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1. Introduction

This report presents the results of the first CCAUV comparison in the area of low-
frequency ‘vibration’, which in this case means sinusoidal acceleration.

The participants have reached consensus and considered the weighted mean as the most
appropriate method for this particular comparison to compute the key comparison
reference values (KCRVs) and the degrees of equivalence (DoEs). Detailed analysis and
application of the method for use of the weighted mean in comparisons in the field of
vibration, is documented in the CCAUV.V-K1 report [1]. The calculation of the KCRVs
is also in accordance with the Guidelines for CIPM key comparisons [2].

The Technical Protocol, published in 2015 [3], specifies in detail the aim, the task of the
comparison, the conditions for the measurements, the transfer standard used,
measurement instructions, time schedule and other items. A brief survey of the
Technical Protocol is given in the following sections.

2.  Participants

Fourteen metrology institutes (NMIs) from five Regional Metrology Organizations
(RMOs) participated in the comparison. They are listed in chronological order of
measurement in Table 2.1,

Table 2.1: List of participants and schedule of CCAUV.V-K3

No. Participant Acronym | Country RMO Calibration
Laboratory period
(week/year)

. . 35/2014

1 National Instgtrjltii;)f Metrology, NIM China APMP "
09/2016
. . 37/2014

2 L&Zﬁrﬁ‘fg' e Z'tactl',oE”SaSL?Se LNE France | EURAMET to
g 39/2014
- . 40/2014

3 Phys';i'r'facehs;;ifg‘l?'SChe PTB Germany | EURAMET to
42/2014

Briel & Kjaer Sound &

Vibration Measurement Ltd - BKSV- 43/2014

4 . - Denmark | EURAMET to

Danish Primary Laboratory for DPLA
. . 45/2014
Acoustics Section

46/2014

5 Central Office of Measures GUM Poland EURAMET to
48/2014
. . 49/2014

6 Swiss Federal Office of METAS | Switzerland | EURAMET o
Metrology 03/2015
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. . 12/2015

7 | National &?{ﬁf\%gg‘“‘t”te Of | NMISA |South Africa| AFRIMETS to
14/2015
Instituto Nacional de 15/2015

8 Metrologia, Qualidade e INMETRO Brazil SIM to
Tecnologia 17/2015
18/2015

9 | Centro Nacional de Metrologia | CENAM Mexico SIM to
20/2015
. . 21/2015

10 | National VisssurementISUUE | NmIA | Australia | APMP to
23/2015
. . 24/2015

11 National Metjrslggy Institute of NMIJ Japan APMP o
P 26/2015
Korea Research Institute of Republic of 2712015

12 Standards and Science KRISS Korea APMP o
29/2015
. . 30/2015

13 D.l Men(ijle?r/gl\glnstltute for VNIIM Fe?jgﬁztlﬁon COOMET "
9y 32/2015
National Metrology Centre, NMC 33/2015

14 Agency for Science, A*STAR Singapore APMP to
Technology and Research 35/2015

3. Task and purpose of the comparison

According to the rules set up by the CIPM MRA [4], the consultative committees of the
CIPM have the responsibility to establish Degrees of Equivalence (DoEs) between the
different measurement standards operated by the NMIs. This is done by conducting key
comparisons (KC) on different levels of the international metrological infrastructure.
The previous top level KCs in the field of vibration metrology, CCAUV.V-K1 was
completed in the year 2001 in the frequency range 40 Hz to 5 kHz, and CCAUV.V-K2
was completed in the year 2014 in the frequency range 10 Hz to 10 kHz.

However, recent developments in technology and improvements at the NMIs have
extended the low-frequency vibration limit of calibration capabilities down to 0.4 Hz
and even down to 0.1 Hz or lower frequencies. Therefore during the 8" meeting of
CCAUV in 2012, the decision was taken to make preparations for a further comparison
targeted at the low frequency range.

In the field of vibration, this key comparison was organized in order to compare
measurements of sinusoidal linear accelerations in the frequency range from 0.1 Hz to
40 Hz. Moreover, the complex sensitivity calibration and measurement capabilities
(CMCs) of the participating laboratories for accelerometer calibration were to be
examined and compared. It was the task of the comparison to measure the complex
sensitivity of one accelerometer standard set (a quartz-flexure servo accelerometer of
single-ended type and a signal conditioner) at different frequencies with acceleration
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amplitudes as specified in Section 3. The results of this key comparison will, after
approval of equivalence, serve as the foundation to stablish the Key Comparison
Reference Values (KCRV) at low vibration frequency to determine the DoEs derived
from three existing regional low frequency key comparisons. These DoEs will provide a
supporting evidence for the registration of ‘calibration and measurement capabilities’
(CMC) in the framework of the CIPM MRA [4].

The results of this comparison are expected to provide direct support to CMCs related to
the primary calibration of complex voltage sensitivity of both acceleration measuring
chains and accelerometers at low frequencies. This support can be extended to a wider
scope of measurements, including primary calibration of complex charge sensitivity and
current sensitivity of accelerometers.

For the calibration of the accelerometer standard set, laser interferometry in compliance
with method 3 of the international standard 1SO 16063-11:1999 had to be applied in
order to cover the entire frequency range. Specifically, the magnitude of the complex
voltage sensitivity had to be given in millivolts per metre per second squared
(mV/(m/s?)) and phase shift in degrees (°) for the different measurement conditions
specified in Section 4.

The reported complex sensitivities and associated uncertainties are then supposed to be
used for the calculation of the DoEs between the participating NMI and the KCRVs.

4. Transfer standard as artefacts

For the purpose of the comparison the pilot laboratory selected one accelerometer of
which monitoring data for six months were available and not included in any published
international cooperation work.

e One transfer standard accelerometer (single-ended), type SA704, S/N 1040
(manufacturer: NIM).
e One signal conditioner, type MSA-1, S/N 02011001 (manufacturer: NIM).

The investigation of the long-term stability was continued throughout the circulation
period. The results of the NIM stability measurements and other individual data of the
transfer standards are given in Section 6.

5. Circulation of the artefacts

The accelerometer standard set was circulated in two loops with a measurement period
of two weeks provided for each participating laboratory and one week for the
monitoring measurements carried out by the pilot laboratory. At the beginning and the
end of the circulation as well as between certain subsequent measurements of
participating laboratories, the accelerometer standard set was measured by the pilot
laboratory in order to monitor the stability of the accelerometer standard set.

The acceleration input range of the SA-704 is 600 m/s* and the highest environment
shock is 1000 m/s®. Therefore, any violent drop could change its sensitivity or even
damage it. The accelerometer standard set had to be hand-carried during transportation
between participants with great caution.
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6. Results of the monitoring measurements

Starting with calibration data in February 2014, the artefacts were monitored during the
preparation period and the intervals of the comparison when it was back at the pilot
laboratory. As a representative of the overall change, the measurements at several
sample frequencies are presented in Figure 6.1 and Figure 6.2. These figures depict the
stability of the artefact over time for the duration of the comparison.

It is worth noting that normalization was applied to the values between 0.1 Hz and
0.4 Hz. At these frequencies, the 20 dB gain option was selected on the conditioner,
which gave a nominal voltage sensitivity of approximately 1300 mV/(m/s?). The pilot
laboratory applied a -20 dB correction to all the results in the frequency range to allow
direct comparison with the results reported for the frequencies higher than 0.4 Hz, for
which a 0 dB gain was used.

Figure 6.1 Monitoring of the amplitude sensitivity over the comparison period
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Figure 6.2 Monitoring of the phase sensitivity over the comparison period
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A visual inspection of the above results indicates that the artefact was sufficiently stable
during the whole period of the comparison.
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7. Results of the participants

The following sections report the results submitted by the participants for the
comparison to the pilot laboratory using the mandatory report spreadsheet. The results
presented are in mV/(m/s?) for the magnitude and in degrees for the phase shift.

The axis of the vibration excitation was horizontal for all the participants of this
comparison.

Note that VNIIM did not submit its results

7.1 Results for the magnitude of the complex sensitivity

It should be noted that the results for frequencies below 0.5 Hz in table 7.1 are the
reported values by the participants after correction for the gain was applied by the pilot

laboratory to all magnitude values reported.

Table 7.1.1: Reported participants' results for the magnitude of the accelerometer set with
relative expanded uncertainties (k = 2)

NIM LNE PTE BKSV-DPLA GUM
actual magnitude of rel exp. magnitude of rel. exp. magnitude of rel exp. magnitude of rel exp. magnitude of rel. exp.
frequency VD”_E_E? Unc. VDI?_E? Unc. vnlt_a.gi_a Unc. VD”_E_E? Unc. VDI?_E? Unc.
sensitivity sensitivity sensitivity sensitivity sensitivity
in Hz m\i{mis*) Y mVi{mis®) % m\i{mis®) Y m\i{mis*) Y mVi{mis®) %
0.1 136.13 0.5 136.55 0.5 137.09 0.5
0.125 136.30 0.5 136.59 0.5 136.84 0.5
0.16 136.42 0.5 136.56 0.5 136.75 0.5
0.2 136.49 0.5 136.57 0.3 136.72 0.4 138.03 0.9
0.25 136.53 0.5 136.55 0.3 136.66 0.4 137.56 0.9
0.315 136.55 0.5 136.54 0.3 136.65 0.4 137.24 0.9
0.4 136.57 0.2 136.84 0.3 136.53 0.2 136.63 0.4 137.04 0.5
0.5 136.63 0.2 136.68 0.3 136.45 0.2 136.55 04 136.85 0.5
0.63 136.64 0.2 136.68 0.3 136.46 0.2 136.57 04 136.80 0.5
0.8 136.59 0.2 136.59 0.3 136.47 0.2 136.56 04 136.72 0.5
1 136.59 0.2 136.56 0.3 136.48 0.2 136.52 04 136.70 04
1.25 136.57 0.2 136.59 0.3 136.48 0.2 136.54 04 136.68 04
1.60 136.56 0.2 136.59 0.3 136.48 0.2 136.54 04 136.67 04
2 136.52 0.2 136.58 0.3 136.49 0.2 136.53 04 136.67 04
250 136.57 0.2 136.58 0.3 136.47 0.2 136.53 04 136.67 04
3.15 136.58 0.2 136.58 0.3 136.47 0.2 136.55 04 136.66 04
4 136.58 0.2 136.60 0.3 136.48 0.2 136.55 04 136.67 04
5 136.56 0.2 136.60 0.3 136.47 0.2 136.57 04 136.70 0.3
6.3 136.60 0.2 136.62 0.3 136.49 0.2 136.58 04 136.72 0.3
8 136.63 0.2 136.64 0.3 136.53 0.2 136.62 04 136.76 0.3
10 136.69 0.2 136.69 0.3 136.56 0.1 136.67 04 136.83 0.3
12.5 136.78 0.2 136.76 0.3 136.64 0.1 136.75 04 136.85 0.3
16 136.98 0.2 136.90 0.3 136.80 0.1 136.89 04 137.00 0.3
20 136.91 0.2 137.10 0.3 137.04 0.1 137.10 0.4 137.20 0.3
25 137.26 0.2 137.37 0.3 137.37 0.1 137.32 0.5 137.49 0.3
31.5 137.82 0.2 137.83 0.3 137.88 0.1 137.80 0.5 137.93 0.3
40 138.56 0.2 138.49 0.3 138.63 0.1 138.93 0.5 138.59 0.3
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METAS NMISA INMETRO CENAM NMIA
achual maqgnitude of rel. exp. magnitude of rel. exp. magnitude of rel. exp. maqgnitude of rel. exp. magnitude of rel. exp.
frequency vnlt.a.gi.z Unc. VDH.E_E? Une. VDH.E.E? Unc. vnlt.a.gi.z Unc. VDH.E_E? Une.
sensitivity sensitivity sensitivity sensitivity sensitivity
in Hz m\i{mis®) b mWi{mis) % mWi{m/s*) % m\i{mis®) b mWi{mis) %
01 140.96 0.6 136.97 0.7 137.03 0.2
0.125 139.24 0.6 136.94 0.7 136.88 0.2
0.16 138.33 0.6 136.86 0.7 136.80 0.2
0.2 136.52 0.31 137.71 0.6 136.84 0.25 136.81 0.5 136.76 0.2
0.25 136.58 0.3 137.31 0.6 136.75 0.25 136.70 0.5 136.72 0.2
0.315 136.64 0.3 137.03 0.6 136.69 0.25 136.63 0.5 136.70 0.2
0.4 136.66 0.3 136.86 0.6 136.63 0.25 136.63 0.5 136.67 0.2
0.5 136.61 0.3 136.58 0.3 136.55 0.25 136.37 0.3 136.57 0.2
0.63 136.63 0.3 136.52 0.3 136.56 0.25 136.30 0.3 136.56 0.2
0.8 136.62 0.31 136.49 0.3 136.52 0.25 136.29 0.3 136.56 0.2
1 136.63 0.30 136.50 0.3 136.51 0.25 136.35 0.3 136.55 0.2
1.25 136.62 0.30 136.51 0.3 136.50 0.25 136.39 0.3 136.56 0.2
1.60 136.62 0.30 136.50 0.3 136.49 0.25 136.38 0.3 136.56 0.2
2 136.64 0.29 136.51 0.3 136.49 0.25 136.42 0.3 136.56 0.2
2.50 136.63 0.29 136.50 0.3 136.50 0.25 136.43 0.3 136.56 0.2
315 136.64 0.29 136.49 0.3 136.51 0.25 136.45 0.3 136.56 0.2
4 136.66 0.29 136.54 0.3 136.50 0.25 136.48 0.3 136.57 0.2
5 136.66 0.24 136.52 0.3 136.50 0.25 136.48 0.3 136.58 0.2
6.3 136.66 0.24 136.54 0.3 136.55 0.25 136.52 0.3 136.60 0.2
8 136.71 0.24 136.59 0.3 136.52 0.25 136.55 0.3 136.64 0.2
10 136.77 0.37 136.65 0.3 136.56 0.25 136.61 0.3 136.69 0.2
12.5 136.79 0.37 136.75 0.3 136.65 0.25 136.64 0.3 136.76 0.2
16 136.94 0.37 136.87 0.3 136.70 0.25 136.87 0.3 136.90 0.2
20 137.12 0.36 137.13 0.3 136.97 0.25 137.03 0.3 137.09 0.2
25 137.39 0.36 137.43 0.3 137.29 0.25 137.28 0.3 137.38 0.2
3.5 137.87 0.36 137.86 0.3 137.69 0.25 137.71 0.3 137.83 0.2
40 138.49 0.36 138.59 0.3 138.31 0.25 138.36 0.3 138.49 0.2
NMIJ KRISS VNIIM A*STAR
magnitude of magnitude of magnitude of magnitude of
actual frequency wvoltage rel. exp. Unc. woltage rel. exp. Unc. wvoltage rel. exp. Unc. wvoltage rel. exp. Unc.
sensitivity sensitivity sensitivity sensitivity
inHz mWi{mis?) Y mWi{mis®) % mVi{mis?) % mWi{mis?) Y
01 136.65 015 138.66 0.20 136.30 0.56
0125 136.65 015 137.86 0.15 136.55 0.52
0.16 136.65 015 137.32 0.10 136.71 0.51
0.2 136.65 015 137.07 0.10 136.77 0.40
0.25 136.64 015 136.86 0.10 136.75 0.40
0.315 136.64 015 136.75 0.10 136.73 0.40
04 136.63 015 136.66 0.10 136.69 0.27
0.5 136.54 015 136.61 0.10 136.63 0.27
0.63 136.54 015 136.57 0.10 136.67 0.27
0.8 136.54 015 136.56 0.10 136.61 0.27
1 136.54 015 136.55 0.10 136.58 0.29
1.25 136.54 015 136.55 0.10 136.60 0.29
1.60 136.54 015 136.54 0.10 136.59 0.29
2 136.54 015 136.55 0.10 136.60 0.29
250 136.55 015 136.55 0.10 136.61 0.30
3.15 136.55 015 136.57 0.10 136.62 0.30
4 136.56 015 136.59 0.10 136.64 0.30
5 136.58 015 136.63 0.10 136.68 0.31
6.3 136.59 015 136.68 0.10 136.70 0.31
8 136.62 015 136.58 0.10 136.73 0.31
10 136.67 015 136.60 0.10 136.76 0.33
12.5 136.75 015 136.70 0.10 136.84 0.32
16 136.89 015 136.70 0.10 136.96 0.35
20 137.09 015 136.71 0.10 137.15 0.33
25 137.38 015 136.98 0.10 137.43 0.31
315 13777 0.2 137.59 0.10 137.88 0.31
40 138.47 0.2 138.25 0.10 138.59 0.29
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7.2 Results for the phase of the complex sensitivity

Table 7.2.1: Reported participants' results for the phase shift of the accelerometer set with
absolute expanded uncertainties (k = 2)

NIM LNE PTB BKSV-DPLA GUM
| e | | e | e | e [ | e [ o | B [
censiivity sensitivity sensifivity sensitivity sensitivity
in Hz in*® in*® in*® in*® in*®

0.1 -0.35 0.20 -0.40 0.20 0.38 0.30

0.125 -0.43 0.20 -0.50 0.20 .46 0.30

0.16 -0.55 0.20 -0.64 0.20 40.55 0.30

0.2 -0.68 0.20 -0.79 0.20 0.68 0.30 -0.77 0.80
0.25 -0.85 0.20 -0.93 0.20 -0.85 0.30 -0.54 0.80
0.315 -1.07 0.20 -1.17 0.20 -1.08 0.30 -1.15 0.90
0.4 -1.36 0.20 -0.02 0.50 -1.48 0.20 -1.36 0.30 -1.42 0.50
0.5 -0.01 0.20 -0.02 0.50 -0.08 0.20 0.0z 0.30 -0.08 0.50
0.63 -0.04 0.20 -0.02 0.50 -0.08 0.20 0.0z 0.30 -0.07 0.50
0.8 0.0 0.20 -0.03 0.50 -0.09 0.20 0.03 0.30 -0.07 0.50
1 -0.03 0.20 -0.08 0.20 .04 0.30 -0.07 0.50
1.25 -0.05 0.20 -0.10 0.20 .05 0.30 -0.07 0.50
1.80 -0.08 0.20 -0.12 0.20 -0.06 0.30 -0.03 0.50
2 -0.08 0.20 -0.08 0.50 -0.15 0.20 -0.07 0.30 -0.09 0.50
2.50 -0.10 0.20 -0.11 0.50 -0.14 0.20 0.08 0.30 -0.10 0.50
3.15 -0.12 0.20 -0.14 0.50 -0.17 0.20 £.12 0.30 -0.12 0.50
4 -0.16 0.20 -0.15 0.50 -0.22 0.20 .14 0.30 -0.15 0.50
5 -0.16 0.20 -0.18 0.50 nzz2 0.20 018 0.30 -0.18 0.50
63 -0.23 0.20 -0.25 0.50 -0.28 0.20 0.23 0.30 -0.23 0.50
8 -0.31 0.20 -0.30 0.50 -0.37 0.20 .25 0.30 -0.29 0.50
10 -0.37 0.20 -0.37 0.50 -0.43 0.20 £0.37 0.30 -0.37 0.50
125 -0.47 0.20 -0.47 0.50 -0.54 0.20 047 0.30 -0.47 0.50
16 -0.82 0.20 -0.61 0.50 -0.71 0.20 -0.81 0.30 -0.80 0.50
20 -0.76 0.20 -0.78 0.50 -0.89 0.20 -0.80 0.30 -0.77 0.50
25 -0.96 0.20 -1.00 0.50 -1.15 0.20 -1.01 0.30 -1.00 0.50
31.5 -1.28 0.20 -1.34 0.50 -1.51 0.20 -1.38 0.50 -1.32 0.50
40 -1.84 0.20 -1.82 0.50 -2.08 0.20 -1.78 0.50 -1.81 0.50
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METAS NMISA INMETRO CENAM NMIA
oot | S | e | Toim | e | A | oepee | No | e | GES | e
cencitiviiy censitivity cencifivity sencitivity cencitiviiy
in Hz in*® in*® in*® in*® in*®
0.1 -0.38 0.40 0.28 0.20 -0.37 0.30
0.125 044 0.40 £.25 0.20 -0.43 0.30
0.18 .55 0.40 £0.35 0.20 -0.54 0.30
0.2 -0.58 0.78 -0.58 0.40 -0.58 0.25 .42 0.20 -0.68 0.30
0.25 -0.76 0.78 -0.85 0.40 -0.84 0.25 .58 0.50 -0.85 0.30
0.315 -1.00 0.73 -1.07 0.40 -1.06 0.25 0.83 0.50 -1.07 0.30
0.4 -1.30 0.78 -1.34 0.40 -1.35 0.25 -1.08 0.50 -1.35 0.30
0.5 0.02 0.78 -0.02 0.40 -0.02 0.25 .34 0.50 -0.02 0.30
0.63 0.01 0.73 002 0.40 -0.02 0.25 042 0.50 -0.02 0.30
0.2 0.00 0.78 -0.03 0.40 -0.03 0.25 .55 0.50 -0.03 0.30
1 -0.02 0.45 -0.04 0.40 -0.04 0.25 £.58 0.50 -0.03 0.30
1.25 -0.03 0.45 -0.04 0.40 -0.04 0.25 £.93 0.50 -0.04 0.30
1.60 -0.04 0.45 -0.06 0.40 -0.06 0.25 17 0.50 -0.05 0.30
2 -0.08 0.45 -0.07 0.40 -0.07 0.25 -1.35 0.50 -0.05 0.30
2.50 -0.08 0.45 -0.08 0.40 -0.0% 0.25 -1.58 0.50 -0.08 0.30
3.15 -0.10 0.46 -0.11 0.40 -0.11 0.25 213 0.50 -0.10 0.30
4 -0.14 0.45 -0.14 0.40 -0.14 0.25 =2.70 0.50 -0.13 0.30
5 0.18 0.45 018 0.40 012 0.25 -3.37 0.50 -0.18 0.30
6.3 -0.23 0.46 -0.23 0.40 -0.23 0.25 435 0.50 -0.20 0.30
] -0.29 0.45 -0.29 0.40 -0.30 0.25 537 0.50 -0.28 0.30
10 -0.35 0.40 -0.37 0.80 -0.38 0.25 £.71 0.50 -0.34 0.30
125 -0.47 0.40 -0.47 0.40 -0.48 0.25 837 0.50 -0.42 0.30
16 -0.50 0.40 -0.50 0.50 -0.52 0.25 -10.72 0.50 -0.55 0.30
20 -0.78 0.41 -0.79 0.50 -0.834 0.25 -13.41 0.50 -0.69 0.30
25 -0.99 0.41 -1.04 0.50 -1.06 0.25 -16.69 0.50 -0.90 0.30
315 -1.30 0.41 -1.37 0.50 -1.38 0.25 -20.82 0.50 -1.22 0.30
40 -1.78 0.41 -1.80 0.50 -1.81 0.25 -26.55 0.50 -1.68 0.30
N KRISS VNIIM A*STAR
actual frequency pha:n:fﬂhv::*:age abs. exp. Une. pl‘li.:::;fﬂr*:age abs. exp. Une. pha.::n:;fitr*:age ahs. exp. Unc. pha::n:;fit;i:age ahs. exp. Unc.
inHz in® in® in*® in*
0.1 -0.34 0.05 -0.01 0.20 -0.24 0.87
0.125 -0.42 0.05 -0.01 0.10 -0.31 0.86
016 -0.54 0.05 -0.02 0.10 -0.57 0.86
0.2 -0.68 0.05 -0.02 0.10 -0.88 0.51
0.25 -0.85 0.05 -0.03 0.10 -0.84 0.51
0.315 -1.07 0.05 -0.04 0.10 -1.08 0.51
0.4 -1.35 0.05 -0.05 0.10 -1.35 0.31
0.5 -0.02 0.05 -0.05 0.10 -0.01 0.31
063 -0.02 0.05 007 0.10 -0.01 0.31
0.8 -0.03 0.05 -0.08 0.10 -0.03 0.31
1 -0.04 0.05 -010 0.10 -0.03 0.35
1.25 -0.05 0.05 -0.13 0.10 -0.04 0.35
1.60 -0.08 0.05 -017 0.10 -0.05 0.35
2 -0.07 0.05 -0.20 0.10 -0.07 0.35
250 -0.09 0.05 -0.25 0.10 -0.10 0.35
3.15 -0.12 0.05 -0.31 0.10 -0.14 0.35
4 -0.15 0.05 -0.39 0.10 -017 0.35
5 -0.19 0.05 048 0.10 -0.23 0.35
6.3 -0.25 0.10 -0.50 0.10 -0.28 0.35
8 -0.30 0.10 -0.76 0.10 -0.34 0.35
10 -0.38 0.10 -0.85 0.10 -0.41 0.35
12.5 -0.48 0.10 -1.18 0.10 -0.50 0.35
16 -0.62 0.10 -1.55 0.10 -0.75 0.35
20 -0.80 0.10 -1.92 0.10 -0.84 0.35
25 -1.02 0.10 -2.44 0.10 -1.07 0.35
31.5 -1.38 0.10 -3.10 0.10 -1.37 0.35
40 -1.85 0.10 410 0.10 -1.86 0.35
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8. Degrees of equivalence with respect to the weighted mean

The evaluation of the results was performed using a weighted mean computed with the
following equations:

-2 (2] “
=[S 5| 2

where the WM was calculated using the results of the participants according to [1]. In
the equations above the following symbols were used:

xi( ) result of participant i at frequency f
ui( ) absolute standard uncertainty of participant i at frequency f
xwwm( f) best estimate of the weighted mean (WM) sensitivity at frequency f

uwm( f) estimated absolute standard uncertainty for the weighted mean (WM)
at frequency f

Consistency checks were performed for phase and magnitude of the complex
sensitivity. The test defined by Cox in [5, 6] was applied in order to determine the
participants that are members of the largest consistent subset (LCS).
The key comparison reference values (KCRV) were finally determined by recalculating
the WM using the participants that are members of the largest consistent subset
(MoCS):

Xkcrv( )  best estimate of the KCRV at frequency f

ukcrv( f)  estimated absolute standard uncertainty of the KCRV at frequency f

Table 8.1 presents the results of the consistency test for both magnitude and phase
results. Cells are highlighted in yellow when X2obs > X2(nu).
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Table 8.1 a: Results of the consistency test applied to all the results reported by the participants

respectively for magnitude (left) and phase (right)

Frenquency in| number of :umber Di Xob X*nu) with Frenguency in| numberof TITFEr ) 3 X*{nu) with
Hz participants [ 9°9r*% © S P<0,05 Hz participants | dedreesof | Xobs P<0,05
reedom freedom
0.1 ] 7 107.81 14.07 0.1 g 7 0.92 14.07
0.125 [ 7 39.68 14.07 0.125 8 7 367 14.07
0.16 ] 7 16.87 14.07 0.16 ] 7 4 61 14.07
0.2 1 10 13.22 18.31 0.2 ik 10 7.97 18.31
0.25 1 10 566 18.31 0.25 1 10 1.19 18.31
0.315 11 10 237 18.31 0.315 1 10 1.99 18.31
0.4 12 1 365 19.68 0.4 12 1 31.39 19.68
0.5 13 12 344 21.03 0.5 13 12 224 21.03
0.63 13 12 389 21.03 0.63 13 12 353 21.03
0.8 13 12 269 21.03 0.8 13 12 5.99 21.03
1 13 12 1.88 21.03 1 12 [ 7.65 19.68
1.25 13 12 146 21.03 1.25 12 i) 14.24 19.68
1.60 13 12 147 21.03 1.60 12 [ 2312 19.68
z 13 12 126 21.03 2 13 12 30.96 21.03
2.50 13 12 1.31 21.03 250 13 12 42.94 21.03
3.15 13 12 135 21.03 3.15 13 12 74.32 21.03
4 13 12 140 21.03 4 13 12 118.37 21.03
5 13 12 252 21.03 5] 13 12 18472 21.03
6.3 13 12 283 21.03 6.3 13 12 287.62 21.03
8 13 12 224 21.03 8 13 12 438.37 21.03
10 13 12 366 21.03 10 13 12 68474 21.03
125 13 12 289 21.03 125 13 12 106292 21.03
16 13 12 750 21.03 16 13 12 1749.25 21.03
20 13 12 21.37 21.03 20 13 12 2714.00 21.03
25 13 12 24.59 21.03 25 13 12 4206.20 21.03
315 13 12 11.32 21.03 31.5 13 12 6505.07 21.03
40 13 12 19.83 21.03 40 13 12 1032775 21.03

Table 8.1 b: Results of the consistency test applied to all the results reported by the largest

consistent subset respectively for magnitude (left) and phase (right)

Frenquency | numberof ::;T_:g; gff eobs F{nu) with Fre|_1quen oy nun‘l_}er of ::::;z; ?:f Xobs K{nu) with
in Hz participants e P=0,05 in Hz participants e P=0,05
0.1 7 B 11.37 1259 0.1 8 7 0.92 14.07
0.125 7 i 4.03 1259 0.125 g 7 367 14.07
0.16 7 & 1.73 1259 0.16 3 7 4.61 14.07
0.2 " 10 13.22 18.31 0.2 1 10 .97 18.31
0.25 1 10 5.66 19.68 0.25 " 10 1.19 18.31
0.315 1 10 237 19.68 0.315 11 10 1.99 18.3
04 12 " 3.65 21.03 0.4 12 11 310 19.68
0.5 13 12 3.44 21.03 0.5 13 12 224 21.03
0.63 13 12 3.89 21.03 0.63 13 12 3.63 21.03
0.8 13 12 2.9 21.03 0.8 13 12 5.99 21.03
1 13 12 1.8 21.03 1 12 11 7.65 19.68
1.25 13 12 1.46 21.03 1.25 12 il 1424 19.68
1.60 13 12 1.47 21.03 .60 11 10 4.23 18.31
H 13 12 1.26 21.03 2 13 12 5.92 21.03
2.50 13 12 1.3 21.03 2.50 13 12 852 21.03
315 13 12 1.35 21.03 3.15 13 12 1216 21.03
4 13 12 1.40 21.03 4 13 12 19.34 21.03
5 13 12 2.52 21.03 5] 11 10 0.29 18.3
6.3 13 12 2.83 21.03 6.3 1 10 0.32 18.31
8 13 12 2.24 21.03 8 i 10 0.52 18.3
10 13 12 3.66 21.03 10 1 10 0.37 18.31
125 13 12 2.89 21.03 125 i 10 0.55 18.3
16 13 12 7.50 21.03 16 ik 10 1.53 18.3
20 12 11 2.56 19.68 20 1 10 172 18.31
25 12 ik 1.57 19.68 25 ik 10 290 18.3
31.5 13 12 11.32 21.03 315 11 10 3.99 18.31
40 13 12 19.83 21.03 40 11 10 6.00 18.31

The results presented in tables 7.1.1 and 7.2.1 marked with an asterisk (*) were
considered as not within the LCS and were excluded from the calculation of the KCRV.
It should be noted that KRISS’s results from 0.1 Hz to 0.4 Hz did not contribute to the
calculation of the KCRV because they did not use the same gain settings as all the other

participants at those frequencies.

Table 8.1b presents the results of the consistency test applied to the results reported by
the LCS respectively for magnitude (left) and phase (right).

17/79




CCAUV.V-K3 November 2016

For the further evaluation of the comparison, the unilateral degrees of equivalence with
respect to the KCRV were calculated according to:

dikcrv (=X () - Xcry () 3)
o _{ U’ (f)—Uiegy () for results within the LCS

u;
i,KCRY u’ (f)+Ugegy () for results not within the LCS

(4)

These formulas were applied for both phase and magnitude results. In the subsequent
tables 8.1.1 and 8.2.1, U; = 2u; and the results are marked using a light brown
background when di,KCRV(f) > 2'ui,KCRV (f)

Unilateral DoEs obtained from results which were excluded from the largest consistent
subset and which therefore did not contribute to the calculation of the KCRV are
marked with an asterisk (*) in tables 8.1.1 and 8.2.1.

DoEs were not calculated for KRISS from 0.1 Hz to 0.4 Hz because they did not follow

the specified signal conditioner settings stated for this frequency range. Therefore, these
DoEs are not included in the Tables and graphs presented in sections 8.1 and 8.2.
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8.1

Table 8.1.1: Unilateral degrees of equivalence for the magnitude of sensitivity with absolute

Results for the magnitude of the complex sensitivity

November 2016

expanded uncertainties (k = 2)

KCRV HIM LHE PTB BK SV-DPLA GUM
ﬁ:;‘tug::;’ XKCR’\I' | UKCR\J’ dI.KCR\I' | UI.KCR‘J’ dl. KCRV U LKCRY dl.KCR‘J’ U LKCRY dl.KCR\I’ U LKCRV dl.KCR\I’ U LKCRYV
inHz ] mVi{mis) mVi{misz) mVi{mi=) ] Vi =)
01 136.75 0.15 162 0.66 020 067 0.4 067
0125 136.71 015 .41 067 012 067 013 06T
0.16 136.69 0.15 027 067 213 067 0.06 067
0z 136.72 012 023 067 1015 0.39 0.00 053 1.31 124
025 13668 012 0,15 068 FE 0.40 .02 054 0.88 123
0315 136.66 01z .11 068 1012 0.40 0.01 054 0.58 123
04 13664 010 007 0.26 0.20 0.40 .11 0.26 0.01 054 0.40 068
05 13658 0.08 0.05 0.26 010 0.40 013 0.26 .03 054 0.27 068
063 13656 0.08 .08 0.26 012 0.40 210 0.26 0.01 054 0.24 068
0.8 136.55 0.08 0.04 0.26 0.04 0.40 £0.08 0.26 0.01 0.54 017 068
T 136.54 0.08 0.05 0.26 0.02 0.40 .06 0.26 .02 054 0.16 054
125 136.54 0.08 0.02 0.26 0.08 0.40 £0.06 0.26 0.00 0.54 0.14 0.54
160 0.08 0.02 0.26 0.05 0.40 206 0.26 0.00 054 013 054
3 0.08 .02 0.26 0.04 0.40 008 0.26 .01 054 013 0.54
250 0.08 0.02 0.26 0.03 0.40 208 0.26 202 054 012 054
3.15 0.08 0.02 0.26 0.03 0.40 £0.08 0.26 0.00 0.54 0.11 0.54
4 0.08 .01 0.26 0.03 0.40 .09 0.26 J.02 054 010 054
5 0.08 0.03 0.26 0.01 0.40 2012 0.26 .02 0.54 0.11 0.40
53 0.08 .02 0.26 0.00 0.40 2013 0.26 .04 054 010 0.40
g 0.08 0.02 0.26 0.02 0.40 20.08 0.26 0.01 054 015 0.40
10 0.07 0.06 0.26 0.06 0.40 2007 01z 0.04 054 0.20 0.40
125 0.07 0.07 0.26 0.05 0.40 £0.07 0.12 0.04 054 0.14 0.40
16 0.07 016 0.26 0.08 0.40 .02 01z 0.07 054 018 0.40
20 0.08 0.15 0.26 0.04 0.41 £0.02 0.12 0.04 0.54 0.14 0.41
25 0.08 .10 0.26 0.01 0.40 0.01 [RE .04 068 013 0.40
35 0.07 0.05 0.27 0.06 0.41 011 012 0.02 069 0.16 0.41
40 0.07 0.09 0.27 0.02 0.41 0.16 012 0.46 0.69 0.12 0.41
KCRV METAS NMISA INMETRO CENAM NMIA
ﬁ:;tugzlg xKCR\J’ UKCR\J’ dI.KCR\I' UI.KCR\I’ dl. KCRV U LKCRY dl.KCR\J’ U LKCRY dl.KCR\I’ U LKCRV dl.KCR\J’ U LKCRYV
inHz m\i{mJ/s) m\ifmis) m\ifmis) mVimi=F) mVImiF) mvimis?)
0.1 136.75 0.15 4210} 0.86(°) 0.22 0.95 0.28 0.23
0.125 136.71 015 2.530) 0.840) 0.23 0.95 017 023
0.16 136.89 015 1.640) 0.840) 017 0.95 0.11 0.23
0.2 13672 012 020 0.41 0.99 0.8 012 0.32 0.09 0.67 0.04 025
025 136.68 012 010 0.41 063 [ 0.07 0.33 0.02 068 0.04 026
0.315 136.86 0.12 £0.02 0.41 0.37 0.2 0.0 0.23 0.03 0.68 0.04 0.26
0.4 13664 010 0.02 0.42 022 0.8 0.01 0.33 .01 0.68 0.03 0.26
05 13658 0.08 0.03 0.42 0.00 0.40 203 0.33 .21 0.40 -0.01 026
063 136.56 0.08 0.07 0.42 .04 0.40 0.00 0.33 0.26 0.40 0.00 026
0.8 136.55 0.08 0.07 0.42 0.08 0.40 0.03 0.23 0.26 0.40 0.01 0.26
1 136,58 0.08 0.09 0.40 .04 0.40 103 0.33 .19 0.40 .01 0.26
125 136.54 0.08 0.08 0.40 0,03 0.40 .04 0.33 015 0.40 0.02 026
160 136.54 0.08 0.08 0.40 0.04 0.40 0.05 0.23 0.16 0.40 0.02 0.26
Z 136,58 0.08 010 0.39 103 0.40 105 0.33 112 0.40 0.02 0.26
250 136.55 0.08 0.08 0.39 0,05 0.40 0,05 0.33 012 0.40 0.01 026
315 136.55 0.08 0.09 0.29 0.08 0.40 0.04 0.23 0.10 0.40 0.01 0.26
4 13657 0.08 0.09 0.39 103 0.40 207 0.33 .09 0.40 0.00 0.26
5 136.59 0.08 0.07 0.32 007 0.40 0.09 0.33 0.1 0.40 -0.01 026
6.3 136.62 0.08 0.04 0.22 0.08 0.40 0,07 0.23 0.10 0.40 -0.02 0.26
B 136 61 0.08 010 0.32 1.0z 0.40 109 0.33 1.06 0.40 0.03 0.26
10 136.53 0.07 0.14 0.50 0.02 0.40 007 0.33 .02 0.40 0.06 026
125 136.71 0.07 0.08 0.50 0.04 0.40 0.06 0.23 £0.07 0.40 0.05 0.26
16 136.82 0.07 01z 0.50 0.05 0.40 312 0.33 0.05 0.40 0.08 0.26
20 137.06 0.08 0.06 0.49 0.07 0.41 0.09 0.34 .03 0.41 0.03 026
25 137.36 0.08 0.03 0.49 0.07 0.40 007 0.33 .08 0.40 0.02 026
EE 13777 0.07 010 0.49 0.09 0.4 108 0.34 0.06 0.41 0.06 0.27
40 13847 0.07 0.02 0.49 0.12 0.41 016 0.34 0,11 0.41 0.02 0.27
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KCRV NI KRISS VHIIM A*STAR
T,:;:g:; XKW UHE‘.R\J‘ dl.m‘.rw UI.HE‘.R\I‘ dl.l'!l.".R’\l' u LKCRY dI.I{CR’V u LKCRY dl.KCR‘J‘ u LKCRY
inHz m\Wi{mJs m\i{mis?) m\i{mJ/s®) m\i{mi=? ) m\i{m/' %)
0.1 13675 018 0.10 0.14 0.45 0.7
0.125 13671 018 0.08 0.14 £.16 0.69
0.16 136.69 0.15 0.04 0.14 0.0z 0.68
0.2 13672 01z 007 07 0.05 0.53
0.25 136.68 01z 0.04 0.18 0.0v 0.54
0.315 135.66 0.1z .02 0.18 0.07 0.54
0.4 136.64 0.10 0.01 0.18 0.05 0.36
0.5 136.58 0.08 0.04 0.18 0.03 0.11 0.05 0.36
063 136.56 0.08 .02 0.18 0.01 0.1 0.1 0.36
0.8 136.55 0.08 0.1 0.19 0.01 011 0.06 0.36
1 135.54 0.08 0.00 0.19 0.01 011 0.04 0.35
125 136.54 n.08 0.00 0.18 0.1 0.1 0.06 0.35
1.60 135.54 0.08 0.00 0.19 0.00 011 0.05 0.35
2 135.54 0.08 0.00 0.19 0.01 011 0.06 0.35
2.50 136.55 0.08 0.00 0.18 0.00 0.1 0.06 0.40
3.15 136.55 0.08 0.00 0.18 0.02 0.1 0.07 0.40
4 136.57 0.08 0.1 0.18 0.02 0.1 0.07 0.40
5 136.59 0.08 0.1 0.19 0.04 011 0.09 0.42
6.3 136.62 n.08 0.03 0.18 0.06 01 0.08 0.42
& 136.61 n.08 o.M 0.18 0.03 01 0.1z 0.42
10 136.63 0.07 0.04 0.19 0.03 012 0.13 0.45
12.5 13671 0.o7 0.04 0.18 4. 0z 0.13 0.43
16 136.82 0.o7 0.07 0.18 L4.12 0.z 0.14 0.47
20 137.08 0.08 0.03 0.18 -0.35(%) 0.12(%) 0.08 0.45
25 137.36 0.08 0.0z 0.19 -0.38(%) 0.166) 0.07 0.42
31.5 13777 0.07 0.00 0.27 .18 012 0.11 0.42
40 138.47 0.07 0.00 0.27 .22 0.12 0.12 .40

Figure 8.1.1 : Deviation of the magnitude from the KCRV for all frequencies of the comparison
with expanded uncertainties U; kcrv (K = 2)
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8.2 Results for the phase of the complex sensitivity

Table 8.2.1: Unilateral degrees of equivalence for the phase of sensitivity with absolute
expanded uncertainties (k = 2)

KCRV I LHE PTB BK SV-DPLA GUM
I:;IE:IQ? xKCR\l’ U KCRY d LKCRV |"II. KCRV d LKCRV UI.KCR\.I' dI.K['.R‘J' UI.KCR\J’ dI.K.CR‘J' UI.KCR\I’ dI.K.CR’\l' U LKCRY
inHz in® in® in* in* in® in*®
0.1 .34 0.04 -0.01 0.19 408 019 4.04 0.30
0.125 .42 0.04 0.01 0.19 0.08 019 0.04 0.30
0.16 .54 0.04 -0.01 0.19 .10 019 .1 0.30
0.2 0.67 0.04 0.01 0.20 012 0.20 0.01 0.30 0.10 0.50
0.25 .85 0.04 0.00 0.19 .08 019 0.00 0.30 .09 0.50
0.315 -1.07 0.04 0.00 0.19 010 019 0.02 0.30 0.08 0.50
0.4 -1.36 0.04 0.00 0.20 1.34(%) 0.500%) 012 0.20 0.00 0.30 .06 0.50
0.5 .03 0.04 0.02 0.20 0.01 0.50 4.05 0.20 0.01 0.30 .05 0.50
0.63 .03 0.04 -0.01 0.20 0.01 0.50 .05 0.20 0.01 0.30 .04 0.50
0.8 .04 0.04 0.05 0.20 0.01 0.50 4.05 0.20 0.01 0.30 .03 0.50
1 0.05 0.04 0.02 0.20 0.03 0.20 0.01 0.30 0.02 0.50
1.25 .07 0.04 0.02 0.20 .03 0.20 0.02 0.30 0.00 0.50
1.60 0.08 0.04 0.02 0.20 0.04 0.20 0.02 0.30 0.00 0.50
2 .09 0.04 0.01 0.20 0.00 0.50 .06 0.20 0.02 0.30 0.00 0.50
250 012 0.04 0.02 0.20 0.01 0.50 0.02 0.20 0.03 0.30 0.02 0.50
3.15 .15 0.04 0.03 0.20 0.01 0.50 .02 0.20 0.03 0.30 0.03 0.50
4 .19 0.04 0.03 0.20 0.04 0.50 .03 0.20 0.05 0.30 0.04 0.50
5 .15 0.04 0.03 0.20 0.00 0.50 .03 0.20 0.01 0.30 0.01 0.50
6.3 .25 0.07 0.02 0.19 0.00 0.50 .03 019 0.02 0.29 0.02 0.50
] 0.31 0.07 0.00 0.19 0.01 0.50 0.06 019 0.02 0.2% 0.02 0.50
10 .38 0.07 0.01 0.19 0.01 0.50 4.05 019 0.01 0.29 0.01 0.50
125 048 0.07 0.01 0.19 0.01 0.50 0.06 019 0.01 0.2% 0.01 0.50
16 .63 0.07 0.01 0.19 0.02 0.50 .08 019 0.02 029 0.03 0.50
20 .80 0.07 0.04 0.19 0.02 0.50 0.09 019 0.00 0.2% 0.03 0.50
25 -1.03 0.07 0.07 0.19 0.03 0.50 012 019 0.02 029 0.03 0.50
31.5 -1.37 0.07 0.09 0.19 0.03 0.50 4.14 019 .1 0.50 0.05 0.50
40 -1.87 0.07 0.03 0.38 0.05 0.45 019 0.19 0.11 0.49 0.06 0.45
KCRV METAS NIISA INMET RO CENAN NIWIA
tﬂac:;::ﬂ xKCR\J’ U KCRV d LKCRV U I KCRV d LKCRV UI.K.CR‘J' d I.KCRV UI.I‘LCR\I’ d I KCRYV U LKCRY dl. KCRV U LKCRV
inHz in*® in® in*® in® in® in*®
0.1 .34 0.04 -0.04 0.40 0.06 019 .03 0.30
0125 .42 0.04 -0.02 0.40 07 01% 0.01 0.30
0.16 .54 0.04 -0.01 0.40 019 015 0.00 0.30
0.2 67 0.04 0.0% 078 -0.01 0.40 0.01 0.25 0.25 0.20 0.01 0.30
0.25 -0.85 0.04 0.09 0.78 0.00 0.40 0.01 0.25 0.17 0.50 0.00 0.30
0.315 -1.07 0.04 0.07 078 0.00 0.40 0.01 0.25 0.24 0.50 0.00 0.30
0.4 -1.38 0.04 0.06 0.78 0.02 0.40 0.1 0.25 0.30 0.50 0.01 0.30
05 0.03 0.04 0.05 0.78 0.01 0.40 0.01 0.25 0.31 0.50 0.01 0.30
0.63 .03 0.04 0.04 0.78 0.01 0.40 0.1 0.25 .39 0.50 0.01 0.30
0.8 0.04 0.04 0.04 0.78 0.01 0.40 0.01 0.25 052 0.50 0.01 0.30
1 .05 0.04 0.03 0.45 0.01 0.40 0.01 0.25 .63 0.50 0.02 0.30
1.25 .07 0.04 0.04 0.45 0.03 0.40 0.03 0.25 .86 0.50 0.03 0.30
1.60 .08 0.04 0.04 0.45 0.02 0.40 002 0.25 -1.08(*) 0.500) 0.03 0.30
2 -0.09 0.04 0.03 0.45 0.02 0.40 0.02 0.25 -1.25() 0.50) 0.03 0.30
250 012 0.04 0.04 0.46 0.03 0.40 0.03 0.25 -1 47 () 0.50¢%) 0.04 0.30
3.15 015 0.04 0.05 0.45 0.04 0.40 0.04 0.25 -1.58() 0.50%) 0.05 0.30
4 .19 0.04 0.05 0.45 0.05 0.40 0.05 0.25 -2.51(%) 0.50() 0.06 0.30
5 019 0.04 0.01 0.45 0.01 0.40 0.01 0.25 -3.18(%) 0.500) 0.03 0.30
63 .25 0.07 0.0z 0.45 0.02 0.39 0.02 0.24 -4 11} 0.50) 0.05 0.29
g 0.31 0.07 0.02 0.45 0.02 0.39 0.01 0.24 -5.06{) 0.500%) 0.03 0.29
10 .38 0.07 0.0z 0.39 0.01 0.80 0.00 0.24 -6.33(%) 0.500) 0.04 0.29
12.5 .48 0.07 0.01 0.39 0.01 0.39 0.00 0.24 -7.89(%) 0.50() 0.06 0.29
16 063 0.07 0.03 0.35 0.03 0.50 0.01 0.24 -10.08() 0.500%) 0.08 0.29
20 .80 0.07 0.04 0.40 0.01 0.50 .04 0.24 -12.610) 0.500%) 0.11 0.29
25 -1.03 0.07 0.04 0.40 -0.01 0.50 0.03 0.24 -15.66(*) 0.500%) 0.13 0.29
35 -1.37 0.07 0.07 0.40 0.00 0.50 -0.01 024 -19.55(*) 0.500) 0.15 0.29
40 -1.87 0.07 0.09 0.40 -0.03 0.49 .04 0.24 -24.68(%) 0.50() 0.19 0.29
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RCRY N KRISS VHIT A STAR
t:::g:;;, xP‘.Cﬂ'\.-' U KCRY d LECRV UI.P‘.(‘.H{V dl.mm‘ UI.I{L".R'J' dI. KCRV U LKCRY dl.l{l.".ﬂ’\p' U LKCRY
inHz in® in*® in*® in*® in*®
01 .34 004 0.00 0.02 010 0387
0.125 .42 0.04 0.00 0.02 0.1 0.36
0.16 .54 0.04 0.00 0.02 .03 0.36
0.2 067 0.04 -0 0.02 0.02 0.51
0.25 085 0.04 0.00 0.02 o.M 0.51
0.315 -1.07 0.04 0.00 0.02 .01 0.51
0.4 -1.36 004 0. 0.02 o.m 0.31
0.5 0.03 0.04 0. 0.03 .02 0.09 0.0z 0.31
0.63 0.03 0.04 0. 0.03 0.04 0.09 0.02 0.31
0.8 0.04 0.04 0. 0.03 0.05 0.09 o.M 0.3
1 0.05 0.04 0.01 0.03 0.05 0.09 0.a2 0.35
1.25 0.07 0.04 0.02 0.03 .06 0.09 0.03 0.35
1.60 .08 004 0.02 0.03 0.09 0.09 0.03 0.35
2 0.09 0.04 0.02 0.03 0.1 0.09 0.0z 0.35
2.50 £.12 0.04 0.03 0.03 0.13 0.09 0.02 0.35
3.15 £0.15 0.04 0.03 0.03 0.16 0.09 o.M 0.35
4 015 0.04 0.04 0.03 0.20 0.09 p.a2 0.35
5 015 0.04 0.00 0.02 -0.Z9%) 0.08() .04 0.35
63 025 o.o07 0.00 0.07 -0.35(*) 0.12(%) 0.03 0.34
i 0.3 007 0. 0.07 -0.45(*) 0.12(%) 0.03 0.34
10 038 0.07 0.00 0.07 —0.57(%) 0.12%) £0.03 0.34
125 .48 0.07 0.00 0.07 =0.700) 0.12(%) 0.02 0.34
16 063 0.07 0.01 0.07 -0.920%) 0.12(%) 012 0.34
20 .80 0.07 0.00 0.07 -1.120%) 0.12(%) .04 0.34
25 -1.03 o.o7 0. 0.07 -1.410%) 0.12(%) .04 0.34
315 -1.37 0.07 -0 0.07 -1.73() 0.12(%) 0.00 0.34
40 -1.87 0.07 0.02 0.07 -2.230%) 0.12(%) o.m 0.34

Figure 8.2.1: Deviation of the phase from the KCRV for all frequencies of the comparison with

expanded uncertainties U; kcrv (K = 2)
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9. Conclusion

The first low-frequency CIPM key comparison CCAUV.V-K3 in vibration revealed the
current calibration capabilities of the 14 participants of five RMOs.

All but one of the participating laboratories provided their calibration results, which
were mostly consistent within their declared expanded uncertainties for magnitude
results. Only two participants failed to contribute to the KCRV values calculated for
five frequencies out of a total of twenty-seven comparison frequencies.

For phase shift, the situation was notably worse. Three participants could not contribute
to the calculation of the KCRV values in a total of sixteen frequencies. Better
understanding of their calibration devices and more reasonable evaluation of their
calibration uncertainties will provide more accurate and reliable measurement results in
the future.
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Annex A - Technical protocol (Second version)

Technical Protocol of CIPM Key Comparison CCAUV.V-K3

1 Task and Purpose of the Comparison

According to the rules set up by the CIPM MRA, the consultative committees of the
CIPM have the responsibility to establish ‘degrees of equivalence’ (DoE) between the
different measurement standards operated by the national NMIs. This is done by
conducting key comparisons (KC) on different levels of the international metrological
infrastructure. The previous top level KC in the field of Vibration metrology,
CCAUV.V-K1 was completed in the year 2001 in the frequency range from 40 Hz to 5
kHz. The ongoing CCAUV.V-K2 is aimed at frequency range from 10 Hz to 10 kHz.

However, recent developments in technology and improvements at the NMIs have
extended the low frequency vibration limit of calibration capabilities down to 0.4 Hz
and even to 0.1 Hz and lower. Therefore during the meeting of CCAUV in 2012, the
decision was taken to make preparations for a further comparison targeted at a low
frequency range.

In the field of vibration, this key comparison is organized in order to compare
measurements of sinusoidal linear accelerations in the frequency range from 0.1 Hz to
40 Hz. Moreover, the complex sensitivity calibration and measurement capabilities
(CMCs) of the participating laboratories for accelerometer calibration are to be
examined and compared. It is the task of the comparison to measure the complex
sensitivity of one accelerometer standard set (including a quartz-flexure servo
accelerometer of single-ended type and a signal conditioner) at different frequencies
with acceleration amplitudes as specified in section 3. The results of this key
comparison will, after approval of equivalence, serve as the foundation at low vibration
frequency for DoE derived from three existing regional low frequency supplementary
comparisons and the registration of ‘calibration and measurement capabilities’ (CMC)
in the framework of the CIPM MRA.

For the calibration of the accelerometer standard set, laser interferometry in compliance
with method 3 of the international standard ISO 16063-11:1999 has to be applied, in
order to cover the entire frequency range. Specifically, the magnitude of the complex
voltage sensitivity shall be given in milli volt per meter per second squared (mV/(m/s?))
and phase shift in degree for the different measurement conditions specified in section
4.

The reported complex sensitivities and associated uncertainties are then supposed to be

used for the calculation of the DoE between the participating NMI and the key
comparison reference value.
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2 Pilot Laboratory
Pilot laboratory for this CIPM Key comparison is

Vibration and Gravity Laboratory

Mechanics and Acoustics Metrology Division

National Institute of Metrology, P.R. China

BeiSanHuanDongLu 18, ChaoYang District, 100013 Beijing, P.R. China

This is the delivery address for the set of artefact and the written and signed reports.

Contact Persons are

SUN Qiao YANG Lifeng
Tel.: +86 10 64524623 Tel.: +86 10 64524606
e-mail: sung@nim.ac.cn e-mail: yanglf@nim.ac.cn
Fax: +86 10 64218628

Co-Pilot laboratories for this key comparison are
Laboratoire national de metrologie et d’essais
and
National Metrology Institute of South Africa

Contact Persons are

Claire Bartoli lan Veldman
e-mail: claire.bartoli@Ine.fr e-mail: csveldman@nmisa.org
Tel.: +33 13069 13 76 Tel.: +27 12 841 4008
Fax: +33 13069 12 34 Fax: +27 86 509 0831

3 Device under Test and Measurement Conditions

For the calibration task of this comparison, one quartz-flexure accelerometer set will be
circulated between the participating laboratories. The accelerometer set is one ‘single
ended’ (SE) type, namely SA 704 (SN: to be confirmed), with a signal conditioner,
namely MSA-I (SN: 02011001).

The accelerometer set is to be calibrated of its complex voltage sensitivity according to
those procedures and conditions implemented by the laboratory in conformance with
ISO 16063-11 which provides magnitude and phase shift information of the artefact.
The complex sensitivities reported shall be for the accelerometer set, including all
effects from the signal conditioner.

The frequency range of the measurements was agreed to be from 0.1 Hz to 40 Hz.
Specifically, the laboratories are supposed to measure at the following frequencies (all
values in Hz).

0.1, 0.125, 0.16, 0.2, 0.25, 0.315, 0.4, 0.5, 0.63, 0.8, 1, 1.25, 1.6, 2, 2.5, 3.15, 4, 5, 6.3,
8, 10, 12.5, 16, 20, 25, 31.5, 40.
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The mandatory frequency range is from 0.4 Hz to 40 Hz. The measurement conditions
should be kept according to the laboratory's standard conditions for calibration of
customers’ accelerometers for claiming their best measurement capability or CMC
where applicable. This presumes that these conditions comply with those defined by the
applicable 1SO documentary standards [1,2,3], simultaneously.

Specific conditions for the measurements of this comparison are:

e acceleration amplitudes: a range of 0.05 m/s® to 30 m/s is recommended.

e ambient temperature and accelerometer temperature during the calibration:
(23 £ 2) °C (actual values to be stated within tolerances of + 0.3 °C).

e relative humidity: max. 75 % RH

4 Circulation Type, Schedule and Transportation

The transducer set is circulated in two loops with a measurement period of two weeks
provided for each participating laboratory and one week for the pilot. At the beginning
and the end of the circulation as well as between certain subsequent measurements of
participating laboratories, the transducer set is measured at the pilot laboratory in order
to fix reference values and to monitor the stability of the transducer set.

The schedule is planned as follows:

" Transportation
- easurement to next
Participant (calendar week) Participant
(calendar week)
NIM 35/2014" 36/2014
LNE 37-38/2014 39/2014
PTB 40-41/2014 42/2014
BKSV-DPLA 43-44/2014 45/2014
GUM 46-47/2014 48/2014
METAS 49-50/2014 3/2015
NIM 4/2015 5/2015
- 6-7/2015 11/2015
NMISA 12-13/2015 14/2015
INMETRO 15-16/2015 17/2015
CENAM 18-19/2015 20/2015
NMIA 21-22/2015 23/2015
NMIJ 24-25/2015 26/2015
KRISS 27-28/2015 29/2015
VNIIM 30-31/2015 32/2015
A*STAR 33-34/2015 35/2015
NIM 36/2015

* 35/2014 refers to the period from Aug 25th to Aug 31st 2014

The cost of transportation to the next participating laboratory shall be covered by the
participating laboratory. The transducer set has to be sent hand-carried with great
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caution. In case the transducer set gets damaged or lost during transportation, the
participating laboratory for delivery should pay 4 000,- € to pilot laboratory for the set.

5 Measurement and Analysis Instructions

The participating laboratories have to observe the following instructions:

e The motion of the quartz-flexure accelerometer should be measured on the moving
part of horizontal vibration exciter, close to the accelerometer's mounting surface,
since the mounting (reference) surface is usually not directly accessible.

e The mounting surface of the accelerometer and the moving part of the exciter must
be slightly lubricated before mounting.

e The cable between accelerometer and signal conditioner should be taken from the
set delivered to the laboratory.

e It is advised that the measurement results should be compiled from complete
measurement series carried out at different days under nominally the same
conditions, except that the accelerometer is remounted and the cable re-attached.
The standard deviation of the subsequent measurements should be included in the
report.

6 Communication of the Results to Pilot Laboratory

Each participating laboratory will submit one printed and signed calibration report for

the accelerometer set to the pilot laboratory including the following:

e a description of the calibration systems used for the comparison and the mounting
techniques for the accelerometer

e adescription of the calibration methods used

e documented record of the ambient conditions during measurements

e the calibration results, including the relative expanded measurement uncertainty,
and the applied coverage factor for each value

e a detailed uncertainty budget for the system covering all components of
measurement uncertainty (calculated according to GUM [4,5]). Including, among
others, information on the type of uncertainty (A or B), assumed distribution
function and repeatability component.

In addition, the use of the electronic spreadsheets for reporting is mandatory. The
format of spreadsheet will be provided by the pilot in due course. The consistency
between the results in electronic form and the printed and signed calibration report is the
responsibility of the participating laboratory. The data submitted in the electronic
spreadsheet shall be deemed the official results submitted for the comparison.

The results have to be submitted to the pilot laboratory within four weeks after the
measurements have been completed.

The pilot laboratory will submit its set of results to the executive secretary of CCAUV
in advance to the first measurement of the participating laboratory.
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7 Remarks on post processing

Presuming consistency of the results, the key comparison reference value and the
degrees of equivalence will be calculated according to the established methods agreed
upon already for CCAUV.V-K1.

References

[1] 1ISO 16063-1:1998 ‘Methods for the calibration of vibration and shock transducers --
Part 1: Basic concepts

[2] 1ISO 16063-11:1999 “‘Methods for the calibration of vibration and shock transducers-
- Part 11: Primary vibration calibration by laser interferometry’

[3] ISO/IEC 17025:2005 ‘General requirements for the competence of testing and
calibration laboratories’

[4] ISO/IEC Guide 98-3:2008 ‘Uncertainty of measurement -- Part 3: Guide to the
expression of uncertainty in measurement (GUM:1995)

[5] ISO/IEC Guide 98-3:2008/Suppl 1:2008 ‘Propagation of distributions using a Monte
Carlo method’
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Annexl: Items list and Settings of conditioning amplifier

I. Item list: 1. Accelerometer; 2. Conditioning amplifier; 3. Cable; 4. Power cord,
4. Power adapter; 5. Fixture; 6. ATA Carnet; 7.Technical protocol.

II. Procedure of zero setting of conditioning amplifier:

1. Using the knob of ‘Zero Coarse’ to adjust to the zero first;

2. Using the knob of ‘Zero Fine’ to adjust to the zero precisely;
3. Setting the gain to 100 and repeat steps 1 and 2, to get more precise value of zero
if necessary.

IT1. Other settings:.

Frequency | Filter Setup Gain Frequency | Filter Setup Gain
Hz Hz Hz Hz
0.100 20 100 2.500 off 1
0.125 20 100 3.150 off 1
0.160 20 100 4.000 off 1
0.200 20 100 5.000 off 1
0.250 20 100 6.300 off 1
0.315 20 100 8.000 off 1
0.400 20 100 10.000 off 1
0.500 off 1 12.500 off 1
0.630 off 1 16.000 off 1
0.800 off 1 20.000 off 1
1.000 off 1 25.000 off 1
1.250 off 1 31.500 off 1
1.600 off 1 40.000 off 1
2.000 off 1 - - -

"Input selection" switch on the MSA-I conditioning amplifier should be on "Current

input".
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Measurement uncertainty Budget (MUB)

Annex B

1-NIM
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Magnitude sensitivity

Uncertainty contribution at frequencies

i | Source of uncertainty (I;imh_ahﬂ_ﬁ}' Uncertainty Divisor 0.2Hz |=0315Hz| =02Hz =4Hz
- stribution type = = - -
0,315 He 0,8 Hz LHz 40 Hz
1 | Accelerometer output normal B 2 0,03 0,03 0,03 0,03
voltage measurement
y |Frequency of vibration | iy oyar B 1732 | 0001 | 0001 | 0001 | 0001
signal =
3 | Reference vibration normal B 2 0.001 0.001 0.001 0.001
velocity
Magmtude of amplifier
4 | gain (G) in selected normal B 2 0,02 0,02 0,02 0,02
measuring channel
5 | Frequency response of G normal B 2 0.1 0.1 0.1 0,05
6 | Transverse motion rectangular B 1,732 0 0 0,03 0,03
7 | Harmonics rectangular B 1,732 0,01 0,01 0,01 0,01
8 | Mains hum rectangular B 1,732 0,01 0,01 0,01 hlil.ﬂ]
9 | Noise normal B 1,732 0.001 0.001 0,001 0,001
10 | Base strain rectangular B 1,732 0.001 0,001 0,001 0,001
11 | Geometrical location of normal B 1732 | 0005 | 0005 | 0005 | 0005
measurement
12 | Sensor mounting rectangular B 1,732 0,001 0,001 0,001 0,001
13 | Cable layout rectangular B 1,732 0.025 0,013 0,01 0,01
14 | Relative motion rectangular B 1,732 0,06 0,04 0,02 0,02
15 | Temperature fluctuation rectangular B 1,732 0,0015 0,0015 0,0015 0,0015
16 | Linearity deviations rectangular B 1,732 0.001 0,001 0,001 0.001
17 E‘il;gtl’lh“: of vibraticn rectangular B 1,732 0,001 0,001 0,001 0,001
18 Ifi’eill:;fm of magnetic rectangular B 1.732 0.1 0.1 0,05 0,05
19 | Residual effects rectangular B 1,732 0.4 0.2 0.1 0.1
Standard deviation of
20 | artthmetic mean normal A 1 0,01 0,01 0,01 0,01
(rounded up)
Total relative measurement wncertainty 04311 0,2519 0,1398 0,1343
Expanded measurement uncertainty (k= 2), rounded 0,9% 0,5% 0.4 % 0.3%
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Uncertainty contribution at
1 |Source of uncertainty Probability | Uncertainty Divisor ] i?ﬁggffﬂies =0
S distribution type 0.2 He 0315Hz | =08 Hz
0313 Hz 08 Hz 40 Hz
g |Accelerometer output normal B 2 0,05 0,05 0,05
voltage measurement
o |Frequency ofvibmtion | o oular B 1,732 0 0 0
signal =
3 |Reference vibration normal B 2 0.01 0,01 0,01
velocity
Magnitude of amplifier
4 | gain () 1 selected normal B 2 0,01 0,01 0,01
measuring channel
5 | Frequency response of G normal B 2 0,05 0,05 0,05
6 | Transverse motion rectangular B 1,732 0 0 0.1
7 | Harmonics rectangular B 1,732 0,01 0,01 0,01
8 | Mains hum rectangular B 1,732 0,01 0,01 0,01
0 [Noise normal E 1.732 0,01 0,01 0,01
10 | Base strain rectangular B 1,732 0,01 0,01 0,01
pp | Geometrical location of | gy B 1732 | 0001 | 0001 | 0001
measurement
12 | Sensor mounting rectangular B 1,732 0,001 0,001 0,001
13 | Cable layout rectangular B 1,732 0,02 0,01 0,01
14 | Relative motion rectangular B 1,732 0,05 0,02 0,01
15 | Temperature fluctuation rectangular B 1,732 0,01 0,01 0,01
16 | Linearity deviations rectangular B 1,732 0,01 0,01 0,01
7 | Bostability of ibration rectangular B 1.732 0 0 0
signal =
g | [fluence of magnetic rectangular B 1.732 0.1 0.1 0,05
fields
19 | Residual effects rectangular B 1,732 04 0.2 0.2
Standard deviation of
20 | arithmetic mean normal A 1 0,001 0,001 0,001
{rounded up)
Total measurement uncertainty 042272 | 023732 | 0,2419°
Expanded measurement uncertainty (k = 2), rounded 0.80° 0.50° 0.50°
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8- INMETRO

Magnitude sensitivity

Uncertainty budget - Absolute Interfe rometric calibration of an accaleration measuring set

150 16062111998 - Tabk A.3 & A5 Mo 0,060
(M2l 0,024
VOLTAGE SENSITIVITY - MAGNITUDE
Relative s pandad uncertainty o bounds of
ACCELERATION MEASURING SET - SERVO-ACCELEROMETER + SIGNAL CONDITIGNER estimated error comporents |
fracuency (Hz)
Seandard Probabiiy
uncartainty distrbution
i | componentwix i |Source of uncertairty description madsl Facior x, 0,2 b 40
aocalerometeT oulpul vOllEgE Measurement | ACG .
1 reagiution » DA range Ineeity § calboralions of CAQ rectanguler | 0,55 0.05
2 ) [(CAa0E WErng efiect on acceleromeler ulEU ATRIEI®E s anatag fiering appli rectanguiar | 0,58 002
elfacl ol voltage QSIUICAnce on acceRrameler culpul
: aMact an sensitmty by smulated noke on g
3 altage maasuremen Inferfermeter and accel channels nemal if=11] 1 o0
Bifact of ransvarss, mwlﬂg and Daﬂﬂ“'lg acceleralian an The raskdual eflect on BQHS"PI", =)
4 Bocalerometar vallage measuramant (Tensarse sansiivily |sstimated by the smor to & LS 1, which i | rectangular 0,58
i Lo £ |&55 han 003
eir=cl of Intzrlercmetsr quadrature culpul signal
5 - y disburbence on phase emplilude measurament fag oflzets, Elipse Nl comestian Implemenied. rectanaular 0,58
¥ scitage ampiilude devlation, desialicn from 307 nominal Resioual effzcl aready Included In f= 3 g '
angle difterenca) 0.02
- ) Mierierometar skanal NErng STTEcton phass ampIRigE
& 41 ur) | memsurament { requancy band limitalion | Mo analag filering applisd rectangular 0,58 002
7 ) ﬂmoé:_uﬂt;ge diBrbance en phase ampitude Estrmaten 1o be |ess than rectanguiar | 0,58 003
8| vt ;;ua?amman?"am T o pRase ampTide Estrmaten 1o be les than rectanguiar | 0,58 008
s eitac of phese delurbance on phase arpikuds Estmated lobe lesz than rectanguiar | 0,58 005
T e s Estmated lobe lesz than crmal fzqtit] 0,30 005
1| b ency messurEmant (SN JE0Rrr | potmatag 1o e fess than standardimty | noma e-2) | 0,5 00001
residual effecis on sansilivily measurement | e.q. random 0,41
12 I elract In repeal megsuraments; axperimantal siandard measurad far Ne=E, sid ded of the mean) ormal (g,
eviaticn of ariinmetis mean § 0,05
- CaIETNon of 13567 < bandwidn (1200 —
13 380 liaser wewstengin calbration MHE) fomélti-2)] 08 20002
14| win  |emirnmental etects on lsserwasslengtn . Estimated to ﬁ‘n:";ﬁ‘; '2°5b; 'f;‘;!f’“ Memprang2 | \ovnguiar | o058
= tess than (4T =+~ 3G, dP= + 70 hPa, dU = +- 20 % Sgre=s) 0,0007
GiGralion of ampiner BK, 2650 Wil .
15 ampitier gain callbration canstanl charge Input nemal k-2 05 0,05
16| sl [referance ampiners racking deviatians in gain for Mot Bpplicable. Ampiiner usad al a fiead
' Jowrerem areisanon setings) ain s=tin 0,00
P =vIalich 1o CONSIENT BMpINIOE-TeqUENGy ChalaciEnEe Mol SppIaEiE. ATEIMEr CAICTaied ot i
! HEL LAl ol refaranca ampliner Traguancies 0,00
ol v [FEEion fom consiant ampige-Trequency charadieiaiic [Nt appiicatie. Fesuls reparied win fe
e, ol referance Booakrometer input accelaralion 0,00
Estmat=d Ic be |22 than [arpiiigs
18] e sl Jampitge eftect on gain of rafarance ampiner range up 1 100 s fectanguiar | 0,53 0.0z
§ AMPILIOE eflect on sansilvily (magnilde) of rearanca | CEHPars 16 Be [62s TRar [arpiias s
20 L7 Jassalerometar range up 10 100 s’y fectanguiar | 0,55 002
n: ¢ of raference amplilier gain, an BOurce
2] e ||n-peasma on%m Eztrmated 1o be [ess than rectanguiar | 0,58 0,03
n EEEL Ity irmagn &) Ol refaranda
22 HieLp) mccalerometar Eztrmated fo be less than rectangular 0,58 0.02
Estmal=d 1o be Ie2s than (a7~ 106
2F Wleral lapyimnmantal effects on gain of rafarance ampliner during ana complele calbralion) rectangular o8 0,08
Emvironmental elfects on sanaliily magniae) ol Estrnated [0 be lezs than (a7 =<~ 1 °C ;
24 refarance acoalerometer uring calbration St - 0 Gz fectanguiar | 0,58 0,02
25 wiSar) _|satety factar reproducioity) Eztrnatad Io be less than rectangular 0,55 0.10
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frequency (Hz)
Seandard Probabliy
unzerainty distrbution
i | component s, JSource af uncemalnty s cplion medsl Factor =, 0,2 b 40
[accalerometsr OUIpUE Volage measursmant | AL .
1 resciufion ». DAG range (neafty | calbrationz of CAC rectangular 0,53 003
oitage fllering eflect on accekromeler culpul ampltude .
2 et Mo analag 1ilering applied rectangular 0,53 001
efzcl ol woitage dslurbance on eccelerameler oulpul
3 N (cltage mmlfrmem P aMmact on zensitrty by smulated notse on | oo o '
interfercmeler and accel channels N 5.05
etracl of ranswarse, racking and b=nding acceleralion an | The raskiual eflect on sanzilily &
4 accalercmetar vollage measurameant iransvarse sansiiily |astimated by the amor ta & LS I, which i | rectangulsr 0,58
i Lo b |Ess Hhan
efrzcl of Intarierometer quadrature culpul signal
s o, |Hetrbence on pheze empliiude measurament (2.9, offsets, |ENpee M comection IMplemented. rectanaular 0,58
¥ u g yoltage ampilude dediation, desiation from 907 naminal Resiougl elfacl aready Included In ! =3 o N
angle dfierenca) 001
intariercrnetar skianal fillering 2fect on phasa ampibude
-] miessurament [ Traguancy band limitation | Fe analog Tillering applied rectangular 0,58
@01
- el cl ol woitage dslurbance on phase ampliude
7 measurament Estimatad lo be less than rectanguler 2,58 noa
. BLEE CULIE [FI = 0T = e e (T
8| widwss) |nessursment Estimatad 1o be less than rectanguler 0,58 003
8 | wiouwm [EMedofphiase delurbance on phase ampltuda Estimated 1o be less than rectanguiar | 0,58 003
§ . resioual intarieromelric elfecls on phase ampltude , o ar
10 Py gy fp—, Estimated lo be less than ormal (sqtiMi) - 0,30 008
i JIbralicn freguancy megsurament | Traguency genaralor o )
11 © and necatar | Eztimatad 1o be less than (standardlimky | nomal {k=2) 0,5 oa0
resinlal elfecls on sanaliily MaBsUrement | ). rmndam 2,41
12 u effact In repeal measuraments; sxperimantal siandard measurad Mar Me6, 510 ded of e mean) ormal (s
derviation of arfihmetis mean § 0,02
N calbration of laser + bandwidh {1 200 e
13 cal) lazer wawsisngin calbration nemel (k=2) 0.3 2.0001
14 emimnmental eliecls on laserwasslengtn . Estimated o ﬁ‘:n:";ﬁﬂfsbﬂgﬁ;?f“ (Temp N | ectanguiar | 0,58
b I625 than (T = 2 C, dP = +- 70 hPa, dU= «- 20 % ! 0.0004
i calbration of amplifier BE 2630 with e X
15| wit cal fampirier gain canbration canslant charge inpul nomel (k=2 | 0,5 0,03
18 . Jrefaranca empliers iracking (devialions in gain far Mot applicabie. Ampliner usad al a fkad
“ral ldiiferem ampliiiealicn settings) gain s=tling 0,00
17 dervialion from conslant ampitude-frequancy characlenstic [Nt applicabie. Amplier calbraled at all
! LA fol refaranca Bpiner Ira0LEngies 0,00
. [GevEnGn rom conslan ampRLGE-TIeqUency CHaraclensie [MeL BRpIGAEe . F=sul Teparled win e
18 N LT o refarancs accsleromater irput acceleration 0,00
EETmmal=a 1o e [e5= Than (ampiios P
i j C
1] ) fampioe eftect o fain ol rararance Bmpiner renge up 1o 100 Vs 9 0,58 0,01
. ampitude effect on sensiliivity imagnilude) of refarenca Estimatad Io be less than (amplituds .
el ' Jzocsierometar range up 1o 100 mis™ rectangular 0,58 001
Instability of r2ference amplilier gain, and efled of saurce .
2wl impedanca on gain Estimated 1o be less than fectanguiar | 0,58 602
i Inztability of sanzilvily (magnilude) of refarance -
el sossierometar Estimatsd 1o be less than fectanguar | - 0.5 0,01
Eztimatad 1o be less than (dT =~ 1 00
23] e femimnmental elfects on gain of rafarance ampliner during ane compiete calibraticn) rectanguiar |- 0,53 0,03
s emiirmnmental elfects on sanzitity (magniude; of e a.58
refaranca accalmomEler during calbration, St - 0.02%°C) 0,01
25 siSgrd  |salety factor ireproducibiity) Eztimatad 1o be Ies3 than rectangular 2,58 0,08
WS Estimatad relativ e combined standard uncertainty (%) for accelerometer sensi [w-1]| 0,11 |
U5V, % Estimated relati & expandad uncartainty (%) for acceleromeater sensit iy [x.2ﬁl| 0,23 |
frecuengy (Hz)
0,2 o 40
Reporsd ralative s pandad Uncartainty for accelaromeater sensitivity magnituds (k=2) 0,25
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VOLTAGE SENSITIVITY - PHASE SHIFT
Expanded uncertainty or bounds of
AGCELERATION MEASURING SET = SERVO-AGCELEROMETER + SIGNAL CONDITIONER zstimated amor eomponents (%)
frequency |
Siandard ]
uncartainty Probapiity
component distritution | Factor
i Source of uncertainty description model X, 0,2 to 40 Hz
1 ) [pecekerometer culput phase measurament zalibrations of DA nomial 1) 1 005
oitags Tenng eflact on accelramaier outpul phase Na &nakeg fiterng appied. Spedial dgial TaCtangUIar 0,58
2 ¢ Fye) Jmeasurement liter has negigble afest. 002
2 ifect of woltaga disburbance on oulput phasa aflext onsensilivity by simulated noise on nomal fk=1) 1
3| wi®.o) Imeasurement fe.g hum and noiss) niterleromater and acosl channals 0,05
2 1Mect OF rAnserse, rocking and b2nding accelRralon o | The residual @itect an sensitvity IS astmated | rectanguiar 0,58
Jacoalerometer culput phase measurement (ransvarsa by 1he emorlo a LS fit, which is to be less.
4 [ Pyr) feensiiity ) than 0,05
2ifect af Intarleramater qUadraiure cutpul signal
Jdisturbance on displacement phase measurement (2.9. | Eipse it comection mplemantsd. Residual
jotreats, voltage ampiitude dewialon, deviabon oM &0 |amect aiready Included In f = & factanguiar 0,58
5 by |PEOress nomingl angle difterencs) D02
nt=rferamatar sknal ikering effact on displacament phass raciangular 0,58
B maasurement { requancy band IMialon § Na analzg fitering appled. 0,02
atrect of woltage distumance on dispiacement phass raciangular 0,58
mMEasurement [2.g. random noisa in he pholoekclric Estimaied to be kss than
7| wid.yny |measunng chains 003
|21rect of motion disturbance on displacement phass reaiEnguiar 0,58
MEasUrEment i2.9. driit; ralative motion babwaen
Jacoslerometer refaranca surface and the spol sansad by |EEimaled to be sz than
8 [ihe interferometer) 005
= fect of phasa disturbance on displacement phasa racianguiar 0,58
maasurement (2.4. phasa noige of the Inertsromear Estimaled to be ks than
g { jsianals) 0,05
rasioual nterleromatric elfacts on displacamant phase hormal st 0,30
10] wiw.x |measurement Estimaied ta pe =2 Inan 0,05
raaioual affecls on phass SNt MREsUrement | e.0. ormal isgri) ] 041
random atfect in rapeat measuraments; experimental measurad (for N=8, s1d dev of fha mean)
1" , fetandara geviaton of anmetic mean ) ’ 0,002
calibration of ampliler BK 26E0 with constant | nomal (Ke=2) 0.5
12| wind ) [EMpirier phass shift calbration charge input 0,05
rafarance ampifiar racking (deviations in phass for Mat applicabke. & singke calbrated selting Is | reclEnguiar 0,58
13 (e ) JHiterent amplifization satings) used. 0,0002
[ dewiationes from linear phasa-Trquency characlensticol (Mot applicabls. A sngle calbratad selting |2 ractangular 0,58
14 wiep,,) [referanceampifisr uged. 0,0007
flewiations from linsar phass-TRquensy characlenstc of Effecl incucad in ihe siandard deviation of nomal k=2 05
15 refarance aooskrometer 1he mean 005
18 arpitlcs arlect on phass snilt of ratarence ampliiar Estimaled ta be ks than raciangular 0,58 0oz
EEOmE=d [0 OE FREs Tan [anpe rEnge raalanguiar 058
17 (o, , o) Jempituds sffect on phase shilt of reference acoalerometer |up ta 100 s’y 0,02
netabiily of rafarence ampifisr phass shifl, and eract of racianguiar 0,58
12 i, ) JEOUNCE IMp=0ance on phase shift Estimated o be kes than 0,03
19 wlepd inetabdily of rafarance assalerometer phass shilt Estimated to be kBes than razlangular 0,58 0oz
Estimated to be kes than {dT == 1 o0 raclanguiar 0,58
fi] ;e Jerwirormental efiecis on phase shift of raference ampifler [dunng cne complets calbration) 0,08
farreirormental effects on phase shilt of rafasnce Estimaled to be kss inan (dT =+~ 1 *Cdunng| eEngular 0,58
> Jacoakrometsr calibration, St =0.02%C) 0,02
22 fsatety tactor (re producibiliiy) Estimaied to be lees han reclangular 0,58 0,10
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VOLTAGE SENSITIVITY - PHASE SHIFT Lincertainty oontribution s wyly ]
frequency (Hz)
Standard
uncertainty Probabiity
companant distribution | Factor
i Wl Source of uncertainty description rcde X 0,2 to 40 Hz
1 Wiy [PERRErometer culput phass measurament zallbrations of DA NOMNGE! (=1 1 0,05
sitage Tering elfact on acce BIomeer oUtRLL phase o anaieg fiterng appled . Special agial TaCctanguiar 0,56
2 | wiwye) |measurement fitter has nagipble atlect. 0,01
o liect of woltage disturbance on oulput phase aflect an sensilivity by simulated noise on nomal fk=1) 1
3 WPy pl  fmeasurement (2.9 hum and noiss) nterleromater and 323l channeks 0,05
fffect of ransverse, recking and banding accekrabion on | The residual affect on sensithity 15 sstimated | ractanguiar 0,58
acoslerometer cutput phass measursment (Iransverss by 1he emor io a LS it which Is to be less
4 i (Fpr) faensnniy ) 1han 0,03
lifect of Intarferametar quadraiure cutpul signal
[isturbance on displacemant phase maasurement (2.9, Ellipse fit cormaction mplemeanted. Residual ractanguiar 058
jodtsats, woltage amplibide devialion, deviaion Trom 20 affect already included Inj = 2 '
5 jdagreas nominal angle differsnca) 0,01
Interieramatar signal Tilering elfacl on displacament phass [EEENIET 0,58
] il el n'.asaurernemrEequarc,' Dgancllmnm:\n § Na anaiog fitarng appled. = 0,01
2 ttect of woitags disturbance on displEcement phass rEoEnguiar 0,58
measurement f2.g. randem nois2 in he phokekclric Estimated to be lees than
T x measuring chaing) 0,02
2 tiect of mation disbubance on displacement phass reeEnguiar 0,58
maasurement (.. drilt; ralaine motion batwsen
s costarometer refarencs surface and the spot sarsed by | o0 e U0 DE laes Han
=] he Interferometsr 0,03
2 tfect of phase disturbance on displacament phass rRoiangular 0,58
maasurement {2.9. pnasa noise of he InErfaromesr Esimaled to be kes than
9] wl signals) 0,03
10 ?;L?us[lal:lnb:ﬂaomm elfacts on displacament phase Estimaled to be less than ormial o] 0,30 002
rasidual aflecls on phas2 shit measurement | e.g. ormal isgrf)] 041
random sflect in repeat measuraments; expenmental meazured (for M=G, s1ddev of the mean)
11 P e ) [standard deviation of anthmetiz maan | 0,00
calioration of ampliler BK 2680 with constant | nommal (k=2 ns
12] « ampariar phass shif calbration cnarge npu ) 0,03
|F=Teranie ampiTier T=ching ([devatons i pass 1or Mat applicable. A single calbrated setting Is | reotangular 0,58
13 i Jifferent amplfaton s2Hings) used. 0,00
[ewiations from linsar phass-Trequandy characieristic of Naot appiicable. A anglke calbratsd setting Is rzlangular 0,58
14| wicp, .0 [rererence ampirier uged. 0,00
[eviationz rom (Insar phass-raquency characlensic ol | Effect Incldad In the slandard deviation af NOMa&l (Ke=2) 05
15| wicall  Jreferance acsalerometer e mean 0,03
16 | wie o Jampituda affect on phasa shilt of rafarence ampliiar Eslimaled to be kes than raciangular 0,58 0,01
Esimaled [ be BEs ian (amplilude Engse reciangular 0,56
17| wier. o) |aropibigs atrect on phass snift of raference acoaleromater |up to 100 rvs’) 0,01
ELEC Ny Of referance empl B3e SN, B0 enact o [CEENRIES 0,58
18 i, Jpource impadance on phase shifl Eclimated to be kes than 0,02
19 i Instablity of rafarance acoalercmeber phass shilt Estimaled to be kes han [EEENTTET nse 0,01
Estimated to be k2Es than (0T =+~ 1 o0 relangalar 0,58
20 ¢lepa)  [prIrOPmEntal efects on phase shift of rafernce BMpIREr [dunng one oomplets calbration) 0,04
lereiranmenial effecls on phase shilt of rafarence Estimaled to be es than (T =« 1 *Cdunng| FeEngular 0,58
21 jacoekerometer callbration, St=0.023%FC) 0,0
22 Jsatety tactor |reproducibility Estimaied to be lees than rangular 0,58 0,08
Estimated combined standard uncertainty (% for accelerometer phase shift ir'r-1:|| 012 |
Estimated expandad uncertainty (% for acceleromater phase shift (k-2) | 0,25 |
frequency (Hz)
0.2 40
ol expanded uncertainty (% for accsleromater phagse shift (k-2) 0.25
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9- CENAM
Magnitude sensitivity

Magnitude Sensitivity (0.1 Hz to <0.2 Hz)

No. Description Distribution Percent (%)
1 Accelerometer output voltage measurement normal 1.60E-03
2 harmonic distortion (e.g. 1st and 3rd harmonics) rectangular 1.33E-03
3 Residual interferometric effects on displacement measurement (e g temporal coherence 9.41E.04

of laser, lack of linear response of photodiodes) normal :
4 Deviations from straight motion (e.g. due fo air bearing, rocking motion, transverse motion) normal 9.96E-04
5 filtering effect on displacement measurement (frequency band limitation) rectangular 9.96E-04
6 effect of laser wavelenghi dnit (e g_ length of coherence) rectangular 941E-04
7 amplifier gain calibration (e.g. offset, mains supply, stability of gain amplification) rectangular 941E-04
8 | vibration frequency measurement {(e.g. frequency generator and counter) normal 1.11E-03
9 Effect of displacement quantization on displacement measurement rectangular 1.16E-03
10 | Residual effects on sensitivity measurement rectangular 9.96E-04

Relative standard uncertainty (k=1) 035%

Relative expanded uncertainty (k=2) 07%

Magnitude Sensitivity (0 2 Hz to <0 5 Hz)

No. Description Distribution Percent (%)
1 Accelerometer output voltage measurement normal 1.15E-03
2 harmonic distortion (e.g. 1st and 3rd harmonics) rectangular 9 49E-04
3 Residual interferometric effects on displacement measurement (e.g. temporal coherence 6.72E-04

of laser, lack of linear response of photodiodes) normal :
4 Deviations from straight motion (e .g. due to air bearing, rocking motion, transverse motion) normal 712E-04
] filtering effect on displacement measurement (frequency band limitation) rectangular 7 12E-04
6 effect of laser wavelenght drift (e g_length of coherence) rectangular 6 72E-04
7 amplifier gain calibration (e.g. offset, mains supply, stability of gain amplification) rectangular 6.72E-04
8 vibration frequency measurement (e.g. frequency generator and counter) normal 7T91E-04
9 Effect of displacement quantization on displacement measurement rectangular 8 30E-04
10 | Residual effects on sensitivity measurement rectangular 712E-04

Relative standard uncertainty (k=1) 0.25%

Relative expanded uncerainty (k=2) 0.5%

Magnitude Sensitivity (0.5 Hz to 40 Hz)

No. Description Distribution Percent (%)
1 Accelerometer output voliage measurement normal 5.886E-04
2 harmonic distortion (e.g. 1st and 3rd harmonics) rectangular 5.69E-04
3 Residual interferometric effects on displacement measurement (e g. temporal coherence 4 03E-04

of laser, lack of linear response of photodiodes) normal
4 Deviations from straight motion (e g duefo air beanng, rocking motion, transverse motion) normal 4 27E-04
5 filtering effect on displacement measurement (frequency band limitation) rectangular 4 27TE-04
6 effect of laser wavelenghtdnft (e.g. length of coherence) rectangular 4 03E-04
7 amplifier gain calibration {e.g. offset, mains supply, stability of gain amplification) rectangular 4 03E-04
8 vibration frequency measurement (e g. frequency generator and counter) normal 4 T4E-04
9 Effect of displacement quantization on displacement measurement rectangular 4 98E-04
10 | Residual effects on sensitivity measurement rectangular 4 27E-04

Relative standard uncertainty (k=1) 0.15%

Relative expanded uncertainty (k=2) 0.3%
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Phase Sensitivity (0.1 Hz to <0.25 Hz)

No. Description Distribution Degrees (°)
1 Accelerometer output voltage measurement normal 4 43E-02
2 harmonic distortion (e.g. 1st and 3rd harmonics) rectangular 3.64E-02
) Residual interferometric effects on displacement measurement (e.g. temporal coherence 2 72E.02

of laser, lack of linear response of photodiodes) normal )
4 Deviations from straight motion (e.g. due fo air bearing, rocking motion, transverse motion) normal 2.85E-02
5 filtering effect on displacement measurement (frequency band limitation) rectangular 2 85E-02
6 effect of laser wavelenght drift (e g_ length of coherence) rectangular 2 BIE-02
7 amplifier gain calibration (e.g. offset, mains supply, stability of gain amplification) rectangular 2 B9E-02
8 | vibration frequency measurement (e.g. frequency generator and counter) normal 3.16E-02
9 Effect of displacement quantization on displacement measurement rectangular 3.32E-02
10 | Residual effects on sensitivity measurement rectangular 2.85E-02

Relative standard uncertainty (k=1) 0.1°

Relative expanded uncertainty (k=2) 0.2°

Phase Sensitivity (0.25 Hz to 40 Hz)

No. Description Distribution Degrees (°)
1 Accelerometer output voltage measurement normal 1.11E-01
2 harmonic distortion (e.g. 1st and 3rd harmonics) rectangular 9.09E-02
) Residual interferometric effects on displacement measurement (e.g. temporal coherence 6.80E_02

of laser, lack of linear response of photodiodes) normal )
4 Deviations from straight motion (e.g. due fo air bearing, rocking motion, transverse motion) normal 71.12E-02
5 filtering effect on displacement measurement (frequency band limitation) rectangular 712E-02
6 effect of laser wavelenght drift (e g_ length of coherence) rectangular 6. 72E-02
7 amplifier gain calibration (e.g. offset, mains supply, stability of gain amplification) rectangular 6.72E-02
8 | vibration frequency measurement (e.g. frequency generator and counter) normal 7.91E-02
9 Effect of displacement quantization on displacement measurement rectangular 8.30E-02
10 | Residual effects on sensitivity measurement rectangular 712E-02

Relative standard uncertainty (k=1) 0.25°

Relative expanded uncertainty (k=2) 05°
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Probability _'_H_-l;” _;I;;;:“: Relutive
dm-::?dl::lmn facior | eocificicat 1-unm::,nllnn, dof

a kS

U or semi-range

Source of Uncertaiaty Symbel (maximum)

Acselerometer output voliage i 0086 sormal 2440 ! 04432 30

NidEsunement {valimeiery
Volage filtering effect on
geeeherometer ouput smplide Uz 0000 reclangular 1.7% (1000 14
i il

Effect of vidtage dismrbance on
soeherometsr oulput voltage us 0010 regtangular 173 100549 1]
megsurenient

Effect of trinzverse, rocking and
bending acceleration on
apeelerometer pulpat voltage
messurenent

Effeel of interferometer gquadraiure
ontpnd signal disturbance on phase Ls 0030 normak 2,(Hp 000150 10
ayplitade measurements
Interferomater signal fltering
cffeet on phase amplitule [ (0. 0HH] rectangulan 1.73 i 00000 30
meEsuremEnt

Ehioe Bl Moot 0.010 ectangalar | 173 ) 0o0ss | 30
Effect of motion disiurbance on
phage amplilude measurements
(&g 1ot distorion, relative
motion belween accelernmeter
refesernee surface and spot sensed
by interfapometer)

Elfect of phese disturbance on
phose amplitude mepsiremenl {c.e.
phase noize of iter ferometer
signal)

mﬁﬁ:ﬁ*ﬁ;;jﬁx& phase Ui D004 rectangular 1.73 | (.02 n
Wibrntion frequency messirenent
{(recpuency generator & indicalor Ly 0001 rectanguelar 1.73 i 00006 3u
conter)

Residual effects on sersitivity
meastremeants €8, random effect in up ] nermal 2.00 1 00500 26
repeal measurements, ESDM,

Effect of shaker modes s 0000 sectangular 1.793 | 10000 1

L 00 ragtangular 1.73 0.0291 1]

w 0030 ectangular 1.73 1 40170 ]

Uy 0.000 reclangular 1.73 1 .00 an

Rounding crror Ly 0005 reciangular 1.73 1 LA 100

Comibined uncedainy squared, u,” (LO0SHE

Combined uncertaty,
Uy
Effective deprees of frecdom i

062

Coverage or k factor |80

Expanded uncertainy,
U, 0.152

Stated expanded wneertainty (%)
{rownd wpof U,) 02
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Probability sy X
& U or semi-range k Sensitivity Relative

SourcR ol Ucex ainty Symbol (maximum) dls:lol:'uelllon factor | coefficient | contribution dof

deg. deg.
Digitiser voltage resolution W, 005400 rectangular 173 1 0.031 30
Digitiser Phase Resolution U2 0.14400 rectangular 173 | 0.083 30
Digitiser pre-trigger resolution Upy 0.00144 rectangular 173 1 0.001 30
Uncertainty associated with pre-
digitisation phase delay (homodyne Uy 0.00043 rectangular 1.73 1 0.000 30
interferometer)
Voltage filtering effect on
accelerometer output phase uy 0.00000 rectangular 1.73 | 0.000 10
measurement
Effect of voltage disurbance on
accelerometer output phase [ 0.03440 normal 200 | 0017 10
measurement
Effect of transverse, rocking, and
bending acceleration on
accelerometer output phase w 0.02950 rectangular 1.73 | 0017 30
measurement
Effect of mterferometer quadrature
output signal disturbance on s 0.01660 rectangular 1.73 1 0.010 10
displacement phase measurement

- g

A ke “"‘i“" Us: 0.00570 rectangular | 173 I 0.003 10
Interferometer signal filtering
cffect on displacement phase (M 0.00000 rectangular 173 | 0.000 30
measurement
Effect on voltage digurbance on .
displacement phase measurement uy 0.00570 rectangular 1.73 I 0003 30
Effect of motion disturbance on N
displacement phase measurement Uy 0.00017 rectangular 1.73 1 0.000 10
Effect of phase disturbance on
displacement phase measurements uy 0.00001 rectangular 1.73 1 0000 30
Residual interferometric effects on
displacement phase measurement Mo 0.00220 rectangular 1.73 1 0.001 30
Residual effects on phase shift
measurements - Typical expected uy 0.10000 normal 2.00 1 0.050 5
TYPE A repeat uncertainty
Rounding crror up 0.05000 rectangular 173 | 0.029 30
uncertainty squared, u.’ (deg.’) 00119
uncertainty, v (deg.) 0.109
Effective degrees of freedom 488
Coverage or Kk factor 2.01
Expanded uncertainty (deg.), U ¢.22
Stated expanded uncertainty 03
(deg.) (round up of U,) !
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20 SL'0 [%) Autepieoun pepuedxs aAE|a) PalelS
L1110 €00 (z = %) [%] Muiepasoun papuedxs saeey
8600 9€0'0 (1 = %) [%] Auieysoun piepuels sAneley
€0-30C |[€0-36°L 00°L _mE._oz__mo.m_o.N €0-36°) Lin|  sjuswainsesaw Q| Wol pajewnsy Ajigeanpoiday
uonosip
20-30'L [€0-39') 00’k [BWON|IZ0-30°L €0-39°L oLn|uonenwis o) sjuoly Aq pejewns3|  pue ‘esjou ‘Buuisyy [e)Bip jo oays
‘Jou18 Bumyy ‘1oue uonezuenp
; 7 g B -3 -39° n AR /e pastes Ko oaye Ajaeib jo uonosuo
80-36'C |/0-30°S 850 Jejnbuepsyfigo-3r'y  (L0-39°8 6! BuLEaq JIe UO BAIND WO} SoUSNL| o8ye Al 40 uondsLIo)
20-30°L [20-30°L 00'L |eulON|iZ0-30° <0-30°} gn % 10°0 ‘ANARISUSS Uo Joau3 RuesuljuoN
20-30°L |20-30°L 00'L |[euWoN|iZ0-30° L <0-30°} Ln il uoneniony ainjesadws ] [ s10849 JaY10
F 'JUS1014909 a1njaIdwa) ./%20°0 d
€0-39G |PO-3ILL 00t _m::oz__mo-mm.m ¥0-31°L an Ayanisues esiensuel % | uonow Buiyool ‘esieAsuel |
€0-3L'9 |€0-319 00'} _mE._oz__mo-m 1’9  [€0-3L9 gn 8}edy/80 uoje.q|ed wo.4 piepuejs abejjoA jo uopeiqied
¥0-36'¥ |¥0-36'% 00} _mE._oz__wo-m_m.v ¥0-36'% Pn| s}nsal uojjeiqi|ed Q| WoJj psjewls3 JUSID1800 UONDB1I0D Jaz1iBIQ|I8)eWwoIR[e2dY
G0-30°G |S0-30°S 850 Jenbuejsy|co-3.'8 S0-3.°8 en o} 0 WNWIXep Joui3 sulso)
IEENIEITE]
20-35S [2o-3¢E 00'}L [BULIONIIZ0-3S°S 20-3¢'t zn 3} 0} peyoeje JejaWoig|edde igjawolapelu| JO UCHOW 8Ane|ey
Bulioyuow yim painsesyy
¥0-39°L |¥0-3S°) 00'} _m..Eoz_vo-mm.r ¥0-35°1L Ln an|eA uojepuswwiodal NdID yiBusiene ) Jese| Jajawoiapsiu|
% ul ZH % Ul ZH
ojoe onnqgus! uswIwo
zHsz< | sz-zH 1o || P53 uonnqLy .n__ zHsz< | sz-2H 10 ¥ 0 suodwoo Aurepsoun

74179



November 2016

CCAUV.V-K3

Phase sensitivity

L0 500 [,] Ajurepsoun papuedxa aAnejal pajels
G900 9100 (z = ¥) [.] Aurepsoun papuedxa sAne|ay
2e0'0  |800°0 (1 = ¥) [.] fjurepsoun piepuels aAleey
€0-3€C ¥|€0-3¥9°L 00°} [EWION(IE0-3C ¥ €0-39°2 Y| 9n| sjuswainseaw Q| WoJij pajeuliis3 Ayjigeonpoidey
uoIO}SIP
e S - euiio i s - uonenwis pue ‘asiou ‘Buns)y
€0-322'6[€0-309C  [j00') leuoN(lle0-32  [€0-39C gl s oped ejuol Aq pajewns3 [BNBIP J0 10oyo ‘tous| SIOSHS ISHO
Buny ‘Josse uonezipuend
€0-316°L(¥0-360°} 8G°0  feinbuejoayfico-3¢'¢ 70-36°} g ¥n SPU0D8s 0JOjW G°Q Wnwixepy| Aysnouciyoulse [guueyd
€0-368°L|0-399°L 00'L |[EWIONIIE0-38"L v0-3L°L d| €n Ajnnisues esisAsuel) % | UOIOW SSISASUEBI | | 19)18W0I8|200Y
Iajawolapajul
. . i Jajawoiai8iu|
¢0-3S1L°€|v0-3L€°C 00'L [EWLONIfZ0-32'€ v0-3v'¢ d| ¢n 3y} 0] paydejie Jajaulola|200e
40 UOKOW SAlE[DY
Buuojiuow yym painsespy Jgjewoauaiu]
o i % 7 i llejnbuelos -399° -398° n SPU0O8S 0JOIW |0 wWnwixe s S i
¥0-318°€({S0-38L°C 8G°0 | 1084170-39°9 G0-48°¢ g| | P w10 XeN Jesen o Aejeq
o Ul oL Ul ol Ul ol Ul
Jojoe4| uonnquisi adik usWILIO
ZHG < |ZHG-2H 10 Joe | uonnguy Q__ ZHG < _|zHG-2H L0 L 1 (0 jusuodwo) Aurepsoun

75179



CCAUV.V-K3 November 2016

12- KRISS

Magnitude sensitivity

Relative
Uncertainty ) . standard Probability | Sensitivity Conmbu@d Degee
Description o S . amount: of
components uncertainty: | distribution | coefficient: ¢
s c freedom
() Relative uncertainty of |  .5p ;5 Uniform 2 15E-12 ®
frequency readings
Relative std. uncertainty
Hy (Raplyg) of the magnitude of the 6.74E-06 Normal 1 6.74E-06 360
complex sensitivity
Relative std. uncertainty
1iA5) of the magnitude of the 2.22E-07 - 1 2.22E-07
linear displacement
Relative std. uncertainty of n . n
lhor | RIE quantization error 2.04E-07 Uniform 1 2.04E-07 -
— gﬂ;ﬁ:} ;ilw‘;‘ll;’z;fr“;“ °f| 715608 | Nommal 1 71SE-08 | -
unzs | RLE wavelength stability 5.0E-08 - 1 5.0E-08 -
UrENT g‘;}ggﬁcﬁ e °f|  101E08 | Uniform 1 10IE08 |
Relative std. uncertainty
1A V) of the magnitude of the T.54E-05 1 7.54E-05
voltage output
Relative std. uncertainty of
. : 7 - 5 (E-
UePs | voltage calibration source 5.0E-05 Normal 1 3-0E-05 -
Gz ig?‘;j;f‘;;gfe“““‘“’ °f | 565605 | Normal 1 SGSE05 | -
Relative std. uncertainty of .
. o J 7E- _
UnoEr | ADC quantization exsor 4 67E-13 Uniform 1 4 67E-13 s
rzw i‘gg‘;i;:fm‘ﬁf;‘;”l;‘:?l °f| ' 153E06| Normal 1 153E06 | -
Relative std. uncertamnty of
the magnitude .
1/(Sxz) repentability of complex | MOE-04 Normal 1 1.OE-04
SENSIHVITY
Ty o(5g) Combined uncertainty 1.254E-4 - 1 1.254E-4
Expanded uncertainty:
Calculated 2.51E-04 - 1 1.51E-04
. (k=2,L.C.=95 %)
USa) Expanded uncertainty:
Stated - - - 1.00E-3

(k=2,L.C.=95 %)
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Uncertainty
components

Description

Standard
uncertainty:
u

Probability
distribution

Sensitivity
coefficient: ¢

Contributed
amount:

c-u

Degree
of

freedom

1 Al Ras T ag)

Standard uncertainty of
the phase shift of the
complex sensitivity

5.07E-04°

Normal

5.07E-04"°

360

1 4g(5)

Standard uncertainty of
the phase shift of the
linear displacement

3.60E-04°

Normal

3.60E-04°

CAL(S)

Effect of relative std.
uncertainty of the
magmiiude of linear
displacement measurement

2.22E-07

MNormal

180/m

1.27E-05°

g RIE

Data age of RLE umit

6.25E-07 s

Umiform

3607

3.60E-04°

Hagpo

Time delay of position
counter

1.00E-08 s

Uniform

3607

5.76E-06°

U4 (F)

Relative uncertainty of
the phase shift of the
voltage output

4.31E-03°

Normal

4.32E-03"

CcAT L)

Effect of relative std.
uncertainty of the
magnitude of voltage
output measurement

180/m

4 32E-03°

UapaD

Std uncertainty of phase
shuft of calibrated AD
converter

Uagcr

Time delay caused by the
length difference of two

cables of the RLE output
and the transducer output

20E-09s

Normal

3607

1.15E-06°

1 4p (SrE)

Relative std. uncertainty
of the phase repeatability
of complex sensitivity

5.0E-03°

Normal

5.0E-03°

Hige (Sa)

Combined uncertainty

6.64E-03°

6.64E-03°

Ul Sa)

Expanded uncertainty:
Calculated
(k=2,L.C.=95 %)

1.33E-2°

1.33E-2°

Expanded uncertainty:
Stated
(k=2,L.C.=95%)

0.10°
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