/2Vh/Srstop ) Ristart = 1.0E09's Ristop = 1.0E-09 s
Uiafes/f)= 1.00E-13
Mesif= 4 00E-14.
5(Gate)= 1 00E-11
Effective  Uncertainty
Probability degr. of of the
Quantity Estimate. Standard uncertainty distribution Div. coefficient L i il 1 freedom estimate
Xi xi uf] Gi _uily) i uirdyIA
tc 3.0718E07 s 1.300E-11's normal 1 1.0 1.3000E-11 s 9999  1.300E-11s 2.86E48
k_RU 0s 3.615E-12's rectangular 1.73 1.0 36149E-12'5 1E+39 G6.261E-12 s 1.7E-145
k_SU 0s 1.198E-10 s rectangular 1.73 1.0 1.1980E-10 s 1E+39  2.075E-10 s 21E-139
k TB 123E-20s 1.791E-18's rectangular 1.73 1.0 17912E-18's 1E+99 JA0E-18 s 1E-170
ts 3.072E-07 N ) 1.206E-10 s 73954140 2.86E48
Expanded uncertainty of measurement: 2411E-10 s
7 BE-04
Table 6. Uncertainty budget table for TiGen standard — dn0
model of
Linearty = 1 DOOOGE-10 = Tace = 100 p= Skew = Op=
1551+ RU+k SU+k TB The = B.GEEBTE-12 5 Tss= 20 ps Start Tng = 05V
Offsut = 1.06887E-10 5 En= 500 uv Input noise Stop Tng = 05V
k_RU =(1 4{Tss*2+ Te*2)112) En= 1000 uv Signal noise Tise_start = 0.006 V
Te ={ (Ein"2+En'2+Vx'2M12)SR V= 2250 W Cross Talk Tise_stop = 0,008 Vv
k_SU = Linearity + Offset SRstant = 1.8E+09 Wis SRstop = 18E+09 Vis
Te= JAE-14s Ulstan = 2250V Ulslop = 2230V Yh= oo2ov
The = (Tisa_ + Tise 1+ Z p) Ristar = 10E-00 5 Ristop = 10E.00 =
U{afesm)= 1.00E-13
Olcsht= 4.00E-14
5(Gate] T S0E-11
Effective  Uncertainty
Probability degr of ofthe
Quantity Estimate Standard uncertainty distribution Div. Sensilivity coefficient | Uncertainty contribution | freedom  estimate
Xi i ufxi) ] wify) w
e 225E-08 5 9000E-12 5 narrmal 1 10 9.0000E-12 5 99 DQD0OE-12s
k_RU Os ABISE-12 8 rectanguiar 173 10 IG14BE12 8 1E+489  6261E-128
k_sU 0s 1.193E-10 s rectangular 173 10 1.1832E-10 5 1E+88  2067TE-10s
k TB B.O2E-22 5 B.TT9E-18 5 reciangular 1.73 1.0 BITHIE-18 5 1E+E88 189E-185
Is 2.255E-08 1.197E-10 5 3006021
E of 2384E-10 5
11E02
Table 7. Uncertainty budget table for TiGen standard — dn3
| model of
Lneanty = 1.00000E-10 s Tace = 100 ps Shew = Ups
ts=tc+k_RU + k_SU + k_TB The = B.BBEETE-12 5 Tas= 0 ps Stan Trig = 05V
Offsst=  1.066B7E-10 5 Ein= 500 uV InpLt noise Stop Trig = 05V
lk_RU =(1 4(Tss'2+ Te*2)112) En= 1000 uV Segnal noise Tise_stant = 0006V
Te = (Ein'2+ En'2+ V2P L2VSR Vi = 2250 WV Cross Talk Tise_stop = 0008 V
k_SU = Linearty + Offset SRstat = 1BE+00 Vis SRstop = 18E+09 Vis
| Te= 34E-14s Ubstart = 220V Ulstop = 2250V Vh= 0020 v
|The = (Tize_: + Tise 140 stan - 172 S0P } Ristan = 106098 Ristop = 10609
UlAfesm)= 1.00E-13
Afesd= 4.00E-14
(Gate)= 7 50E-11
Effectrve  Uncertmnty
Probabily degr of of the:
Cluantity Estimate Standard uncertainty distribution Ditv. Senstivity coefficient | Uncenainty contribution | freedom estimate
Xi xi ufi) =] /i vi
[ 2 4990607 5 1100E-11 8 normmal 1 10 1.1000E-11 5 9 1100E-113%
k_RU Os 3B15E-12 5 rectangular 1.73) 1.0 36149E-12 5 1E+88 B2GIE-1255
k_SU| s 1.183E-10 5 rectangular 1.73 10 1.1932E-10 5 1E+88 2 067E-10s
k_TB 1.00E-20 5 1.084E-17 5 ular 1.73) 1.0 1.0835E-17 5 1E+99 1.BBE-17 5
] 2 499E07 1199E-10 = 1306512
Expanded uncertainty of 2.398E-10 5



Report for Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Table 8. Uncertainty budget table for TiGen standard — dn7

model of
Lineanty = 1 00000E-10 s Tace = 100 ps: Shew = 0 ps
ts=tcek_RLU + k_SU+ k_TB Tite = & BBGATE-12 5 Tss = i ps Start Trig = 05V
Offset = 1.06667E-10 5 Ein= 500 uV Input noise Stop Trig = 05V
k_RU =(1 4{Tss*24 Te'2112) En= 1000 uV Senal noise Tise_stant = 0008V
Te ={ (Ein'2+En'2+V 2/ 12VSR Vx= 2250 WV Cross Talk Tise_stop = 0006 V
k_SU = Linearky + Offset SRstan = 1.8 E+00 Vis SRstop = 18.E+09 Vis
Tes= J4E-14 5 Li0start = 2250V Ustop = 2250V Vh= o020V
The = (Tise,_: +Tise 1+ i1 stop ) Ristart = 10E-08s Ristop = 10E-08s
UfAfes= 1.00E-13
BlesA= 4.00E-14
6(Gate)= 7 50E-11
Effectve  Uncertainty
Probabiity degr. of ofthe
Cuantity Estrnate Slandard uncertamty drstnbation D [ Trewdom eslimale
Ar i i) =3 ufy) I !
ic GO0BRE-DE 5 1 200E-11 5 nosmal 1 1.0 1.2000€-11 5 89 1200E-Us
K_RU| 0s 3615612 5 rectangular 1.73) i0 36149E-12 5 1E+99  6261E-12 s
k_SU| Os 1193E-10s rectangular 173 10 11932E-10 s 1E+99 2 DETE-10 %
k_TH B 04E-20 5 6.542E-17 5 reclangular 1.73 1.0 B.AE-17 5 1E+59 113E-16 8
[:] 1.508E-06 1.200E-10 5 BE8190
aof 2.400E-10 5
1 BE-04
Table 9. Uncertainty budget table for TiGen standard — dn126
model of
Linearity = 1.00000E-10's Tace = 100 ps Shew = 0ps
te=tc+k_RU+k_SU +k_TB Tie = 6 BB6ETE-12 s Tss= Wps Start Trg = 05v
1 Oftset = 1 DGGETE-10's Ein = 500 uV Inpiit noise: Stop Tng = osv
K_RU =(1 4(Tss'24 Teb2p1/2) En= 1000 uV Sagnal noise Tise_stan = 0,006V
| Te ={ (Exf2+ Em2 Va2 P1R2VSR Ve= 2250 W Cross Talk Tise_stop = 0,008V
1k_SU = Lineanty + Offset SRstart = 1.8E+09 Vis SRstop = 1.8 E+08 Vis
Te= J4E-145 Ulstarn = 2250V = 2250V Vh= 0020V
The = (Tise_ + Tise )4 {12 7 o) Ristan = 1060 s Ristop = 10600 5
Uissfcsf= 1.00E-13
Aesi= 4.00E-14
5(Gate)= 7 50E-11
Efectve  Uincenainty
Probabity degr. of of the
CQusantity Estimate Standard uncenainty diestribution D ! freedom estimate
X x ufxi) o uly) wi !
e 1 2008€-05 5 1300E-11 8 normal 1 10 1 3000E-11 = 2 1300E-115
K_RU| 0s 3615612 5 rectangular 173 1.0 JG149E-12 5 1E+09 B26IE1235
k_SU| 0s 1.193E-10 s reclangular 173 1.0 1.1932E-10 5 1E+99 Z06TE-10s
kT8 4BIE-10 5 5 ZIE-16 5 rectanguiar 1.73 1.0 5 ZNE-18 5 1E+480  904E-16 s
[ 1.204E-05 1.201E-10 5 T20673
uncenainty of 2402810 5
2 0E-05

We have candidated CMC for time interval measurements with an uncertainty of 0,5. For this
measurements we have calculated uncertainity value 0,34. If our measurement results will be good, that
means we should decrease our CMC for time and frequency.

6.2.1 Calculation of standard measurement uncertainty

During calculation of the standard measurement uncertainty, it is necessary to define the contributions of
type A and type B of the standard measurement uncertainty.

6.2.1.1 Type A standard measurement uncertainties

Type A of the standard measurement uncertainty, (u(0A)), represents the standard deviation of the
arithmetic mean value when measuring the time interval. Normal distribution corresponds to this type of
measurement uncertainty.

6.2.1.2 Type B standard measurement uncertainties
During the measuring of time interval, there are three contributions of type B standard measurement
uncertainty, as follows:

e Random Error Uncertainty;
e Systematic Error Uncertainty;
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e Timebase Error Uncertainty.
Random Error Uncertainty

This contribution to the measurement uncertainty, (ORU), is calculated as follows (taken from the Agilent
53230A frequency counter specification):

1,4-(T&+T2)V?
ORU = —>——— (eq. 4)
(o

Where:
Tss — frequency shot timer resolution (single shot timing);
(The value for the time resolution of the frequency counter is given in the specification of the Agilent
53230A frequency counter and is 20 ps.)

Tg — threshold error, is calculated according to the formula given in the manufacturer's

specification:
500 2 + Ey? + Vx2) 2
For 5v: Z22K "+ En ) (eq. 5)
SRrRIGPOINT
5000 uv2 + Ey 2 + Vx2) V2
For 50v; 220KV * En ) (eq. 6)
SRTRIGPOINT
Where:

En — input noise of signal;
(The value which is taken for the input noise is 1000 uV, and it is checked by oscilloscope.)

Vy — overlap due to another signal (cross talk);
(For the overlap value is taken - 60 dB.)

SRrriGPOINT — Maximum response rate (slew rate);
For rectangular signals and pulses, the maximum slew rate, SR, is calculated by the
formulas:

SRstart = 0.8*Vip/trise start (eq. 7)
SRsrop = 0.8*Vpp/tise_stop (eq. 8)
Where:
Vpp — signal amplitude;

trise_start — initial trigger time;
tise stop —final trigger time.
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Measurement uncertainty due to Random error is a Type B measurement uncertainty with a rectangular
distribution, and the standard uncertainty, (u(0RU)), is calculated as follows:

ORU

u(dRU) = 5 -t (eq. 9)

Systematic Error Uncertainty

This contribution to the measurement uncertainty, (dSU), is calculated as follows (taken from the Agilent
53230A frequency counter specification):

0SU = Linearity + Offset (eq. 10)
Where:

TGCCUI‘GC}/

Linearity = (eq. 11)

c

TLTE + skew + Taccuracy
te

Offset = (eq. 12)

Taccuracy — accumulated time error.
It is given in the manufacturer's specification of Agilent 53230A, the value is 100 ps.

T,7e — threshold level timing error, a parameter calculated by the formula given in the manufacturer's
specification:

(eq. 13)

Tire=2 % %

Tise_sTART . Tise stop . [1/2 Vi 1/2VH]
SRstarr  SRstop

SRstart  SRstop

T

1se_stapr — €rror due to threshold setting, and is calculated according to the following formula:
Tyse =% (0.2%START,,, + 0.1%range) (eq. 14)
where the range is + 5V or £ 50V from the frequency counter specification.
TLSE_STOP— error due to threshold setting, and is calculated according to the following formula:
Tise = # (0.29%STOPyq + 0.1%range) (eq. 15)

where the range is + 5V or £ 50V from the frequency counter specification.

For our measurements for STARTtiq/ STOP:ig we used value of 0,5V from specification of standards (TIGen
and InLambda).

Vi—is 20 mV or 40 mV when the Noise Reject option is ON.

Duplicate values are used when measuring a frequency greater than 100 MHz.
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Skew — additional error calculated if two channels are used.
In our case the value of skew is zero, because we did the cable compensation (for the second measurement
we replaced the cable locations at the inputs of the standards in regard to first measurement).

Systematic Error Uncertainty is a Type B measurement uncertainty with a rectangular distribution, and the
standard uncertainty, (u(0SU)), is calculated as follows:

asu
u(osu) = E -t, (eq. 16)
Timebase Error Uncertainty
The contribution to the measurement uncertainty, (0TU), is calculated as follows:
AfCS
oTu = U(T) + 0(Gate) (eq. 17)
Where:

A . . . . .
U(%) —the value is taken from the last calibration certificate of Cesium clock;

d(Gate) — values for time base stability are taken from the technical specification of Cesium clock.

Measurement uncertainty due to timebase error (Timebase Error Uncertainty) is a Type B measurement
uncertainty with a rectangular distribution, and the standard uncertainty (u(dTU)), is calculated as follows:

oy oTU
u = —
]

6.2.1.3 Expanded measurement uncertainty calculation

-t. (eq. 18)

The expanded measurement uncertainty, (U), is calculated as follows:

U=2- /ch -U(OA) + gy U(ORU)? + g - u(9SU) + By u(OTU) (eq. 19)

Where Coa = Coru = Cosu = Cotu = 1.

In case we calculate the delay per cable, the expanded measurement uncertainty (U) is calculated as

follows:
U= /qu +U? (eq. 20)
Where:

U;— expanded measurement uncertainty calculated during the first measurement;
U,— expanded measurement uncertainty calculated during the second measurement.
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7. Description of the source 10 MHz reference frequency for TIGen standard

For TIGen standard, as the reference frequency source of 10 MHz was used the Cesium clock. The

manufacturer of the Cs clock is Microsemi and the model is 5071A (Figure 8).

Accuracy of this Cs clock is +1 x 10'? and long-term stability <5.0 x 1014 for 30 days.

Signal is sinusoidal, 1 Vrms into 50 Q. Connector type of this output is N female.

Figure 8. Cesium clock 5071 A

8. Description of the used input pulse signals for InLambda standards

In the table below there are characteristics of the signals applied on InLambda standards.

Table 10. Characteristics of the signals applied on InLambda standards

Source Function Generator Agilent 33521A
Frequency 100 Hz

Low level ov

High level (at 50 Q) 2V

Rise time (20% to 80%) 8ns

Duty cycle 10%

Pulse width 1ms

9. Ambiental conditions of measurements

The measurements were performed at an ambient temperature of 23 °C £ 2 °C and relative humidity

50 % * 20 %.
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In the table below there are average temperature during measurements with InLambda standards.

Table 11. Average temperatures during measurements with InLambda standards

Ambient temperature during measurements
The source of the measured . . .
. (for every standard separately — including Unit of measure
Time Interval .
expanded uncertainty, 95%)
InA 20 23,4+0,5 °C
InA 100 23,4+0,5 °C
InA 300 22,8+0,5 °C

10. Average date of performing measurements

Date of performing measurements is April 15, 2021.

Alina Musi¢ April 29, 2021

Jovana Vukoslavovi¢
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Annex 4. Summary of results
Supplementary compariscn EURAMET.T=-S

Time interval measurements

In additicn tc your measuremert report, please se~d this information by e-mail 10 GJM
e-mail: (albin.czubla@gum.gov.ol).

Acronym of instit.te: _MBM Country; Montenecro

Average dzte of measurements: .15.04.20z1

Remarks:

Measurerert resufs with uncertainty and cenditiens met during measurements:

A1. TIGen standard — conditions met during measuraments

Exzerna' stancard 10 Mz TR S Meet
reference frequency applied for qcondiﬁcns 77 | requirements?
TiGen standard ves / no
Saurce ’ & ;
(Cs clocx AM, ... Cs Clack 1C MRz £ 1Hz yes
Ampiituce (at 50 ) | 1.4Vpp within (0.8 = 2} V. yes
Meet

Ambient tamperature g Required reference :
: : )
during measurements it it condians requlre"pents.
measure Yes. no
23 + 2 6 within 22 = 4) °C yes

Meset

Ambient humidity Requi-ec reference

I ; ¢ - 2
during measurements Uit af condrions neuiremEiE
measure yes / no
50 + 20 % within (50 = 30) % yes

The base equipment used for time interval measurements

i |SR—— ——

The tyra ' brand of time interval counter/

digiza oscilloscope Jiieht S3EINA
(eg. SR620 53230A, . .)
Aroiied Trigger level ( 50 Q) 05V

(Reauired: 0,5 V)

Standard uncertainty componen: related
to e residual nonlirearities or otker not
reduced systematic effects anc included in
the uncarta n7y budget of measurement
results
(eg. C 152 ns/2 for SR620, unknown, = ..., ... )

1C7Z ns {Tacc) AccLracy of
Tima Interval Counter
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EURAMET.TF-81

Time interval measurements

A2, TIGen standard - measurement results with uncertainzy:

NiiFseE BFERE Determired value of the
'neaqu(r)ed - meastLred Time Interval with
Time I}ltewal expanded uncerainty Unit of
T (2~ 95 %) (in 1S measure
‘cn0” 22,65 + 034 |ns
“en3d” 249,9¢ + 0.34 | s
er?” 1508,93 + 0.34 ns
“ar126° 1203948 + | 034 |ps

E1. InLambda standards — conditions met during measurements

Extarnal input pulses applied to an Fequired reference Meet ts?
auxiliary InLambda standard conditions b
yes / nJ
Source F.unction Generaor
(Cs clock, HM, f-eguency | Agilent 33521A
generator. ..)
1 pps 5
(ves / no) n°
Frequancy “00 Hz <200 Hz yes
Low level oV CV yes
Fich level (at 50 Q) 2v (1,75 +2,25) v yes
Rise time (2C% tc 82 %) B ns <10 ns yes
Dury cycle 10 % <E0% ves
o avoid the pLise
widths
Fulse width 1ms ciose (<10 ns) to yes
the measured time
intervals
Application of a couble configuration
- - ; Meset
DUT — Sevice Uncer Auxiliary usec Required reference ————
Test device conditions .
yes nc
ni 20 I 1C0 [4 100 or In 3CO yes
In% 10C ir 20 72 20 cr InA 200 yes
inA 30C 120 14 20 or InA 100 yes
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Time interval measurements

Ambient temperature

Required reference
conditions

Meet

requ rements?

during measurements | Unit of measure yes. no
e = 2 G within (22 + 4) °C ves
; ; Mest
Ambient humidity Required reference ;
; . ] requirements?
during measurements | Unit of measure conditions ,
yes, no
50 + 20 % within (50 £ 30) % yes

The base equipment used for time interval measurements

The type / branc of time interval counter/
digita! cscilloscope
‘eq. SR529, 532304, ..)

Agilent 53230A

Applisd tngger level ( 50 ()
(Recuired: 0,5 V)

05V

Standard uncertainty componert related
to a residual nenlinearities or other not
reduzed svsterratic effects and included in

100 ps ‘Tacc) Accuracy of
Time Irterval Counter

results

the uncertainty sudget of measurement

(eqg. 0,15C ns/2 for SRG20, unknown, < ..., ... )

B2. InLamxda stanaards - measurement results with uncertainty:

Cetermined value of the Ambient temperature
The sou-ce of | measured Time Interval during measurements
the meas.red with expanded (for every standard
Time Irterval uncertainty Unit of separately — including Unit of
p =~ 95 %) (in ns) measure | expanded urcertainty, 395%) | measure
Ird 20 2417 =| 03 |ns 23,4 + 0.5 o
Inj. 100 10446 | - [ 234 |pg 234 t | 05 °C
In. 300 3C7,27 O " N 22,8 3 0.5 oC
Alina Musie fory hesic .

29.04.2021.
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EURAMET.TF-51

Time interval measurements

In ada tien to your measureme-t report, please send this information by e-mail 10 GJM
e-mai: (zlbin.czubla@gum.gov.pl).

Annex 3. Typical scheme for an uncertainty budget

Supplementary comparison EURAMET.TF-S1
Time interval reasurements

Acronym cf institute: MBM
Average date of measurements:

Remarks

CoLntry:

15.04.2021.

Model equation that follows from the measurement setup:

=

s=tc+k RU+k SU+k "L

Descripton cf the quartities in the model equatio:

Martenegro

X

Quantity Description

tc

the mean value of the measured valuas read from the frecuercy counter

k RU | Random error correction

k_SU

Sysiematic Error correction

k_TU

T'menase error correction

Uncertainty budget table

Quangity Estiimate Standarz Probabilfty Metod of Sens tivity Lncertainzy Degrees o*
uncertairy distribution evaluation coefficient contiit Jtion freedom
Xi Xi u(xi) A, B) iz Ci LX) W
tc  22554E-08 | 9E-12 normal A 1 9E-12 =]
Combined standard uncertairzy Ue *187TE-10
Effective degrees of freedom Vit 3029021
Expanded uncertainty (p = 95%) U 2,395E-10
. s Ble ek
Alina Musié 1ung Wk \ . 7
Jovana Vuxoslavowvié \qu\f o Ve 0SLaus e 29.04.2021,
(Name) (Date)
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EURAMET.TF-S1 Supplementary Comparison
"Comparison of time interval measurements”
(performed within EURAMET Project #1485)

Measurements report for IMBIH

Prepared by: Osman Sibonjic and Sani Sarcevic

June 2021



1. Identification of the participating laboratory

Institute: Institute of Metrology of Bosnia and Herzegovina
Acronym: IMBIH

Address: Augusta Brauna 2, Sarajevo, 71000

Country: Bosnia and Herzegovina

Contact Name Osman Sibonjic

Telephone 38733568923

Email osman.sibonjic@met.gov.ba

2. Description of the calibration method

IMBIH used direct measurement procedure using time interval counter (TIC) with compensation of
the cable delay differences. For the reference TIC, SR620 Stanford Research Systems was used.

Cables delay difference was estimated using Stanford Research Systems Digital Delay Generator
DG645. With nominal DG645 delay set to zero, and the signal shape (amplitude and rise time)
similar to DUT signals, the cable delay differences were measured using reference TIC. This value
was then subtracted from measurements results.

3. Description of the calibration set-up and equipment
The calibration set-up for cases 1 and 2 are shown on Figure 1 and 2 respectively.

For all measurements, external reference for TIC was 10 MHz laboratory reference frequency
coherent with UTC(IMBH). For the first case, this frequency was also connected to TIGen
standard. In the second case, reference PPS pulses for InLambda aux device comes from
UTC(IMBH) pulse distribution unit.

In order to minimize cables delay difference, start and stop cables were of the same nominal
length, type and producer. These cables directly connects start and stop ports of the DUT and TIC.

Equipment used:

Reference TIC: SR620 Stanford Research Systems

Stanford Research Systems Digital Delay Generator DG645 (for cables delay estimation)
Cable A, cable B: Pomona RG58C/U BNC 50Q (1.5m)

Timetech Pulse Distribution Unit, output levels 2.5Vpp @50Q

Frequency Distribution Amplifier, 10MHz sine wave outputs



UTC(IMBH) Pulse distribution unit ‘ ‘ 10 MHz ref. frequency distribution unit

Cable A
Cable B
L vy
Start Stop Start Stop
TIGen standard Time interval
counter
10 MHz ref T 10 MHz ref T —

Set-up 1: TIGen standard

UTC(IMBH) Pulse distribution unit ‘ ‘10 MHz ref. frequency distribution unit
Cable A
Cable B
i vy
Start Stop Start Stop Start Stop
InLambda aux InLambda DUT Time interval
counter
—®= Trigger input Trigger input 10 MHz ref 74—

Figure 1 and 2: Measurement set-up

4. Traceability chart

IMBIH’s Laboratory for Time and Frequency participates in realization of Coordinated Universal
Time (UTC) and achieves international traceability through BIPM Key comparison CCTF-
KO01.UTC. National time scale is generated using high performance 5071A cesium atomic clock
and steered by High Resolution Offset Generator. Outputs from HROG are connected to pulse and
frequency distribution units which represent laboratory reference planes.

Traceability chain is shown on Figure 3.



Sl second

Y

CCTF-K001.UTC

'

UTC(IMBH) and ref. 10 MHz

Y

Cs 5071A + HROG

Figure 3: Traceability chain

5. Used relationship / model equation

Estimated values of time interval measurements are given by the model equation that follows from
the measurement setup:

Tl = X7ic — Xcavles + (XLSD"'Xnon-Iin+Xres+Xss+Xq+Ximp+Xﬁlter)

where:
Quantity Description
Xi
Xric Average value of N=100 TIC readings
Xcables Estimated cables delay difference
Xisp TIC Least significant digit
Xnon-in TIC Diff. Non-linearity
Xres TIC Resolution
Kss TIC StartStopTriggerError
Xq TIC Quantization error
Ximp TIC Impedance missmatch
Xiitter TIC Input filter




6. Obtained results of measurements and corresponding uncertainties

Uncertainty budget table, all values in s:

Quantity Estimate Standard Probability Method of Sensitivity Uncertainty Degrees of
uncertainty distribution evaluation coefficient contribution freedom
Xi Xi u(xi) (A, B) Ci ci-u(x) %
Xric 2.2598E-08 5.0E-12 Normal A 1 5.0E-12 99
Xcables -7.5E-11 4.0E-11 Rectangular B 0.577 2.3E-11 1.0E+99
Xisp 0 4.0E-12 Normal B 1 4.0E-12 1.0E+99
Xhon-iin 0 7.5E-11 Normal B 7.5E-11 1.0E+99
Xres 0 2.5E-11 Normal B 2.5E-11 1.0E+99
Xss 0 2.0E-11 Normal B 2.0E-11 1.0E+99
Xq 0 1.0E-11 Rectangular B 0.577 5.8E-12 1.0E+99
| Ximp 0 1.5E-11 Normal B 1.5E-11 1.0E+99
Xiiter 0 5.0E-11 Normal B 5.0E-11 1.0E+99
Combined standard uncertainty U 9.98E-11
Effective degrees of freedom Veit 1.57E+07
Expanded uncertainty (p ~ 95%) U 2.00E-10

Date of measurements:

20.05.2021.

Measurement results with uncertainty and conditions met during measurements:

Al. TIGen standard — conditions met during measurements

External standard 10MHz reference . Meet
. Required reference X
frequency applied for TIGen L requirements?
conditions
standard yes/no
Source
(Cs clock, HM, ...) Cs clock 10 MHz £ 1 Hz yes
Amplitude (at 50 Q) 3.0 within (0,5 + 2) Vpp no
. . . Meet
Ambient temperature Unit of | Required reference X
. ., requirements?
during measurements | measure conditions
yes/ no
23.6 + 0.2 |°C within (22 + 4) °C yes
. - . . Meet
Ambient humidity Unit of | Required reference X
. , requirements?
during measurements | measure conditions
yes / no
42.6 * 23 | % within (50 + 30) % yes
The base equipment used for time interval measurements
The type / brand of time interval counter/ SR620
digital oscilloscope
(eg. SR620, 532304, ...)
Applied trigger level ( 50 Q) 05V
(Required: 0,5 V)




Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

0.150 ns/2

A2. TIGen standard - measurement results with uncertainty:

Number of the Determined value of the
measured Time Interval with Unit of
measured ;
Time Interval expanded uncertainty measure
(p ~ 95 %) (in ns)
“dn0” 22.674 * 0.2 |ns
“dn3” 250.052 * 0.2 |ns
“dn7” 1508.987 + 0.2 |ns
“dn126” 12039.603 * 0.2 |ns
B1. InLambda standards — conditions met during measurements
. . . Meet
External input pulses applied to an Required reference requirements?
auxiliary InLambda standard conditions d '
yes / no
Source
(Cs clock, HM, frequency Cs clock
generator, ..)
1 pps
(yes / no) yes
Frequency 1Hz <200 Hz yes
Low level oV ov yes
High level (at 50 Q) 2.88 (1,75 +2,25) V no
Rise time (20% to 80 %) <5ns <10ns yes
Duty cycle 0.002 % <50 % yes
to avoid the pulse
widths
Pulse width 20 ps close (<+ 10 ns) to yes
the measured time
intervals




Application of a double configuration

DUT — Device Under Auxiliary used Required reference 'Meet
: i requirements?
Test device conditions
yes / no
InA 20 In) 300 InA 100 or InA 300 yes
InA 100 InA 300 InA 20 or InA 300 yes
InA 300 InA 100 InA 20 or InA 100 yes
. . Meet
Ambient temperature Required reference ;
. . i requirements?
during measurements | Unit of measure conditions
yes / no
23.6 + 0.2 °C within (22 + 4) °C yes
Ambient humidity i Required reference 'Meet
, Unit Of measure o requ"‘ements?
during measurements conditions
yes / no
42.6 * 2.3 % within (50 + 30) % yes

The base equipment used for time interval measurements

to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

The type / brand of time interval counter/ SR620
digital oscilloscope
(eg. SR620, 532304, ...)
Applied trigger level (50 Q) 05V
(Required: 0,5 V)
Standard uncertainty component related 0.150 ns/2

B2. InLambda standards - measurement results with uncertainty:

Determined valu_e of Ambient temperature
The source of the mea_sured Time Unit of during measurements Unit of
the measured | Interval with expanded (for every standard
) ; measure : : measure
Time Interval uncertainty separately — including
(p =~ 95 %) (in ns) expanded uncertainty, 95%)

InA. 20 24217 | +£| 02 |ns 23.7 + 02 |°C

InA 100 104.526 | * 0.2 |ns 23.7 + 0.2 °C

InA 300 307.358 | £ 0.2 |ns 23.7 + 0.2 °C
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Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Saudi Standards, Metrology and Quality Org (SASO)
National Measurement and Calibration Center (NMCC)
Report of Time Interval Measurement with Universal Frequency Counter / Timer 53230A

1. Measurement Method

Time Intervals between start and stop signals of T-Gen were measured using
counter. We connect start signal to channel 1 and stop signal to channel 2 of
counter ( Fig.1). And adjustment channel 1 & 2 according as a recommended in

Technical protocol.

10 MHz
Cs
TI-Gen
Counter 53230A
O O
I [m]

Fig 1. Time Interval Measurement of T-Gen with counter.
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2. Measurement Method

Time Intervals between start and stop signals of A, A2 and A3 were measured using
counter. First, using externally trigger signal by the pulse generator with. First, the
external trigger signal from the pulse generator roughly was synchronized with the
trigger signal of Ax, It was ( low level 0V, high level 0.77 , frequency 200 Hz , duty
cycle 50% ) .Then We connect start signal to channel 1 and stop signal to channel
2 of counter ( Fig.2). ). And adjustment channel 1 & 2 according as a recommended
in Technical protocol.

10 MHz
Cs
33250A
—J
Counter 53230A
M (x) A2 (x) O
CIJ 0 O 0 0

Fig 2. Time Interval Measurement of A1, A2 and A3 with counter.
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Equipment Used
No. Ins;r;lllrzleent Manufacturer Type/Model Serial No. Traceability
Primary .
1 Frequency Symmetricom 5071A US49352931 Blpl\%’gcjilc“égr; 401,
Standard '
Universal SASO-NMCC
2 Frequency Agilent 53230A MY50006121 ’
Counter / Time 2021-1200-TF-TF- 6 C
Function /
Arbitrary . SASO-NMCC,
3 Agilent 33250A MY40030398
Waveform glien 2021-1221-TE-TF- 13 C
Generator
The Environmental * The environmental conditions during the calibration was:
Conditions During Temperature: Relative Humidity:
Measurements (23+2)°C (40 % 15) %rh
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Supplementary Comparison:

EURAMET.TF-S1

Time interval measurements

Annex 3. Typical scheme for an uncertainty budget

In addition to your measurement report, please send this information by e-mail to GUM

Time interval measurements

e-mail: (albin.czubla@gum.gov.pl).
Acronym of institute: SASO
Average date of measurements: 27/06/2021

Remarks:

Supplementary comparison EURAMET.TF-S1

Country: Saudi Arabia

Model equation that follows from the measurement setup:

A
TI = TS (1 + Tf) + 6TRND + 5TTLTE + 6TSYS + 6TDR

Description of the quantities in the model equation:

Quantity | Description
Xi
TI Measurement result
T Average of measured values
ﬁ Frequency counter's time base accuracy
f
6Tryp | Random effect
S8Trrg | Trigger Level Timing Error
8Tgys | Systematic effect of the frequency counter
6Tpr Display resolution effect

Uncertainty budget table (dn 0)

Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees
uncertainty distribution evaluation | coefficient | contribution of
Xi Xi u(xi) (A, B) Ci Gi - u(xi) freedom
Vi
Ts 2.282E-08s | 9.00E-12s Normal A 1 9.00E-12's 999
A ; 2.282E-08
= 0 Hz/Hz 2.00E-12 Normal B 456E-20s | 10000
f Hz/Hz S
6Trnp O0s 2.29E-11s | Rectangular B 1 2.29E-11s 1000
OTrirE 0s 1.75E-11s Rectangular B 1 1.75E-11s 1000
6Tsys 0s 1.44E-10s | Rectangular B 1 1.44E-10 s 1000
6Tpr 0s 2.89E-23s | Rectangular B 1 2.89E-23 s 1000
Combined standard uncertainty Ue 1.45E-10's
Effective degrees of freedom Veft 1007
Expanded uncertainty (p = 95%) U 2.90E-10's
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EURAMET.TF-S1

Time interval measurements

Uncertainty budget table (dn 3)

Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees
uncertainty distribution evaluation | coefficient contribution of
Xi Xi u(xi) (A, B) Ci Ci - U(Xi) freedom
14
T 2.5018E-07s | 1.08E-11s Normal A 1 1.08E-11s 999
A - 2.5018E-
& 0 Hz/Hz 2.00E-12 Normal B S018 5.00E-19s | 10000
f Hz/Hz 07s
6Tryp 0s 2.29E-11s Rectangular B 1 2.29E-11s 1000
6TrirE 0s 1.75E-11s | Rectangular B 1 1.75E-11's 1000
6Tsys 0s 1.44E-10s | Rectangular B 1 1.44E-10's 1000
8Tpr 0s 2.89E-22s | Rectangular B 1 2.89E-22 s 1000
Combined standard uncertainty Uc 1.45E-10's
Effective degrees of freedom Vet 1010
Expanded uncertainty (p =~ 95%) U 2.90E-10's
Uncertainty budget table (dn 7)
Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees
uncertainty distribution evaluation | coefficient | contribution of
Xi Xi u(xi) (A. B) Ci ci - u(x) freedom
14
T, 1.50911E-06s | 1.25E-11s Normal A 1 1.25E-11's 999
Af 2.00E-12 1.50911E-
8/ - : .02E-1
7 0 Hz/Hz Ha/Hz Normal B 06s 3.02E-18s | 10000
S6Tryp Os 2.29E-11s | Rectangular B 1 2.29E-11s 1000
OTrirE 0s 1.75E-11s | Rectangular B 1 1.75E-11s 1000
6Tsys 0s 1.44E-10s | Rectangular B 1 1.44E-10 s 1000
6Tpr 0s 2.89E-21s | Rectangular B 1 2.89E-21s 1000
Combined standard uncertainty Uc 1.45E-10 s
Effective degrees of freedom Veft 1014
Expanded uncertainty (p = 95%) U 2.90E-10's
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EURAMET.TF-S1

Time interval measurements

Uncertainty budget table (dn 126)

Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees
uncertainty distribution evaluation | coefficient contribution of
Xi Xi u(xi) (A.B) Ci Ci - U(Xi) freedom
14
Ty | 120398TE05 [y 01E11s | Normal A 1 101E-11s | 999
A - 1.2 1E
= 0 Hz/Hz 2.00E-12 Normal B 0O01E | 241E47s | 10000
f Hz/Hz s
STruD 0s 2.29E-11s Rectangular B 1 2.29E-11s 1000
8TrirE 0s 1.75E-11's | Rectangular B 1 1.75E-11s 1000
6Tsys 0s 1.44E-10s | Rectangular B 1 1.44E-10 s 1000
6Tpr 0s 2.89E-20s | Rectangular B 1 2.89E-20 s 1000
Combined standard uncertainty Uc 1.45E-10 s
Effective degrees of freedom Veft 1009
Expanded uncertainty (p = 95%) U 2.90E-10's
Uncertainty budget table (A1 (20))
Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees
uncertainty distribution evaluation | coefficient contribution of
Xi Xi u(xi) (A. B) Ci ci - u(x) freedom
14
T, 2.416E-08 s 1.05E-11s Normal A 1 1.05E-11s 999
A - 2.416E-
= 0 Hz/Hz 2.00E-12 Normal B OE-08 | 483205 | 10000
f Hz/Hz S
6Tryp Os 2.29E-11s | Rectangular B 1 2.29E-11s 1000
6TrirE 0s 1.75E-11s | Rectangular B 1 1.75E-11s 1000
6Tsys 0s 1.44E-10s | Rectangular B 1 1.44E-10 s 1000
6Tpr 0s 2.89E-23s | Rectangular B 1 2.89E-23 s 1000
Combined standard uncertainty Ue 1.45E-10 s
Effective degrees of freedom Veft 1010
Expanded uncertainty (p = 95%) U 2.90E-10's
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EURAMET.TF-S1

Time interval measurements

Uncertainty budget table (A1 (100))

Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees
uncertainty distribution evaluation | coefficient contribution of
Xi Xi u(xi) (A.B) Ci Ci - U(Xi) freedom
14
T, 1.0446E-07 s | 9.30E-12s Normal A 1 9.30E-12 s 999
Af 2.00E-12 1.0446E-
— - 2.09E-1
i 0 Hz/Hz Ha/Hz Normal B 07 s 09E-19s | 10000
S6TrNp Os 2.29E-11s | Rectangular B 1 2.29E-11s 1000
6TrirE 0s 1.75E-11s | Rectangular B 1 1.75E-11's 1000
6Tsys 0s 1.44E-10s | Rectangular B 1 1.44E-10's 1000
6Tpr 0s 2.89E-22s | Rectangular B 1 2.89E-22 s 1000
Combined standard uncertainty Uc 1.45E-10's
Effective degrees of freedom Veft 1007
Expanded uncertainty (p = 95%) U 2.90E-10s
Uncertainty budget table (A1 (300))
Quantity Estimate Standard Probability Method of | Sensitivity Uncertainty Degrees
uncertainty distribution evaluation | coefficient | contribution of
Xi Xi u(xi) (A. B) Ci ci - u(x) freedom
14
T, 3.0727E-07 s 1.19E-11s Normal A 1 1.19E-11s 999
A - .0727E-
= 0 Hz/Hz 2.00E-12 Normal B 30 6.15E-19s | 10000
f Hz/Hz 07 s
STryD 0s 2.29E-11s Rectangular B 1 2.29E-11s 1000
6TrirE 0s 1.75E-11's | Rectangular B 1 1.75E-11's 1000
6Tsys 0s 1.44E-10s | Rectangular B 1 1.44E-10 s 1000
6Tpr 0s 2.89E-22s | Rectangular B 1 2.89E-22s 1000
Combined standard uncertainty Uc 1.45E-10 s
Effective degrees of freedom Vet 1013
Expanded uncertainty (p = 95%) U 2.90E-10's
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Annex 4. Summary of results
Supplementary comparison EURAMET.TF-S1

Time interval measurements
In addition to your measurement report, please send this information by e-mail to GUM
e-mail: (albin.czubla@gum.gov.pl).
Acronym of institute: SASO Country: Saudi Arabia
Average date of measurements: 27/06/2021
Remarks:
Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz Required reference Meet
reference frequency applied for q . requirements?
conditions
TIGen standard yes / no
Source
(Cs clock, HM, ...) Cs 5071A 10 MHz £ 1 Hz Yes
Amplitude (at 50 Q) 1.26 V within (0,5 + 2) Vo Yes
Ambient temperature . Required reference .Meet
during measurements Unit of conditions requirements?
measure yes / no
23 * 2 °C within (22 + 4) °C Yes
. -~ . Meet
Ambient humidity . Required reference )
. Unit of . requirements?
during measurements measure conditions yes / no
40 + 15 | % within (50 + 30) % Yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope 53230A
(eg. SR620, 532304, ...)

Applied trigger level ( 50 Q)

(Required: 0,5 V) Yes

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in | Systematic Uncertainty=1.44E-10 s

the uncertainty budget of measurement Without Expended
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

Page 8 of 10



Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

A2. TIGen standard - measurement results with uncertainty:

Number of the Determingd value of thel
measured measured Time Interval with .
Time ovel | Spended oty | ol
“dn0” 22.81 + 2.90E-1 ns
“dn3” 250.18 + 2.90E-1 ns
“dn7” 1509.11 * 2.90E-1 ns
“dn126” 12039.61 * 2.90E-1 ns

B1. InLambda standards — conditions met during measurements

External input pulses applied to an Required reference lMeet
- ", requirements?
auxiliary InLambda standard conditions
yes / no
Source
(Cs clock, HM, frequency yes
generator, ..)
1 pps
(yes / no) no
Frequency 200 Hz <200 Hz yes
Low level ov oV yes
High level (at 50 Q) 1.125V (1,75 +2,25) V no
Rise time (20% to 80 %) <10 ns <10 ns yes
Duty cycle 50 % <50 % yes
to avoid the pulse
widths
Pulse width 2.5ms close (<x 10 ns) to yes
the measured time
intervals
Application of a double configuration
. . . Meet
DUT — Device Under Auxiliary used Required reference .
Test device conditions requirements?
yes / no
In\ 20 InA 100 InA 100 or InA 300 yes
InA 100 InA 20 InA 20 or InA 300 yes
InA 300 InA 100 InA 20 or InA 100 yes
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EURAMET.TF-S1

Time interval measurements

Ambient temperature Required reference .Meet
- . ", requirements?
during measurements | Unit of measure conditions
yes / no
23 * 2 °C within (22 + 4) °C yes
Ambient humidity Required reference .Meet
- . ", requirements?
during measurements | Unit of measure conditions
yes / no
40 t 15 Y% within (50 £ 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/

(Required: 0,5 V)

digital oscilloscope 53230A
(eg. SR620, 532304, ...)
Applied trigger level ( 50 Q) yes

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)

Systematic Uncertainty= 1.44E-10 s
Without Expended

B2. InLambda standards - measurement results with uncertainty:

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 24.16 +| 2.90E-1 | ns 23 * 2 °C
InA 100 104.46 | | 2.90E-1 | ns 23 + 2 °C
InA 300 307.27 | £| 2.90E-1 | ns 23 * 2 °C
Khalid S. Aldawood
Waleed M. Alharbi 26/07/2021
(Name) (Date)
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JV results for EURAMET.TF-S1

Report on supplementary comparison EURAMET.TF-S1
time interval

Vetle Gversjoen and Harald Hauglin

Justervesenet (JV) - Norwegian Metrology Service

Version 2 - 2023-03-17

Preface

The full version of this document is a Mathematica notebook (.nb) containing code for data import, processing and presenta-
tion. A portable document format version (.pdf) is generated from the full version with hidden input/code cells.

1. Method and Setup

= 1.1 Description of objects

There are in total seven different time intervals to be measured, generated by two different objects.

1. 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 requires 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. From [TF-S1].

. 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.
From [TF-S1].

Four of the 127 time intervals of TIGen are to be measured; D00, D03, D07, D126. All three of the InLambda intervals are to
be measured.

= 1.2 Measurement method

To cancel out delays associated with the instrument setup, i.e. differential cable delays and input channel bias, each time

interval was measured with four different configurations, as shown in figure 1.

AT,

AT,

AT

Stop (S) B
G, I
10 MHz ¢
Ref. * Device under test I Counter
start (F)  © A
Stop (S) B
10 MHz q I
Ref. l I
Start (F) A
Stop (S) B
10 MHz

Rel. I

Start (F) A



2|

Figure 1: Illustration of the four possible permutations, given two cables and four connections.

1. Start - C1 - Input A, Stop - C2 - Input B
2. Start - C2 - Input A, Stop - C2 - Input B
3. Start - C2 - Input B, Stop - C1 - Input A
4. Start - C1 - Input B, Stop - C1 - Input A

= 1.3 Measurements and calculations

The time interval AT between pulses generated by the DUT is related to the measured time intervals for each permutation as

follows:
ABA + AC21 + AT AT1
ABA - AC21 + AT AT2

“ABA —AC21 + AT |~ | aT3 @

—-ABA + AC21 + AT AT4

Here ABA is the differential delay between inputs B and A, AC21 is the difference in cable delay between cable 2 and cable
1, and AT1 to AT4 are the time interval readings from the counter for each of the permutations shown in figure 1. The
measurement (mixing) equation can be written in terms of the observation vector y, the mixing matrix x and the parameter
vector B as follows:

xp=y ()

with mixing matrix

3

vector of unknowns

AT
AC21
ABA

Pa @

and vector of measurements

AT1
AT2
AT3 [
AT4

5

Relation (1) is an over-determined set of equations which in general has no exact solution. A solution, 8 , in the least squares

minimum sense can be computed from the pseudo-inverse:
5 -1
B=(x"x)" x"y (6)

The pseudo-inverse solution for (1) is

AT | (AT1+AT2 + AT3 + AT4
AC21 |=— [ATI ~AT2 — AT3 + AT4 |. D
ABA ) 4\ AT1 + AT2 - AT3 - AT4

Note that the unknowns ABA (differential input delay) and AC21 (differential cable delay) can be determined from subsets of
the equation system (1) as
(AT1 —AT2)/2
AC21 = or ®)
(AT4 - AT3)/2

and



(AT1 — AT4)/2
ABA = or . &)
(AT2 — AT3)/2

The pseudo-inverse solution (7) for AC21 and ABA is simply the average of the solutions in (8) and (9), respectively. The
residuals of the equation set (1) is given by

1
. ATI-AT2+AT3 -AT4| 4
y - Bx = ; o (10)

-1

The magnitude of the residuals are identical and equal to the magnitude of the difference between the solutions (8,9) and the
pseudo-inverse (best fit) solutions (7).

= 1.4 Measurement model and uncertainty estimate

The measurement quantity AT to be determined - the time interval between the rising edge of the start pulse and stop pulse of
the DUT reaching a voltage 0.5 V - is computed from four time intervals corresponding to the permutations shown in figure
1 and according to the best fit solution (7). The full measurement function for AT is

AT = (ATI + AT2 + AT3 + AT4)/4 + Aresidual + AnonLinearity + Afilter (11)

The input quantities AT1 to AT4 are based on a number of repeated readouts from the time interval counter. These are treated
as type A uncertainties using the mean of sampled values as the central estimate. Inspection of a time series of samples show
that samples are not independent, but show some weak autocorrelation. The standard uncertainties of AT1 to AT4 are
therefore based on the sample standard deviation of the series and not the standard error of the mean. An additional type A
uncertainty contribution come from the best fit pseudo-inverse with a standard uncertainty contribution due to inconsistencies
(residuals) in the mixing equation (1)

IAT1 — AT2 + AT3 — AT4|

12)

Uresidual =
4 2

Additional type B contributions to the uncertainty are due to counter non-linearities and counter input circuit bandwidth. See

[Rovera2019] for a discussion. Relevant non-linearity data for Keysight 53230A are taken from the data sheet [Keysight, pp.

21-22] and input filter contribution consistent with a 350 MHz bandwidth [Rovera2019]. All input quantities are treated as

uncorrelated and combined accoring to GUM.

An example uncertainty estimate is shown below for measurements of the TIGen00 using a Keysight 53230A counter.

Uncertainty estimates for all combinations of time-interval objects and instruments and settings are given in appendices B
and C.
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Input Estimate Standard Sensitivity Uncertainty Relative Degrees of
variables uncertai’. factor contribu™. contribu™. freedom
nty tion tion
AT, 2.2710605 x 1.2235498 x ‘l‘ 3.0588744 ps 0.1 50
10* ps 10’ ps
AT, 2.271793x | 9.7201789 ps % 2.4300447 ps 0.1 50
10* ps
AT 2.2731995x | 6.9166045 ps ‘11 1.7291511 ps 0.0 50
10% ps
AT, 2.2646351 x 9.227121 ps ‘11 2.3067802 ps 0.0 50
104 ps
Aresidual 0 ps 1.3845206 % 1 1.3845206 x 1.6 2
10" ps 10" ps
AnonLinearity 0 ps 100 ps 1 100 ps 83.0 1000
Afilter 0 ps 43 ps 1 43 ps 15.0 1000
Results Efective
degrees of
freedom
AT 2.270172 x Combined 1.0983744 x 1195
10* ps uncertai’. 10% ps
nty u
Expanded 2.1967488 x Coverage 2.
uncertai’. 10% ps factor
nty U

Comments: The dominant uncertainty contributions are fixed magnitude (type B) contributions due counter non-linearity and
input filter bandwidth. See Appendix A for an overview of the uncertainty contribution from residuals for all objects and
instruments used. See appendix B (TiGen) and C (InLambda) for uncertainty estimates for all calibration results.



2 Equipment and software

= 2.1 Time interval counters
Keysight 53230A - serial no MY61160301

Spectracom CNT-91 - serial no 189461
= 2.2 Cables and connectors
Coaxial cables used are of type RG-223 of nominal length 1.5 m and terminated with BNC connectors.
Cable 1 marking: TF-RG223-1.5m-BNC-02
Cable 2 marking: TF-RG223-1.5m-BNC-04
= 2.3 Reference frequency for TiGen

10 MHz from passive Hydrogen maser Vremya-CH VCH 1008, serial no. 04618. Amplitude of 10 MHz reference signal:
1.32 V. Relative frequency offset < 10712,

= 2.4 Start pulse for InLambda
Start pulses for InLambda instruments were generated with the auxilliary output of a Pendulum CNT-91 counter.
Frequency: 10 Hz Low level: 0.0 V High level: 2.21 V Rise time: 1.3 ns Duty cycle: 0.0005 % Pulse width: 500 ns
= Software

Caluclations are performed using Mathematica version 13, including JV developed libraries ‘Uncertainty.m’ version 1.14 for
GUM uncertainty estimates ‘Units.m’ version 2.0 for handling physical units.
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3 Reported calibration results

Calibration data reported in Annex 4 were measured with the Keysight 53230A counter at 0.5 V trigger level. Reported
calibration results are shown below. In addition, measurements of TIGen were also performed with the 53230A counter with
a 1.0 V trigger level as well as with a Pendulum CNT-91 counter at trigger level 0.5 V. A summary of all calibrations are

given in section 4,

Object |Estimate|Expanded uncertainty|Unit
TIGenooO 22.70 0.22 ns
TIGen@3 | 250.08 0.22 ns
TIGen@7 | 1509.01 0.22 ns
TIGen126|12039.50 0.22 ns

Object Estimate|Expanded uncertainty|Unit
InLambda2e | 24.21 0.22 ns
InLambdaleo| 104.51 0.22 ns
InLambda300| 307.31 0.22 ns




4 Summary of all calibration results

= 4.1 TiGen00

Object

Instrument

Trigger

Date

Method

Result

2u

degrees of
freedom

TiGenoo

Keysight
53230A

8.5V

{2021-10-14

13:35,
2021-10-14

14:12,
2021-10-14

14:18,
2021-10-14

14:06)

Permutation

22702.

219.7

1195

TiGenoo

Keysight
53230A

{2021-09-06

05:23,
2021-09-06

06:09,
2021-09-06

05:58,
2021-09-06

05:44}

Permutation

22747.

217.9

ps

1361

TiGenoo

Pendulum
CNT-91

(2021-10-18

08:32,
2021-10-18

09:12,
2021-10-18

09:03,
2021-10-18

08:42)

Permutation

22544,

219.6

1402




23000

22900

22800

22700

22600

Time interval (ps)

22500

22400

22300

TiGen00
Keysight 53230A
05V
Permutation

m 4.2 TiGen03

TiGen00
Keysight 53230A
1.0V
Permutation

TiGen00
Pendulum CNT-91
0.5V

Permutation

Object

Instrument

Trigger

Date

Method

Result

2u

degrees of
freedom

TiGeno3

Keysight
53230A

0.5V

{2021-10-14

13:37,
2021-10-14

14:13,
2021-10-14

14:19,
2021-10-14

14:07)

Permutation

250081.

ps

218.1

ps

1366

TiGeno3

Keysight
53230A

1.0V

{2021-09-06

05:25,
2021-09-06

06:11,
2021-09-06

06:01,
2021-09-06

05:46}

Permutation

250093.

ps

223.5

ps

533

TiGeno3

Pendulum
CNT-91

{2021-10-18

08:35,
2021-10-18

09:13,
2021-10-18

09:08,
2021-10-18

08:45}

Permutation

249862.

ps

221.4

ps

1446




250300 F E
250200 F E
2 250100 F
&
T 250000F
S 249900 F
E
249800 F
249700 F
249600 ) E
TiGen03 TiGen03 TiGen03
Keysight 53230A Keysight 53230A Pendulum CNT-91
05V LoV 0.5V
Permutation Permutation Permutation
= 4.3 TiGen07
Object | Instrument |Trigger Date Method Result 2u degrees of
freedom
TiGen@7| Keysight 0.5 V | {2021-10-14 |Permutation|1509012.|ps|218.8|ps 1330
53230A
13:38,
2021-10-14
14:14,
2021-10-14
14:20,
2021-10-14
14:08}
TiGen®7| Keysight 1.0 V [{2021-09-06 |Permutation|1509052. |ps|221.2(ps 897
53230A
05:35,
2021-09-06
06:13,
2021-09-06
06:03,
2021-09-06
05:49}
TiGen@7| Pendulum 0.5 V | {2021-10-18 |Permutation|1508851.|ps|221.5|ps 1435
CNT-91
08:37,
2021-10-18
09:00,
2021-10-18
09:11,
2021-10-18
08:48}
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15093 x 10°
1.5092 x 10°
15091 x 10°
15090 x 10°

1.5089x 10°

Time interval (ps)

1.5088 x 10°
1.5087x10°

15086 x 10°

TiGen07
Keysight 53230A

05V

Permutation

= 4.4 TiGen126

TiGen07
Keysight 53230A

1.0V

Permutation

TiGen07

Pendulum CNT-91

05V
Permutation

Object

Instrument

Trigger

Date

Method

Result

2u

degrees
of
freedom

TiGen126

Keysight
53230A

{2021-10-
14
13:58,

2021-10-
14
14:11,

2021-10-
14
14:17,

2021-10-
14
14:05}

Permutati-

on

12039503.

ps

217.9

ps

1362

TiGenl126

Keysight
53230A

{2021-09-
06
05:39,

2021-09-
06
06:16,

2021-09-
06
06:05,

2021-09-
06
05:52}

Permutati-

on

12039574.

ps

225.3

ps

369

TiGenl26

Pendulum
CNT-91

0.5V

(2021-10-
18
08:30,

2021-10-
18
08:52,

2021-10-
18
09:06,

2021-10-
18
08:40)

Permutati-

on

12039344.

ps

222.8

ps

1221




1.20398x 107
1.20397x 107
1.20396x 107
1.20395x 107

120394 107

Time interval (ps)

1.20393x 107
1.20392x 107

1.20391x 107

TiGen126
Keysight 53230A
0.5V
Permutation

= 4.5 InLambda 20

TiGen126
Keysight 53230A

1.0V

Permutation

TiGen126
Pendulum CNT-91
0.5V
Permutation

|11

Object

Instrument

Trigger

Date

Method

Result

2u

degrees
of
freedom

InLambda
20 ns

Keysight
53230A

{2021-09-
09
09:58,

2021-09-
09
09:59,

2021-09-
09
10:00,

2021-09-
09
09:58}

Permutati-
on

24212.

218.1

1366

InLambda
20 ns

Keysight
53230A

{2021-09-
13
08:05,

2021-09-
13
08:06,

2021-09-
13
08:07,

2021-09-
13
08:05}

Permutati-
on

24211.

ps

218.0

1364
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il 11
. 24300F R
§
‘g: 24200 | g
= 4100f R
24000 L 14
InLamblda 20 ns InLamblda 20 ns
Keysight 53230A Keysight 53230A
0.5V 0.5V
Permutation Permutation
= 4.6 InLambda 100
Object Instrument |Trigger Date Method Result 2u degrees
of
freedom
InLambda Keysight 0.5 V | {2021-09- |Permutati- |104512.|ps|218.0(ps 1363
100 ns 53230A 08 on
09:51,
2021-09-
08
09:54,
2021-09-
08
09:54,
2021-09-
08
09:53}
InLambda Keysight 0.5 V | {2021-09- |Permutati- |104505. |ps|218.0(ps 1363
100 ns 53230A 13 on
08:12,
2021-09-
13
08:13,
2021-09-
13
08:15,
2021-09-
13
08:13}
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104700 | 1
104600 F .
&
]
5 104500F a
g
o
E
104400 F :
104300 L 1]
L L
InLambda 100 ns InLambda 100 ns
Keysight 53230A Keysight 53230A
05V 05V
Permutation Permutation

= 4.7 InLambda 300

Object Instrument [Trigger Date Method Result 2u degrees
of
freedom

InLambda Keysight 0.5 V | {2021-09- |Permutati- (307314. |ps|218.0|ps 1365
300 ns 53230A 08 on
09:57,

2021-09-
08
10:03,

2021-09-
08
10:01,

2021-09-
08
09:58}

InLambda Keysight 0.5V | {2021-09- |Permutati- (307311. (ps|218.1|ps 1367
300 ns 53230A 13 on
08:09,

2021-09-
13
08:10,

2021-09-
13
08:11,

2021-09-
13
08:09}
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Out[« ]=

307500 F 1

307400 | 1

307300 b

Time interval (ps)

307200 F 1

307100 f L BE

L L
InLambda 300 ns InLambda 300 ns
Keysight 53230A Keysight 53230A
05V 05V
Permutation Permutation
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Appendix A. Comparison of residuals

The largest variable contribution to the uncertainty budgets comes from the residuals of the permutation mixing equation.
Recall that the residuals reflect the inconsistency in an overdetermined set of measurements. The table below summarizes this
contribution for the different measurement objects and intruments/settings analyzed. For TiGen, measurements were made
with Keysight 53230A at 0,5 V and 1.0 V trigger level as well as Pendulum CNT-91 at 0.5 V trigger. InLambda objects were
only measured with Keysight 53230A at 0.5 V, but repeated after 5 days. There is a marked difference in the magnitude of
residuals/degree of inconsistency: For measurements on the TiGen objects residuals of magnitude 10-30 ps are seen for all
combinations of instrument and trigger setting, but not in a consistent manner. The largest residual of correspond to a
difference of approx 80 ps between the highest and lowest estimates of input bias ABA and cable delay AC21 (eq. 8 and 9).
For measurements on the InLambda objects, all residuals are less than 1 ps.

Object Instrument Trigger [V] [Aresidual [ps]
TiGenoo Keysight 53230 A 0.5 13.8
TiGenvo® |[Keysight 53230A 1.0 <1
TiGen@o® |Pendulum CNT - 91 0.5 3.9
TiGene3 Keysight 53230 A 0.5 1.9
TiGeneo3 Keysight 53230 A 1.0 24.8
TiGen®3 [Pendulum CNT - 91 0.5 1.2
TiGen@7 |Keysight53230A 0.5 9.6
TiGen@7 |Keysight 53230A 1.0 18.9
TiGen®7 |[Pendulum CNT - 91 0.5 6.8
TiGen126 |[Keysight 53230A 0.5 <1
TiGen126 |Keysight53230A 1.0 28.6
TiGen126 |PendulumCNT -91 0.5 14.5
InLambda20 |Keysight 53230 A 0.5 <1
InLambda20 |Keysight 53230 A 0.5 <1
InLambdale0|Keysight 53230 A 0.5 <1
InLambdale®|Keysight 53230 A 0.5 <1
InLambda300|Keysight 53230 A 0.5 <1
InLambda300|Keysight 53230 A 0.5 <1




Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

Annex 4. Summary of results

Supplementary comparison EURAMET.TF-S1
Time interval measurements
In addition to your measurement report, please send this information by e-mail to GUM

e-mail: (albin.czubla@gum.gov.pl).

Acronym of institute: . Country: NO

Average date of measurements: ... 2021-10-10
Remarks:

Measurement results with uncertainty and conditions met during measurements:

A1. TIGen standard — conditions met during measurements

External standard 10 MHz . Meet
. Required reference .
reference frequency applied for conditions requirements?
TIGen standard yes / no
Source . Yes
P HM
(Cs clock, HM, ...) assive 10 MHz £ 1 Hz
Amplitude (at 50 Q) | 132V within (0,5 + 2) Vpp | Yes
Ambient temperature Unit of Required reference re uil:/tle?ﬁ(tents?
during measurements conditions q '
measure yes / no
225 + 05 |°C within (22 + 4) °C Yes
Ambient humidity Unit of Required reference re uil:lerﬁctants’?
during measurements conditions q '
measure yes / no
42 * 2 % within (50 + 30) % yes

The base equipment used for time interval measurements

The type / brand of time interval counter/ Keysight 53230A
digital oscilloscope
(eg. SR620, 53230A, ...)

Applied trigger level (50 Q)

05V
(Required: 0,5 V)

Standard uncertainty component related 100 ps
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ...)
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Supplementary Comparison: EURAMET.TF-S1 Time interval measurements

A2. TIGen standard - measurement results with uncertainty:

Nurmber of th Determined value of the
ur:w er(: d © measured Time Interval with

Tim?aalsnlf[e?val expanded uncertainty Unit of
(p =95 %) (in ns measure

“dn0” 22.70 t 022 |ns

“dn3” 250.08 + 0.22 ns

“dn7” 1509.01 + |022 ns

“dn126” 12039.50 + | 022 |ns

B1. InLambda standards — conditions met during measurements

. . . Meet
External input pulses applied to an Required reference requirements?
auxiliary InLambda standard conditions q '
yes / no
Source _
(Cs clock, HM, frequency | Passive HM
generator, ..)
1 pps v
(yes / no) o
Frequency 10 Hz <200 Hz Yes
Low level ooV oV Yes
High level (at 50 Q) 221V (1,75+2,25)V Yes
Rise time (20% to 80 %) 1.3 <10ns ns
Duty cycle 5E-4 % <50 % Yes
to avoid the pulse
widths
Pulse width 500 ns close (<10 ns) to Yes
the measured time
intervals
Application of a double configuration
DUT - Device Under Auxiliary used Required reference Meet
; " requirements?
Test device conditions
yes / no
InA 20 InL 100 InA 100 or InA 300 Yes
InA 100 InL300 InA 20 or InA 300 Yes
InA 300 InL 20 InA 20 or InA 100 Yes
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Supplementary Comparison:

EURAMET.TF-S1

Time interval measurements

Ambient temperature
during measurements

Unit of measure

Required reference
conditions

Meet

requirements?

yes / no

225 + 0.5

°C

within (22 + 4) °C

Yes

Ambient humidity
during measurements

Unit of measure

Required reference
conditions

Meet

requirements?

yes / no

42 t | 5

% RH

within (50 + 30) %

Yes

The base equipment used for time interval measurements

The type / brand of time interval counter/
digital oscilloscope
(eg. SR620, 53230A, ...)

Keysight 53230A

Applied trigger level (50 Q)
(Required: 0,5 V)

0.5V

Standard uncertainty component related
to a residual nonlinearities or other not
reduced systematic effects and included in
the uncertainty budget of measurement
results
(eg. 0,150 ns/2 for SR620, unknown, < ..., ... )

100 ps

B2. InLambda standards - measurement results with uncertainty:

Determined value of the Ambient temperature
The source of | measured Time Interval during measurements
the measured with expanded (for every standard
Time Interval uncertainty Unit of separately — including Unit of
(p = 95 %) (in ns) measure | expanded uncertainty, 95%) | measure
InA 20 24.21 + | 022 ns 225 + 0.5 e
InA 100 104.51 + | 022 ns 22.7 + 0.5 °C
In?b 300 307.31 + 0.22 ns 22.7 + 0.5 oC
(Name) (Date)
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