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1. Introduction  

This report presents the results of the APMP comparison in the area of óvibrationô, which 

here refers to the calibration of the accelerometer standards set in compliance with method 1 or 

method 3 as recommended in the international standard ISO 16063-11:1999. 

The participants have reached a consensus and considered the most appropriate method, then 

referred to CCAUV.V-K3 report [1], the weighted mean and the degrees of equivalence were 

evaluated for this particular comparison. The calculation of the key weighted mean was in 

accordance with the Guidelines for CIPM key comparisons [2]. 

The ñlinkingò procedure was applied to establish the relationship between the results of the 

participants and those of the CIPM comparison in the field of vibration, which was CCAUV.V-K3. 

Only one pilot laboratory, NIM, acted as the linking laboratory. The linking factors were defined 

as the ratio and difference for magnitude and phase shift respectively through the NIM results in 

CCAUV.V-K3 and APMP.AUV.V-K3.1. Using the linking factors, this RMO results of six 

participants were directly compared with the results of CCAUV.V-K3. 

The Technical Protocol presented in Annex A, shows the aim and the task, the conditions 

for the measurements, the transfer standard used, the measurement instructions and the time 

schedule of this comparison. 

 

2. Participants 

Six national metrology institutes (NMIs) from Asia Pacific Metrology Programme (APMP), 

and Intra-Africa Metrology System (AFRIMETS) participated in the comparison. They are listed 

in the chronological order of measurement in Table 2.1. 

 

3. 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 between the different measurement 

standards operated by the NMIs. This was done by conducting key comparisons (KC) on different 

levels of the international metrological infrastructure. The previous key comparisons 

CCAUV.V-K1, CCAUV.V-K2, and CCAUV.V-K3, in the frequency range 40 Hz to 5 kHz, 

10 Hz to 10 kHz and 0.1 Hz to 40 Hz were completed in the year 2001, 2014 and 2016, 

respectively.  

Recently, the APMP NMIs had improved the calibration capabilities and extended their low-

frequency vibration limit down to 0.1 Hz. Thus, the decision was taken to launch the preparation 

of comparison during the meeting of APMP TCAUV in 2017. The task of the comparison was to 

compare measurements of linear vibration calibration within the frequency range 0.1 Hz to 40 Hz. 
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The results of this APMP comparison will, after approval by CCAUV, serve as supporting 

evidence for "calibration and measurement capabilities" (CMCs) at low vibration frequency. 

Table 2.1 List of participants and schedule of APMP AUV.V-K3.1 

No. 
Participant 

Laboratory 
Acronym Economy 

Calibration 

period 

(Y/M/D) 

Remark 

1 
Center for Measurement 

Standards - Industrial Technology 

Research Institute  

CMS-ITRI 
Chinese 

Taipei 

2018/05/21 

to 

2018/05/27 

Pilot institute 

2 
National Institute of Metrology, 

China 
NIM China 

2018/06/05 

to 

2018/07/08 

Coordinating 

institute 

3 National Institute of Metrology 

(Thailand) 
NIMT  Thailand 

2018/07/16 

to 

2018/07/29 

 

4 Korea Research Institute of 

Standards and Science 
KRISS Republic of 

Korea 

2018/08/06 

to 

2018/08/19 

 

5 
National Metrology Institute 

of South Africa 
NMISA South Africa 

2018/08/27 

to 

2018/09/09 

 

6 CSIR - National Physical 

Laboratory of India 
CSIR-NPLI India 

2018/09/17 

to 

2018/09/28 

 

 

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 could be extended to a wider scope of 

measurements, including primary calibration of complex voltage sensitivity and current 

sensitivity of accelerometers. 

For the calibration of the accelerometer standard set, method 3 of the international standard 

ISO 16063-11:1999 had to be applied for the entire frequency range. Specifically, the magnitude 

of the complex voltage sensitivity had to be given in millivolts per meter per second squared 

(mV/(m/s²)) and phase shift in degrees (°) for the different measurement conditions specified in 

the Annex A. The reported complex voltage sensitivities and associated uncertainties were used 

for the calculation of the degrees of equivalence between the participating NMI and to the KCRV 

computed for CCAUV.V-K3. 

  

http://www.kriss.re.kr/
http://www.bipm.org/en/about-us/member-states/kr/
http://www.nmisa.org/
http://www.nmisa.org/
http://www.nmisa.org/
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4. Transfer standard used as artifact 

For the purpose of the comparison, the pilot laboratory selected one accelerometer for which 

the monitoring data during the interval of ten months were available and not included in any 

published international cooperation work. 

¶ One transfer standard accelerometer (single-ended), type SA704, S/N 1054 (manufacturer: 

NIM). 

¶ One signal conditioner, type MSA-I, S/N 131211 (manufacturer: NIM). 

The artifact set was monitored by the pilot laboratory at least once a month before and after 

the circulation. The monitoring results show the artifact was in controlled condition based on the 

collected data.  

 

5. Circulation of the artifact   

The transducer set was circulated between the participating laboratories considering a 

measurement period of two weeks provided for each participating laboratory and one week for 

the pilot laboratory. Any careless drop could change its sensitivity or even damage it; therefore, 

the artifact set was hand-carried during transportation between participants with great caution. 

 

6. Results of the monitoring measurements 

Starting with calibration data in July 2017, the accelerometer standard set was measured by 

the pilot laboratory before and after the circulation of the artifact. As a representative of the overall 

variation during the monitored period, the measurements at several sample frequencies are shown 

in Figure 6.1 and Figure 6.2 

The stability of the artifact was monitored through a series of monitoring measurements. The 

measurement results are summarized by the statistical properties and are shown in Tables 6.1 and 

6.2. This analysis indicates that the stability of the artifacts was acceptable considering the 

standard uncertainty claimed. It is worth noting that the option of gain 100 was selected on the 

conditioner for frequencies from 0.1 Hz to 0.4 Hz. To allow direct comparison with the magnitude 

of sensitivity results for the frequencies higher than 0.4 Hz, the normalization of 1/100 was used 

to describe the monitoring results.  
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Table 6.1 Mean and its relative standard deviation of voltage sensitivity of the artifacts 

calculated from the monitoring measurements. 

 

 

Table 6.2 Mean and its standard deviation of phase shift of the artifacts calculated from the 

monitoring measurements 

Frequency 

 (Hz) 

Long term mean 

( º ) 

abs. std. dev. 

 ( º ) 

abs. std. unc. 

( º ) 

0.1 -0.37 0.01 0.15 

0.5 -0.02 0.01 0.15 

1 -0.07 0.01 0.15 

1.6 -0.09 0.01 0.15 

6.3 -0.24 0.01 0.15 

10 -0.41 0.02 0.15 

16 -0.66 0.02 0.15 

40 -1.90 0.02 0.15 

  

Frequency 

 (Hz) 

Long term mean 

 (mV/(m/s2)) 

rel. std. dev. 

 (%) 

rel. std. unc. 

 (%) 

0.1 131.08 0.02  0.15  

0.5 131.03 0.02  0.15 

1 130.98 0.03  0.15 

1.6 130.96 0.03  0.15 

6.3 130.97 0.02  0.15 

10. 130.97 0.02  0.15 

16 130.98 0.02  0.15 

40 131.68 0.02  0.15 



APMP.AUV.V-K3.1 June 2023 

Page 5 of 70 
 

  

  

  

  

Figure 6.1 Monitoring of the voltage sensitivity over the comparison period.  
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Figure 6.2 Monitoring of the phase shift over the comparison period 
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7. Results of the participants 

The following sections are presenting the results from the participants submitted to the pilot 

laboratory using the mandatory report spreadsheet. The results presented are in mV/(m/s²) and 

degree (°)  for the magnitude and phase shift, respectively. The vibration excitation was horizontal 

for CMS-ITRI, NIM, KRISS, NMISA and CSIR-NPLI, and vertical for NIM and NIMT. Whether 

the calibration was performed in vertical or horizontal direction at or below 0.4 Hz, the bias from 

earth gravitational acceleration was compensated to zero by adding offset with the signal 

conditioner in actual measurement by participants. Normalization of 1/100 was applied to 

compensate for the gain setting of 100 on the conditioner for frequencies from 0.1 Hz to 0.4 Hz. 

That means in this frequency range, the reported magnitude of sensitivity was divided by 100 for 

each participant.  

 

7.1 Results for the magnitude of the complex voltage sensitivity 

Results for the horizontal and the vertical excitation and for frequency range from 0.1 Hz to 

40 Hz are shown in Tables 7.1.1 and 7.1.2, respectively.  

 

Table 7.1.1 Reported participants' results for the magnitude of the accelerometer sensitivity 

with relative expanded uncertainties (k = 2) for horizontal excitation.  

 

 

Horizontal 

actual

frequency

magnitude of

voltage

sensitivity

rel.exp.

Unc.

magnitude of

voltage

sensitivity

rel.exp.

Unc.

magnitude of

voltage

sensitivity

rel.exp.

Unc.

magnitude of

voltage

sensitivity

rel.exp.

Unc.

magnitude of

voltage

sensitivity

rel.exp.

Unc.

(Hz) (mV/(m/s
2
)) (%) (mV/(m/s

2
)) (%) (mV/(m/s

2
)) (%) (mV/(m/s

2
)) (%) (mV/(m/s

2
)) (%)

0.1 131.07 0.3 131.19 0.3 132.40 1.3 131.27 0.8 131.24 1.0

0.125 131.01 0.3 131.19 0.3 131.91 1.0 131.28 0.8 131.21 1.0

0.16 131.02 0.3 131.19 0.3 131.67 0.8 131.35 0.8 131.19 1.0

0.2 130.99 0.3 131.19 0.3 131.51 0.5 131.29 0.8 131.22 1.0

0.25 130.97 0.3 131.18 0.3 131.42 0.5 131.26 0.5 131.18 1.0

0.315 130.95 0.3 131.17 0.3 131.32 0.3 131.25 0.5 131.16 1.0

0.4 130.96 0.3 131.16 0.2 131.22 0.3 131.21 0.5 131.14 1.0

0.5 131.01 0.3 131.02 0.2 131.08 0.4 130.98 0.5 131.14 0.7

0.63 131.00 0.3 131.08 0.2 131.07 0.4 130.99 0.5 131.15 0.7

0.8 130.97 0.3 131.01 0.2 131.11 0.4 130.99 0.5 131.15 0.7

1 130.94 0.3 131.00 0.2 131.13 0.4 130.98 0.3 131.06 0.7

1.25 130.93 0.3 130.99 0.2 131.13 0.4 131.00 0.3 131.14 0.7

1.6 130.94 0.3 130.98 0.2 131.09 0.3 131.01 0.3 131.14 0.7

2 130.94 0.3 130.99 0.2 130.98 0.3 131.01 0.3 131.09 0.7

2.5 130.94 0.3 131.00 0.2 130.97 0.3 131.01 0.3 131.14 0.7

3.15 130.93 0.3 131.02 0.2 130.98 0.3 131.01 0.3 131.15 0.7

4 130.95 0.3 130.99 0.2 130.95 0.3 131.01 0.3 131.10 0.7

5 130.94 0.3 130.99 0.2 130.96 0.3 131.03 0.3 131.10 0.7

6.3 130.96 0.3 131.00 0.2 131.01 0.3 131.01 0.3 131.17 0.7

8 130.97 0.3 131.01 0.2 131.02 0.3 130.98 0.3 131.10 0.7

10 130.97 0.3 131.02 0.2 131.03 0.3 130.98 0.3 131.10 0.7

12.5 131.00 0.3 131.04 0.2 131.05 0.3 130.98 0.3 131.19 0.7

16 131.04 0.3 131.07 0.2 131.13 0.3 130.99 0.3 131.20 0.7

20 131.06 0.3 131.12 0.2 131.17 0.3 130.96 0.3 131.23 0.8

25 131.11 0.3 131.20 0.2 131.23 0.3 130.95 0.3 131.25 0.8

31.5 131.27 0.3 131.35 0.2 131.36 0.3 131.03 0.3 131.42 0.9

40 131.68 0.3 131.70 0.2 131.53 0.3 131.23 0.3 131.59 0.9

CMS-ITRI NIM KRISS NMISA CSIR-NPLI



APMP.AUV.V-K3.1 June 2023 

Page 8 of 70 
 

 

Table 7.1.2 Reported participants' results for the magnitude of the accelerometer sensitivity 

with relative expanded uncertainties (k = 2) for vertical excitation 

 

 

  

Vertical

actual

frequency

magnitude of

voltage

sensitivity

rel.exp.

Unc.

magnitude of

voltage

sensitivity

rel.exp.

Unc.

(Hz) (mV/(m/s
2
)) (%) (mV/(m/s

2
)) (%)

0.1 131.09 0.3 131.14 0.60

0.125 131.10 0.3 131.19 0.60

0.16 131.11 0.3 131.10 0.60

0.2 131.15 0.3 131.16 0.60

0.25 131.14 0.3 131.16 0.60

0.315 131.15 0.3 131.14 0.60

0.4 131.16 0.2 131.13 0.60

0.5 131.15 0.2 130.95 0.60

0.63 131.07 0.2 130.97 0.60

0.8 131.03 0.2 130.94 0.60

1 131.02 0.2 130.96 0.51

1.25 131.01 0.2 130.96 0.51

1.6 131.00 0.2 130.93 0.51

2 131.00 0.2 130.93 0.48

2.5 130.99 0.2 130.91 0.48

3.15 130.98 0.2 130.95 0.48

4 130.99 0.2 130.93 0.48

5 130.98 0.2 130.93 0.45

6.3 130.99 0.2 130.93 0.41

8 130.99 0.2 131.00 0.41

10 131.01 0.2 131.00 0.38

12.5 131.03 0.2 131.01 0.38

16 131.07 0.2 131.05 0.38

20 131.10 0.2 131.10 0.38

25 131.15 0.2 131.18 0.38

31.5 131.28 0.2 131.32 0.38

40 131.50 0.2 131.52 0.38

NIMTNIM
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7.2 Results for the phase shift of the complex voltage sensitivity 

 

Table 7.2.1 Reported participants' results for the phase shift of the accelerometer sensitivity 

with expanded uncertainties (k = 2) for horizontal excitation 

 

 

 

  

Horizontal 

actual

frequency

phase of

voltage

sensitivity

abs.exp.

Unc.

phase of

voltage

sensitivity

abs.exp.

Unc.

phase of

voltage

sensitivity

abs.exp.

Unc.

phase of

voltage

sensitivity

abs.exp.

Unc.

phase of

voltage

sensitivity

abs.exp.

Unc.

(Hz) ( ǯş) ( ǯş) ( ǯş) ( ǯş) ( ǯş) ( ǯş) ( ǯş) ( ǯş) ( ǯş) ( ǯş)

0.1 -0.35 0.3 -0.34 0.2 -0.34 0.2 -0.36 0.2 -0.37 1.0

0.125 -0.42 0.3 -0.42 0.2 -0.42 0.2 -0.43 0.2 -0.44 1.0

0.16 -0.55 0.3 -0.54 0.2 -0.53 0.2 -0.54 0.2 -0.53 1.0

0.2 -0.68 0.3 -0.68 0.2 -0.67 0.2 -0.68 0.2 -0.64 1.0

0.25 -0.85 0.3 -0.85 0.2 -0.83 0.2 -0.85 0.2 -0.83 1.0

0.315 -1.07 0.3 -1.07 0.2 -1.04 0.2 -1.07 0.2 -1.10 1.0

0.4 -1.35 0.3 -1.36 0.2 -1.33 0.2 -1.35 0.2 -1.33 1.0

0.5 -0.02 0.3 -0.02 0.2 -0.01 0.2 -0.01 0.2 -0.32 0.7

0.63 -0.02 0.3 -0.02 0.2 -0.01 0.2 -0.01 0.2 -0.27 0.7

0.8 -0.03 0.3 -0.04 0.2 -0.01 0.2 -0.02 0.2 -0.24 0.7

1 -0.04 0.3 -0.05 0.2 -0.02 0.2 -0.02 0.2 -0.20 0.7

1.25 -0.05 0.3 -0.06 0.2 -0.03 0.2 -0.02 0.2 -0.18 0.7

1.6 -0.06 0.3 -0.07 0.2 -0.05 0.2 -0.03 0.2 -0.17 0.7

2 -0.07 0.3 -0.09 0.2 -0.06 0.2 -0.04 0.2 -0.19 0.7

2.5 -0.09 0.3 -0.12 0.2 -0.09 0.2 -0.04 0.2 -0.20 0.7

3.15 -0.12 0.3 -0.13 0.2 -0.12 0.2 -0.05 0.2 -0.22 0.7

4 -0.15 0.3 -0.18 0.2 -0.16 0.2 -0.07 0.2 -0.23 0.7

5 -0.22 0.3 -0.22 0.2 -0.21 0.2 -0.09 0.2 -0.27 0.7

6.3 -0.25 0.3 -0.28 0.2 -0.27 0.2 -0.14 0.2 -0.43 0.7

8 -0.33 0.3 -0.36 0.2 -0.34 0.2 -0.15 0.2 -0.40 0.7

10 -0.38 0.3 -0.45 0.2 -0.43 0.2 -0.17 0.2 -0.48 0.7

12.5 -0.53 0.3 -0.56 0.2 -0.54 0.2 -0.22 0.2 -0.58 0.7

16 -0.69 0.3 -0.72 0.2 -0.69 0.2 -0.28 0.2 -0.76 0.7

20 -0.85 0.3 -0.90 0.2 -0.88 0.2 -0.35 0.2 -1.03 0.8

25 -1.02 0.3 -1.14 0.2 -1.11 0.2 -0.42 0.2 -1.37 0.8

31.5 -1.35 0.3 -1.47 0.2 -1.42 0.2 -0.51 0.2 -1.84 0.9

40 -2.05 0.3 -2.07 0.2 -1.83 0.2 -0.70 0.2 -1.99 0.9

CMS-ITRI NIM KRISS NMISA CSIR-NPLI
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Table 7.2.2 Reported participants' results for the phase shift of the accelerometer sensitivity 

with expanded uncertainties (k = 2) for vertical excitation 

 

 

  

Vertical

actual

frequency

phase of

voltage

sensitivity

abs.exp.

Unc.

phase of

voltage

sensitivity

abs.exp.

Unc.

(Hz) ( ǯş) ( ǯş) ( ǯş) ( ǯş)

0.1 -0.30 0.2 -0.34 0.83

0.125 -0.41 0.2 -0.46 0.83

0.16 -0.54 0.2 -0.55 0.83

0.2 -0.67 0.2 -0.70 0.83

0.25 -0.84 0.2 -0.86 0.83

0.315 -1.07 0.2 -1.09 0.83

0.4 -1.35 0.2 -1.38 0.83

0.5 -0.01 0.2 -0.03 0.83

0.63 -0.02 0.2 -0.04 0.83

0.8 -0.02 0.2 -0.04 0.83

1 -0.04 0.2 -0.04 0.61

1.25 -0.06 0.2 -0.06 0.61

1.6 -0.07 0.2 -0.07 0.61

2 -0.09 0.2 -0.08 0.54

2.5 -0.11 0.2 -0.10 0.54

3.15 -0.14 0.2 -0.13 0.54

4 -0.18 0.2 -0.16 0.54

5 -0.23 0.2 -0.20 0.47

6.3 -0.29 0.2 -0.26 0.47

8 -0.37 0.2 -0.34 0.47

10 -0.46 0.2 -0.43 0.45

12.5 -0.58 0.2 -0.55 0.45

16 -0.74 0.2 -0.71 0.45

20 -0.93 0.2 -0.90 0.45

25 -1.16 0.2 -1.13 0.45

31.5 -1.43 0.2 -1.45 0.45

40 -1.89 0.2 -1.87 0.45

NIM NIMT
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8. Degrees of equivalence with respect to the RMO weighted mean value 

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

following equations [3]: 

ὼ Ὢ В ϽВ                                              (1) 

ό Ὢ В
Ⱦ

                                                  (2) 

where 

xi( f ) result of participant i at frequency f 

ui( f ) absolute standard uncertainty of participant i at frequency f 

xWM( f ) best estimate of the weighted mean sensitivity at frequency f uWM( f )

 estimated absolute standard uncertainty for the weighted mean  

at frequency f 

Consistency checks were performed for magnitude and phase shift of the complex voltage 

sensitivity. The test defined by Cox [4, 5] was applied to determine the participants that were 

members of the Largest Consistent Subset (LCS). The weighted mean was finally determined 

through the participants in the members of the consistent subset. Tables 8, are the consistency test 

results for both magnitude and phase shift respectively. Cells are highlighted in yellow and with 

an asterisk (*) when ɢ²obs > ɢ²(ɜ). Cells in Table 8(a) highlighted in yellow and marked with an 

asterisk (*) were considered as not within the LCS and were excluded from the calculation of the 

weighted mean. It should be noted that, NMISAôs results from 16 Hz to 40 Hz did not contribute 

to the calculation of the weighted mean for phase shift. Tables 8(a) and 8(b) present the results of 

the consistency test applied to the horizontal and vertical excitation results reported by the LCS 

for magnitude (left) and phase shift (right), respectively. 
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Table 8 Results of the consistency test applied to all the horizontal excitation results reported by 

the participants respectively for magnitude (left) and phase shift (right) 

  

Note: Cells were highlighted in yellow and with an asterisk (*) when ɢĮobs > ɢĮ(ɜ) 

 

Table 8(a) Results of the consistency test applied to all the horizontal excitation results reported 

by the largest consistent subset respectively for magnitude (left) 

 and phase shift (right) 

  

Frequency (Hz)
Number of

Participants

Number of

Degrees of

Freedom

ɢ
2
obs

ɢ
2
(ɡ)

with p<0.05

0.1 5 4 2.31 9.49

0.125 5 4 1.93 9.49

0.16 5 4 1.56 9.49

0.2 5 4 1.94 9.49

0.25 5 4 1.62 9.49

0.315 5 4 1.82 9.49

0.4 5 4 1.03 9.49

0.5 5 4 0.13 9.49

0.63 5 4 0.20 9.49

0.8 5 4 0.26 9.49

1 5 4 0.35 9.49

1.25 5 4 0.45 9.49

1.6 5 4 0.40 9.49

2 5 4 0.12 9.49

2.5 5 4 0.20 9.49

3.15 5 4 0.26 9.49

4 5 4 0.15 9.49

5 5 4 0.19 9.49

6.3 5 4 0.19 9.49

8 5 4 0.10 9.49

10 5 4 0.11 9.49

12.5 5 4 0.21 9.49

16 5 4 0.35 9.49

20 5 4 0.72 9.49

25 5 4 1.34 9.49

31.5 5 4 2.05 9.49

40 5 4 4.07 9.49

Frequency (Hz)
Number of

Participants

Number of

Degrees of

Freedom

ɢ
2
obs

ɢ
2
(ɡ)

with p<0.05

0.1 5 4 0.02 9.49

0.125 5 4 0.01 9.49

0.16 5 4 0.02 9.49

0.2 5 4 0.01 9.49

0.25 5 4 0.03 9.49

0.315 5 4 0.06 9.49

0.4 5 4 0.04 9.49

0.5 5 4 0.76 9.49

0.63 5 4 0.54 9.49

0.8 5 4 0.43 9.49

1 5 4 0.28 9.49

1.25 5 4 0.23 9.49

1.6 5 4 0.21 9.49

2 5 4 0.27 9.49

2.5 5 4 0.42 9.49

3.15 5 4 0.50 9.49

4 5 4 0.79 9.49

5 5 4 1.21 9.49

6.3 5 4 1.64 9.49

8 5 4 2.93 9.49

10 5 4 4.90 9.49

12.5 5 4 7.83 9.49

16 5 4  13.16* 9.49

20 5 4  20.71* 9.49

25 5 4  35.28* 9.49

31.5 5 4  62.09* 9.49

40 5 4    117.00* 9.49

Frequency (Hz)
Number of

Participants

Number of

Degrees of

Freedom

ɢ
2
obs

ɢ
2
(ɡ)

with p<0.05

0.1 5 4 2.31 9.49

0.125 5 4 1.93 9.49

0.16 5 4 1.56 9.49

0.2 5 4 1.94 9.49

0.25 5 4 1.62 9.49

0.315 5 4 1.82 9.49

0.4 5 4 1.03 9.49

0.5 5 4 0.13 9.49

0.63 5 4 0.20 9.49

0.8 5 4 0.26 9.49

1 5 4 0.35 9.49

1.25 5 4 0.45 9.49

1.6 5 4 0.40 9.49

2 5 4 0.12 9.49

2.5 5 4 0.20 9.49

3.15 5 4 0.26 9.49

4 5 4 0.15 9.49

5 5 4 0.19 9.49

6.3 5 4 0.19 9.49

8 5 4 0.10 9.49

10 5 4 0.11 9.49

12.5 5 4 0.21 9.49

16 5 4 0.35 9.49

20 5 4 0.72 9.49

25 5 4 1.34 9.49

31.5 5 4 2.05 9.49

40 5 4 4.07 9.49

Frequency (Hz)
Number of

Participants

Number of

Degrees of

Freedom

ɢ
2
obs

ɢ
2
(ɡ)

with p<0.05

0.1 5 4 0.02 9.49

0.125 5 4 0.01 9.49

0.16 5 4 0.02 9.49

0.2 5 4 0.01 9.49

0.25 5 4 0.03 9.49

0.315 5 4 0.06 9.49

0.4 5 4 0.04 9.49

0.5 5 4 0.76 9.49

0.63 5 4 0.54 9.49

0.8 5 4 0.43 9.49

1 5 4 0.28 9.49

1.25 5 4 0.23 9.49

1.6 5 4 0.21 9.49

2 5 4 0.27 9.49

2.5 5 4 0.42 9.49

3.15 5 4 0.50 9.49

4 5 4 0.79 9.49

5 5 4 1.21 9.49

6.3 5 4 1.64 9.49

8 5 4 2.93 9.49

10 5 4 4.90 9.49

12.5 5 4 7.83 9.49

16 4 3 0.08 7.81

20 4 3 0.21 7.81

25 4 3 0.82 7.81

31.5 4 3 1.25 7.81

40 4 3 3.17 7.81



APMP.AUV.V-K3.1 June 2023 

Page 13 of 70 
 

 

Table 8(b) Results of the consistency test applied to all the vertical excitation results reported 

by the participants respectively for magnitude (left) and phase shift (right) 

  

 

 

8.1 Results for the magnitude of the complex voltage sensitivity 

For the further evaluation of the comparison, the unilateral degrees of equivalence with 

respect to the weighted mean were calculated according to: 

Ὠȟ Ὢ ὼὪ ὼ Ὢ                                             (3) 

όȟ Ὢ
 ό Ὢ ό Ὢ      ÆÏÒ ÒÅÓÕÌÔÓ ×ÉÔÈÉÎ ÔÈÅ ,#3       

ό Ὢ ό Ὢ      ÆÏÒ ÒÅÓÕÌÔÓ ÎÏÔ ×ÉÔÈÉÎ ÔÈÅ ,#3  
               (4) 

These formulas were applied for both magnitude and phase shift results. Unilateral degrees 

of equivalence obtained from results which were excluded from the LCS and which therefore did 

not contribute to the calculation of the weighted mean. 

 

  

Frequency (Hz)
Number of

Participants

Number of

Degrees of

Freedom

ɢ
2
obs

ɢ
2
(ɡ)

with p<0.05

0.1 2 1 0.02 3.84

0.125 2 1 0.04 3.84

0.16 2 1 0.00 3.84

0.2 2 1 0.00 3.84

0.25 2 1 0.00 3.84

0.315 2 1 0.00 3.84

0.4 2 1 0.00 3.84

0.5 2 1 0.22 3.84

0.63 2 1 0.05 3.84

0.8 2 1 0.05 3.84

1 2 1 0.03 3.84

1.25 2 1 0.01 3.84

1.6 2 1 0.04 3.84

2 2 1 0.04 3.84

2.5 2 1 0.06 3.84

3.15 2 1 0.01 3.84

4 2 1 0.03 3.84

5 2 1 0.03 3.84

6.3 2 1 0.03 3.84

8 2 1 0.00 3.84

10 2 1 0.00 3.84

12.5 2 1 0.00 3.84

16 2 1 0.00 3.84

20 2 1 0.00 3.84

25 2 1 0.01 3.84

31.5 2 1 0.01 3.84

40 2 1 0.01 3.84

Frequency (Hz)
Number of

Participants

Number of

Degrees of

Freedom

ɢ
2
obs

ɢ
2
(ɡ)

with p<0.05

0.1 2 1 0.01 3.84

0.125 2 1 0.01 3.84

0.16 2 1 0.00 3.84

0.2 2 1 0.00 3.84

0.25 2 1 0.00 3.84

0.315 2 1 0.00 3.84

0.4 2 1 0.00 3.84

0.5 2 1 0.00 3.84

0.63 2 1 0.00 3.84

0.8 2 1 0.00 3.84

1 2 1 0.00 3.84

1.25 2 1 0.00 3.84

1.6 2 1 0.00 3.84

2 2 1 0.00 3.84

2.5 2 1 0.00 3.84

3.15 2 1 0.00 3.84

4 2 1 0.00 3.84

5 2 1 0.01 3.84

6.3 2 1 0.01 3.84

8 2 1 0.01 3.84

10 2 1 0.01 3.84

12.5 2 1 0.01 3.84

16 2 1 0.02 3.84

20 2 1 0.01 3.84

25 2 1 0.01 3.84

31.5 2 1 0.00 3.84

40 2 1 0.00 3.84
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Table 8.1.1 Unilateral degrees of equivalence for the magnitude (horizontal) of sensitivity with 

absolute expanded uncertainties (k = 2) 

 
 

  

Horizontal

Frequency XWM UWM di,WM Ui,WM di,WM Ui,WM di,WM Ui,WM di,WM Ui,WM di,WM Ui,WM

(Hz)

0.1 131.17 0.27 -0.10 0.31 0.02 0.31 1.23 1.8 0.10 1.1 0.07 1.3

0.125 131.15 0.27 -0.14 0.31 0.04 0.31 0.76 1.3 0.14 1.1 0.06 1.3

0.16 131.16 0.26 -0.14 0.31 0.03 0.31 0.51 1.1 0.19 1.1 0.04 1.3

0.2 131.16 0.25 -0.17 0.32 0.02 0.32 0.35 0.62 0.13 1.1 0.06 1.3

0.25 131.15 0.24 -0.18 0.33 0.03 0.33 0.27 0.62 0.11 0.62 0.03 1.3

0.315 131.16 0.22 -0.21 0.34 0.02 0.34 0.16 0.34 0.09 0.63 0.00 1.4

0.4 131.13 0.19 -0.17 0.36 0.03 0.21 0.09 0.36 0.07 0.64 0.01 1.4

0.5 131.03 0.20 -0.02 0.35 -0.01 0.20 0.05 0.51 -0.05 0.64 0.11 0.90

0.63 131.06 0.20 -0.06 0.35 0.03 0.20 0.01 0.51 -0.07 0.64 0.09 0.90

0.8 131.02 0.20 -0.05 0.35 -0.01 0.20 0.09 0.51 -0.03 0.64 0.13 0.90

1 131.00 0.19 -0.06 0.36 0.00 0.22 0.13 0.51 -0.02 0.36 0.06 0.91

1.25 131.00 0.19 -0.07 0.36 -0.01 0.22 0.13 0.51 -0.01 0.36 0.14 0.91

1.6 131.01 0.18 -0.07 0.36 -0.02 0.22 0.08 0.36 0.00 0.36 0.14 0.91

2 130.98 0.18 -0.04 0.36 0.00 0.22 0.00 0.36 0.02 0.36 0.11 0.91

2.5 130.99 0.18 -0.05 0.36 0.01 0.22 -0.02 0.36 0.02 0.36 0.16 0.91

3.15 131.00 0.18 -0.07 0.36 0.02 0.22 -0.02 0.36 0.01 0.36 0.15 0.91

4 130.98 0.18 -0.03 0.36 0.01 0.22 -0.03 0.36 0.03 0.36 0.11 0.91

5 130.99 0.18 -0.05 0.36 0.01 0.22 -0.03 0.36 0.04 0.36 0.11 0.91

6.3 131.00 0.18 -0.04 0.36 0.00 0.22 0.01 0.36 0.01 0.36 0.17 0.91

8 131.00 0.18 -0.03 0.36 0.01 0.22 0.02 0.36 -0.02 0.36 0.10 0.91

10 131.01 0.18 -0.04 0.36 0.01 0.22 0.02 0.36 -0.03 0.36 0.09 0.91

12.5 131.03 0.18 -0.03 0.36 0.01 0.22 0.02 0.36 -0.05 0.36 0.16 0.91

16 131.07 0.18 -0.03 0.36 0.00 0.22 0.06 0.36 -0.08 0.36 0.14 0.91

20 131.09 0.18 -0.03 0.36 0.03 0.22 0.08 0.36 -0.13 0.36 0.14 1.1

25 131.14 0.18 -0.03 0.36 0.06 0.22 0.09 0.36 -0.19 0.36 0.11 1.1

31.5 131.27 0.18 0.00 0.36 0.07 0.22 0.09 0.36 -0.25 0.36 0.15 1.2

40 131.57 0.18 0.11 0.36 0.13 0.22 -0.04 0.36 -0.34 0.36 0.02 1.2

CSIR-NPLI

(mV/(m/s
2
)) (mV/(m/s

2
)) (mV/(m/s

2
)) (mV/(m/s

2
)) (mV/(m/s

2
)) (mV/(m/s

2
))

Weighted Mean CMS-ITRI NIM KRISS NMISA
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Table 8.1.2: Unilateral degrees of equivalence for the magnitude (vertical) of sensitivity with 

absolute expanded uncertainties (k = 2) 

 

 

  

Vertical

Frequency XWM UWM di,WM Ui,WM di,WM Ui,WM

(Hz)

0.1 131.10 0.36 -0.01 0.18 0.04 0.72

0.125 131.12 0.36 -0.02 0.18 0.07 0.72

0.16 131.11 0.36 0.00 0.18 -0.01 0.72

0.2 131.16 0.36 0.00 0.18 0.01 0.72

0.25 131.14 0.36 0.00 0.18 0.02 0.72

0.315 131.15 0.36 0.00 0.18 -0.01 0.72

0.4 131.16 0.27 0.00 0.10 -0.03 0.76

0.5 131.13 0.27 0.02 0.10 -0.18 0.76

0.63 131.06 0.27 0.01 0.10 -0.09 0.76

0.8 131.02 0.27 0.01 0.10 -0.09 0.76

1 131.01 0.26 0.01 0.11 -0.05 0.63

1.25 131.00 0.26 0.01 0.11 -0.04 0.63

1.6 130.99 0.26 0.01 0.11 -0.06 0.63

2 130.99 0.26 0.01 0.12 -0.06 0.59

2.5 130.98 0.26 0.01 0.12 -0.07 0.59

3.15 130.98 0.26 0.01 0.12 -0.03 0.59

4 130.98 0.26 0.01 0.12 -0.05 0.59

5 130.97 0.26 0.01 0.12 -0.05 0.55

6.3 130.98 0.25 0.01 0.13 -0.04 0.48

8 130.99 0.25 0.00 0.13 0.00 0.48

10 131.01 0.25 0.00 0.14 -0.01 0.44

12.5 131.03 0.25 0.00 0.14 -0.01 0.44

16 131.06 0.25 0.00 0.14 -0.01 0.44

20 131.10 0.25 0.00 0.14 0.01 0.46

25 131.16 0.25 -0.01 0.14 0.02 0.46

31.5 131.29 0.25 -0.01 0.14 0.03 0.46

40 131.50 0.25 -0.01 0.14 0.02 0.46

Weighted Mean

(mV/(m/s
2
))

NIM

(mV/(m/s
2
))

NIMT

(mV/(m/s
2
))
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Figure 8.1.1 Deviation of the magnitude (horizontal) from the weighted mean for all frequencies 

of the comparison with expanded uncertainties Ui,WM (k = 2). 
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Figure 8.1.1 Deviation of the magnitude (horizontal) from the weighted mean for all frequencies 

of the comparison with expanded uncertainties Ui,WM (k = 2). (Cont.) 
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Figure 8.1.1 Deviation of the magnitude (horizontal) from the weighted mean for all frequencies 

of the comparison with expanded uncertainties Ui,WM (k = 2). (Cont.) 
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Figure 8.1.1 Deviation of the magnitude (horizontal) from the weighted mean for all frequencies 

of the comparison with expanded uncertainties Ui,WM (k = 2). (Cont.) 
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Figure 8.1.2 Deviation of the magnitude (vertical) from the weighted mean for all frequencies of 

the comparison with expanded uncertainties Ui,WM (k = 2). 
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Figure 8.1.2 Deviation of the magnitude (vertical) from the weighted mean for all frequencies of 

the comparison with expanded uncertainties Ui,WM (k = 2). (Cont.) 
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Figure 8.1.2 Deviation of the magnitude (vertical) from the weighted mean for all frequencies of 

the comparison with expanded uncertainties Ui,WM (k = 2). (Cont.) 
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Figure 8.1.2 Deviation of the magnitude (vertical) from the weighted mean for all frequencies of 

the comparison with expanded uncertainties Ui,WM (k = 2). (Cont.) 
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8.2 Results for the phase shift of the complex voltage sensitivity 

 

Table 8.2.1 Unilateral degrees of equivalence for the phase shift (horizontal) of sensitivity with 

absolute expanded uncertainties (k = 2) 

 
 

 

  

Horizontal

Frequency XWM UWM di,WM Ui,WM di,WM Ui,WM di,WM Ui,WM di,WM Ui,WM di,WM Ui,WM

(Hz) ( ° ) ( ° ) ( ° ) ( ° ) ( ° ) ( ° ) ( ° ) ( ° ) ( ° ) ( ° ) ( ° ) ( ° ) 

0.1 -0.35 0.11 0.00 0.29 0.006 0.17 0.01 0.17 -0.01 0.17 -0.02 1.0

0.125 -0.42 0.11 0.00 0.29 0.000 0.17 0.00 0.17 -0.01 0.17 -0.02 1.0

0.16 -0.54 0.11 -0.01 0.29 -0.004 0.17 0.01 0.17 0.00 0.17 0.01 1.0

0.2 -0.68 0.11 0.00 0.29 -0.002 0.17 0.01 0.17 0.00 0.17 0.04 1.0

0.25 -0.84 0.11 -0.01 0.29 -0.006 0.17 0.01 0.17 -0.01 0.17 0.01 1.0

0.315 -1.06 0.11 -0.01 0.29 -0.009 0.17 0.02 0.17 -0.01 0.17 -0.04 1.0

0.4 -1.35 0.11 0.00 0.29 -0.013 0.17 0.02 0.17 0.00 0.17 0.02 1.0

0.5 -0.02 0.11 0.00 0.29 -0.003 0.17 0.01 0.17 0.01 0.17 -0.30 0.7

0.63 -0.02 0.11 0.00 0.29 0.000 0.17 0.01 0.17 0.01 0.17 -0.25 0.7

0.8 -0.03 0.11 0.00 0.29 -0.012 0.17 0.02 0.17 0.01 0.17 -0.21 0.7

1 -0.03 0.11 -0.01 0.29 -0.012 0.17 0.01 0.17 0.01 0.17 -0.17 0.7

1.25 -0.04 0.11 -0.01 0.29 -0.015 0.17 0.01 0.17 0.02 0.17 -0.14 0.7

1.6 -0.05 0.11 -0.01 0.29 -0.017 0.17 0.00 0.17 0.03 0.17 -0.12 0.7

2 -0.07 0.11 0.00 0.29 -0.023 0.17 0.01 0.17 0.03 0.17 -0.12 0.7

2.5 -0.09 0.11 0.00 0.31 -0.032 0.17 0.00 0.17 0.05 0.17 -0.11 0.7

3.15 -0.11 0.11 -0.01 0.31 -0.025 0.17 -0.01 0.17 0.06 0.17 -0.11 0.7

4 -0.14 0.11 -0.01 0.31 -0.041 0.17 -0.02 0.17 0.07 0.17 -0.09 0.7

5 -0.18 0.11 -0.04 0.31 -0.041 0.17 -0.03 0.17 0.09 0.17 -0.09 0.7

6.3 -0.24 0.11 -0.01 0.31 -0.045 0.17 -0.03 0.17 0.10 0.17 -0.19 0.7

8 -0.29 0.11 -0.04 0.31 -0.068 0.17 -0.05 0.17 0.14 0.17 -0.11 0.7

10 -0.36 0.11 -0.02 0.31 -0.092 0.17 -0.07 0.17 0.18 0.17 -0.12 0.7

12.5 -0.45 0.11 -0.08 0.31 -0.108 0.17 -0.09 0.17 0.24 0.17 -0.13 0.7

16 -0.70 0.13 0.01 0.30 -0.016 0.16 0.01 0.16 0.43 0.24 -0.06 0.7

20 -0.89 0.13 0.04 0.30 -0.015 0.16 0.01 0.16 0.54 0.24 -0.14 0.8

25 -1.11 0.13 0.09 0.30 -0.025 0.16 0.00 0.16 0.70 0.24 -0.26 0.8

31.5 -1.44 0.13 0.09 0.30 -0.033 0.16 0.02 0.16 0.93 0.24 -0.40 0.9

40 -1.97 0.13 -0.08 0.30 -0.102 0.16 0.14 0.16 1.27 0.24 -0.02 0.9

CSIR-NPLIWeighted Mean CMS-ITRI NIM KRISS NMISA
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Table 8.2.2 Unilateral degrees of equivalence for the phase shift (vertical) of sensitivity with 

absolute expanded uncertainties (k = 2) 

 

 

 

  

Vertical

Frequency XWM UWM di,WM Ui,WM di,WM Ui,WM

(Hz) ( ° ) ( ° ) ( ° ) ( ° ) ( ° ) ( ° )

0.1 -0.30 0.20 0.00 0.05 -0.04 0.82

0.125 -0.41 0.20 0.00 0.05 -0.04 0.82

0.16 -0.54 0.20 0.00 0.05 -0.01 0.82

0.2 -0.67 0.20 0.00 0.05 -0.03 0.82

0.25 -0.84 0.20 0.00 0.05 -0.02 0.82

0.315 -1.07 0.20 0.00 0.05 -0.02 0.82

0.4 -1.35 0.20 0.00 0.05 -0.02 0.82

0.5 -0.01 0.20 0.00 0.05 -0.02 0.82

0.63 -0.02 0.20 0.00 0.05 -0.02 0.82

0.8 -0.03 0.20 0.00 0.05 -0.01 0.82

1 -0.04 0.20 0.00 0.07 0.00 0.60

1.25 -0.06 0.20 0.00 0.07 0.00 0.60

1.6 -0.07 0.20 0.00 0.07 0.00 0.60

2 -0.09 0.19 0.00 0.07 0.01 0.51

2.5 -0.11 0.19 0.00 0.07 0.01 0.51

3.15 -0.14 0.19 0.00 0.07 0.01 0.51

4 -0.18 0.19 0.00 0.07 0.02 0.51

5 -0.22 0.19 0.00 0.08 0.02 0.45

6.3 -0.28 0.19 0.00 0.08 0.02 0.45

8 -0.36 0.19 0.00 0.08 0.02 0.45

10 -0.46 0.19 0.00 0.08 0.02 0.43

12.5 -0.57 0.19 0.00 0.08 0.03 0.43

16 -0.74 0.19 -0.01 0.08 0.03 0.43

20 -0.92 0.19 0.00 0.08 0.03 0.43

25 -1.16 0.19 0.00 0.08 0.03 0.43

31.5 -1.43 0.19 0.00 0.08 -0.01 0.43

40 -1.89 0.19 0.00 0.08 0.01 0.43

Weighted Mean NIM NIMT
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Figure 8.2.1 Deviation of the phase shift (horizontal) from the weighted mean for all frequencies 

of the comparison with expanded uncertainties Ui,WM (k = 2) 
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Figure 8.2.1 Deviation of the phase shift (horizontal) from the weighted mean for all frequencies 

of the comparison with expanded uncertainties Ui,WM (k = 2) (Cont.) 
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Figure 8.2.1 Deviation of the phase shift (horizontal) from the weighted mean for all frequencies 

of the comparison with expanded uncertainties Ui,WM (k = 2) (Cont.) 
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Figure 8.2.1 Deviation of the phase shift (horizontal) from the weighted mean for all frequencies 

of the comparison with expanded uncertainties Ui,WM (k = 2) (Cont.) 
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Figure 8.2.2 Deviation of the phase shift (Vertical) from the weighted mean for all frequencies of 

the comparison with expanded uncertainties Ui,WM (k = 2) 
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Figure 8.2.2 Deviation of the phase shift (Vertical) from the weighted mean for all frequencies of 

the comparison with expanded uncertainties Ui,WM (k = 2) (Cont.) 
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Figure 8.2.2 Deviation of the phase shift (Vertical) from the weighted mean for all frequencies of 

the comparison with expanded uncertainties Ui,WM (k = 2) (Cont.) 
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Figure 8.2.2 Deviation of the phase shift (Vertical) from the weighted mean for all frequencies of 

the comparison with expanded uncertainties Ui,WM (k = 2) (Cont.) 
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9. Linking procedure and degrees of equivalence with the KCRV 

The linking procedure to the relevant CC comparison and calculation of the KCRV are 

described in this chapter. It was recommended to consider the influence of correlation of the 

results of the linking laboratory(ies) based on the procedure described in the previous publication 

by Clemens Elster et al [6]. The linking transforms the results (yi, u(yi)) of the participants of this 

comparison to scaled values zi and their respective uncertainties u(zi), which are directly 

comparable to the relevant CC comparison results of CCAUV.V-K3. The scaling was done with 

the so-called linking factor r. Then, r is defined by two complex voltage sensitivities (xNIM and 

yNIM) in the CIPM and RMO comparisons of NIM ( linking laboratory) as follows. 

9.1 Degrees of equivalence for t he magnitude of the complex voltage 

sensitivity  

The linking factor for magnitude between CIPM and RMO comparisons was defined as 

following. 

ὶ                                                             (5) 

where the uncertainty associated was described as 

ό ὶ ό ὼ ό ώ

      ς όὼ όώ ὶὼ ȟώ              (6) 

Considering the correlation coefficient of uncertainty in two comparisons ὶὼ ȟώ  

was equal to 1, equation (6) can be written as equation (7).  

 ό ὶ ό ὼ ό ώ  

                      ς όὼ όώ                                 (7) 

Then APMP.AUV.V-K3.1 result can be transformed to the scaled value ᾀ  of 

CCAUV.V-K3 employing ὶ as follows 

ᾀ ὶώ ώ                                                 (8) 

Thus, the degrees of equivalence are given as the differences between the scaled complex 

voltage sensitivities in the APMP.AUV.V-K3.1 and the KCRV of the CCAUV.V.K3. 

Ὠȟ ᾀ ὼ ώ ὼ                               (9) 

Here yim is independent of other variables, and the squared standard uncertainties associated 
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with these differences are described as follows 

ό Ὠȟ ό ὼ ό ώ  ό ώ

ρ ό ὼ ς όὼ ȟώ

ς ρόὼ ȟὼ ς ρόώ ȟὼ  (10) 

 

9.2 Degrees of equivalence for the phase shift of the complex voltage 

sensitivity 

The linking factor for phase shift between CIPM and RMO comparisons was defined as 

following. 

ὶ ὼ ώ                                                       (11) 

where the uncertainty associated was described as 

ό ὶ ό ὼ ό ώ

                   ς όὼ όώ ὶὼ ȟώ                  (12) 

Considering the correlation coefficient of uncertainty in two comparisons ὶὼ ȟώ  

was equal to 1, equation (12) can be written as equation (13).  

ό ὶ ρ ό ὼ ρ ό ώ ςόὼ όώ          (13) 

APMP.AUV.V-K3.1 comparison participant result can be transformed to the scaled value 

ᾀ  of CCAUV.V.K3 comparison employing r as follows 

ᾀ  ώ ὶ  ώ ὼ ώ                                     (14) 

Thus, the degrees of equivalence are given as the differences between the scaled complex 

voltage sensitivities in the APMP.AUV.V-K3.1 comparison and the KCRV of the CCAUV.V.K3 

CIPM comparison. 

Ὠȟ ᾀ ὼ ώ ὼ ώ ὼ                   (15) 

Here yip is independent of other variables, and the squared standard uncertainties associated 

with these differences are described as follows 
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ό Ὠȟ ό ώ ό ὼ ρ ό ώ ρ ό ὼ

                               ς ρόὼ ȟώ ς ρόὼ ȟὼ ςόώ ȟὼ   

                    (16) 

9.3 Result 

Both in equation (10) and (16), the same processes were performed as below. Because 

ὶὼ ȟώ  is equal to 1, the item όὼ ȟώ  is equal to όὼ όώ . 

The item ὶὼ ȟὼ  was carried out as follows. 

ὶὼ ȟὼ
Ͻ
Ⱦ

Ⱦ
          (17) 

The transformation of όὼ ȟὼ όὼ όὼ ὶὼ ȟὼ  was rewritten 

as follows. 

όὼ ȟὼ όὼ όὼ ό ὼ                           (18) 

Also, the transformation of όώ ȟὼ όώ όὼ ὶώ ȟὼ  can be 

given as equation (19) same as equation (17 ) because ὶὼ ȟώ ρ.  

ὶώ ȟὼ

Ⱦ

Ⱦ
ȟ

όὼ ȟώ

ὶὼ ȟώ ὶὼ ȟὼ ὶὼ ȟώ ὶὼ ȟὼ     (19) 

Finally, the transformation can be rewritten as 

όώ ȟὼ όὼ όὼ όώ Ⱦόὼ   

                              ό ὼ όώ Ⱦόὼ                              (20) 

The value of equation (18) at each frequency is shown in Table 9.3.1.  
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Table 9.3.1 Correlation coefficients of combined standard uncertainty between CCAUV.V-K3 

and APMP.AUV.V-K3.1 international comparison for magnitude (left) and phase shift (right) 

  

  

 

Frequency u(xKCRV) u(xNIM) r(xNIM , xKCRV)

(Hz) (mV/(m/s
2
)) (mV/(m/s

2
))

0.1 0.08 0.35 0.23

0.125 0.08 0.35 0.23

0.16 0.08 0.35 0.23

0.2 0.06 0.35 0.17

0.25 0.06 0.35 0.17

0.315 0.06 0.35 0.17

0.4 0.05 0.14 0.36

0.5 0.04 0.14 0.29

0.63 0.04 0.14 0.29

0.8 0.04 0.14 0.29

1 0.04 0.14 0.29

1.25 0.04 0.14 0.29

1.6 0.04 0.14 0.29

2 0.04 0.14 0.29

2.5 0.04 0.14 0.29

3.15 0.04 0.14 0.29

4 0.04 0.14 0.29

5 0.04 0.14 0.29

6.3 0.04 0.14 0.29

8 0.04 0.14 0.29

10 0.04 0.14 0.29

12.5 0.04 0.14 0.29

16 0.04 0.14 0.29

20 0.04 0.14 0.29

25 0.04 0.14 0.29

31.5 0.04 0.14 0.29

40 0.04 0.14 0.29

Frequency u(xKCRV) u(xNIM) r(xNIM , xKCRV)

(Hz) ( ° ) ( ° )

0.1 0.02 0.10 0.20

0.125 0.02 0.10 0.20

0.16 0.02 0.10 0.20

0.2 0.02 0.10 0.20

0.25 0.02 0.10 0.20

0.315 0.02 0.10 0.20

0.4 0.02 0.10 0.20

0.5 0.02 0.10 0.20

0.63 0.02 0.10 0.20

0.8 0.02 0.10 0.20

1 0.02 0.10 0.20

1.25 0.02 0.10 0.20

1.6 0.02 0.10 0.20

2 0.02 0.10 0.20

2.5 0.02 0.10 0.20

3.15 0.02 0.10 0.20

4 0.02 0.10 0.20

5 0.02 0.10 0.20

6.3 0.04 0.10 0.40

8 0.04 0.10 0.40

10 0.04 0.10 0.40

12.5 0.04 0.10 0.40

16 0.04 0.10 0.40

20 0.04 0.10 0.40

25 0.04 0.10 0.40

31.5 0.04 0.10 0.40

40 0.04 0.10 0.40



APMP.AUV.V-K3.1 June 2023 

Page 38 of 70 
 

These degrees of equivalence of the Acceleration are each a pair of values of the difference 

di,KCRV between the respective corresponding participants i and KCRV with the expanded 

uncertainty Ui,KCRV of this difference. (See Tables 9.3.2, 9.3.3 and Figure 9.3.1, 9.3.2) These 

values were calculated with a coverage factor of k = 2 for each frequency according to: 

Ὠȟ ᾀ ὼ                                               (21) 

Ὗȟ ὯϽό Ὠȟ                                           (22) 

Table 9.3.2 Degrees of equivalence to the KCRV of CCAUV.V-K3 for the magnitude of 

sensitivity with absolute expanded uncertainties (k = 2) 

 

 

  

Horizontal

Frequency d i,KCRV U i,KCRV d i,KCRV U i,KCRV d i,KCRV U i,KCRV d i,KCRV U i,KCRV

(Hz)

0.1 -0.74 0.51 0.64 1.9 -0.53 1.2 -0.57 1.5

0.125 -0.60 0.51 0.34 1.5 -0.31 1.2 -0.39 1.5

0.16 -0.45 0.51 0.23 1.2 -0.10 1.2 -0.27 1.5

0.2 -0.44 0.51 0.10 0.75 -0.12 1.2 -0.20 1.5

0.25 -0.37 0.51 0.10 0.75 -0.06 0.75 -0.15 1.5

0.315 -0.34 0.51 0.05 0.51 -0.03 0.75 -0.12 1.5

0.4 -0.28 0.43 -0.01 0.43 -0.02 0.70 -0.09 1.4

0.5 0.04 0.43 0.11 0.57 0.01 0.70 0.18 1.0

0.63 0.00 0.43 0.07 0.57 -0.02 0.70 0.15 1.0

0.8 0.00 0.43 0.14 0.57 0.02 0.70 0.18 1.0

1 -0.01 0.43 0.19 0.57 0.03 0.43 0.12 1.0

1.25 -0.03 0.43 0.18 0.57 0.04 0.43 0.19 1.0

1.6 -0.02 0.43 0.13 0.43 0.05 0.43 0.19 1.0

2 -0.07 0.43 -0.03 0.43 0.00 0.43 0.09 1.0

2.5 -0.04 0.43 -0.01 0.43 0.03 0.43 0.17 1.0

3.15 -0.06 0.43 -0.01 0.43 0.02 0.43 0.17 1.0

4 -0.03 0.43 -0.03 0.43 0.04 0.43 0.12 1.0

5 -0.08 0.43 -0.06 0.43 0.01 0.43 0.09 1.0

6.3 -0.06 0.43 -0.01 0.43 -0.01 0.43 0.16 1.0

8 -0.02 0.43 0.03 0.43 -0.01 0.43 0.12 1.0

10 0.01 0.43 0.07 0.43 0.02 0.43 0.14 1.0

12.5 0.03 0.43 0.08 0.43 0.01 0.43 0.23 1.0

16 0.13 0.43 0.22 0.43 0.08 0.43 0.30 1.0

20 -0.21 0.43 -0.10 0.43 -0.32 0.43 -0.04 1.2

25 -0.19 0.43 -0.07 0.43 -0.36 0.43 -0.05 1.2

31.5 -0.03 0.43 0.06 0.43 -0.29 0.43 0.13 1.3

40 0.07 0.43 -0.09 0.43 -0.40 0.43 -0.02 1.3

CSIR-NPLI

mV/(m/s
2
) mV/(m/s

2
) mV/(m/s

2
) mV/(m/s

2
)

CMS-ITRI KRISS NMISA



APMP.AUV.V-K3.1 June 2023 

Page 39 of 70 
 

 

Table 9.3.3 Degrees of equivalence to the KCRV of CCAUV.V-K3 for the phase shift of 

sensitivity with absolute expanded uncertainties (k = 2) 

 
  

  

Horizontal

Frequency d i,KCRV U i,KCRV d i,KCRV U i,KCRV d i,KCRV U i,KCRV d i,KCRV U i,KCRV

(Hz) ( ° ) ( ° ) ( ° ) ( ° ) ( ° ) ( ° ) ( ° ) ( ° )

0.1 -0.02 0.31 -0.01 0.21 -0.03 0.21 -0.04 1.01

0.125 -0.01 0.31 -0.01 0.21 -0.02 0.21 -0.03 1.01

0.16 -0.02 0.31 0.00 0.21 -0.01 0.21 0.00 1.01

0.2 -0.01 0.31 0.00 0.21 -0.01 0.21 0.03 1.01

0.25 0.00 0.31 0.02 0.21 0.00 0.21 0.02 1.01

0.315 0.00 0.31 0.03 0.21 0.00 0.21 -0.03 1.01

0.4 0.01 0.31 0.03 0.21 0.01 0.21 0.03 1.01

0.5 0.02 0.31 0.03 0.21 0.03 0.21 -0.28 0.71

0.63 -0.01 0.31 0.00 0.21 0.00 0.21 -0.26 0.71

0.8 0.06 0.31 0.08 0.21 0.07 0.21 -0.15 0.71

1 0.03 0.31 0.05 0.21 0.05 0.21 -0.13 0.71

1.25 0.03 0.31 0.05 0.21 0.06 0.21 -0.10 0.71

1.6 0.03 0.31 0.04 0.21 0.06 0.21 -0.08 0.71

2 0.03 0.31 0.04 0.21 0.06 0.21 -0.09 0.71

2.5 0.05 0.33 0.05 0.21 0.10 0.21 -0.06 0.71

3.15 0.04 0.33 0.04 0.21 0.11 0.21 -0.06 0.71

4 0.06 0.33 0.05 0.21 0.14 0.21 -0.02 0.71

5 0.03 0.33 0.04 0.21 0.16 0.21 -0.02 0.71

6.3 0.05 0.33 0.03 0.22 0.16 0.22 -0.13 0.71

8 0.03 0.33 0.02 0.22 0.21 0.22 -0.04 0.71

10 0.08 0.33 0.03 0.22 0.29 0.22 -0.02 0.71

12.5 0.04 0.33 0.03 0.22 0.35 0.22 -0.01 0.71

16 0.04 0.33 0.04 0.22 0.45 0.22 -0.03 0.71

20 0.09 0.33 0.06 0.22 0.59 0.22 -0.09 0.81

25 0.19 0.33 0.10 0.22 0.79 0.22 -0.16 0.81

31.5 0.21 0.33 0.14 0.22 1.05 0.22 -0.28 0.91

40 0.05 0.33 0.27 0.22 1.40 0.22 0.11 0.91

CMS-ITRI KRISS NMISA CSIR-NPLI
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Figure 9.3.1 Deviation of the magnitude from the KCRV for all frequencies of the comparison 

with expanded uncertainties Ui,KCRV (k = 2) 
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Figure 9.3.1 Deviation of the magnitude from the KCRV for all frequencies of the comparison 

with expanded uncertainties Ui,KCRV (k = 2) (Cont.) 
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Figure 9.3.1 Deviation of the magnitude from the KCRV for all frequencies of the comparison 

with expanded uncertainties Ui,KCRV (k = 2) (Cont.) 
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Figure 9.3.1 Deviation of the magnitude from the KCRV for all frequencies of the comparison 

with expanded uncertainties Ui,KCRV (k = 2) (Cont.) 

 

  



APMP.AUV.V-K3.1 June 2023 

Page 44 of 70 
 

  

   

  

  

Figure 9.3.2 Deviation of the phase shift from the KCRV for all frequencies of the comparison 

with expanded uncertainties Ui,KCRV (k = 2)  
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Figure 9.3.2 Deviation of the phase shift from the KCRV for all frequencies of the comparison 

with expanded uncertainties Ui,KCRV (k = 2) (Cont.)  
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Figure 9.3.2 Deviation of the phase shift from the KCRV for all frequencies of the comparison 

with expanded uncertainties Ui,KCRV (k = 2) (Cont.)  
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Figure 9.3.2 Deviation of the phase shift from the KCRV for all frequencies of the comparison 

with expanded uncertainties Ui,KCRV (k = 2) (Cont.) 
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10. Conclusion 

The key comparison APMP AUV.V-K3.1 in vibration revealed the current calibration 

capabilities of the six participants from APMP and AFRIMETS. All of the participating 

laboratories provided their calibration results, which were mostly consistent with each other 

within their declared expanded uncertainties for magnitude and phase results. For the phase shift, 

only one participant failed to contribute to the weighted mean values calculated for five 

frequencies out of a total of twenty-seven comparison frequencies.  

The RMO key comparison in vibration APMP.AUV.V-K3.1 had been successfully finished. 

All participating laboratories had their results linked to the KCRV of the relevant CIPM level key 

comparison, namely CCAUV.V-K3, via linking laboratory NIM. The degrees of equivalence of 

the participants to the KCRV can be used to support their calibration and measurement 

capabilities. 

 

11. Acknowledgment 

The authors gratefully acknowledge all the participating institutes for their cooperation and 

support. In addition, the authors would like to express their thanks and best wishes to Dr Mahavir 

Singh who superannuated in October, 2021 for his kind effort and the help from Huang Yeu-Jong, 

WANG Sheng-Han, Huang Yen-Chun of CMS/ITRI. 

 

12. Bibliography 

[1] https://www.bipm.org/utils/common/pdf/final_reports/AUV/V-K3/CCAUV.V-K3.pdf. 

[2] Guidelines for CIPM key comparisons (Appendix F to the ñMutual recognition of national 

measurements standards and of measurement certificates issued by national metrology 

institutesò (MRA)). March 1, 1999. 

[3] Von Martens, H.-J. et al., Final report on key comparison CCAUV.V-K1, 2003, Metrologia, 

40, Tech. Suppl. 09001. 

[4] M.G. Cox, The evaluation of key comparison data, Metrologia, 2002, volume 39, p.589-595. 

[5] M.G. Cox, The evaluation of key comparison data: determining a largest consistent subset, 

Metrologia, 2007, 44, 187-200. 

[6] Clemens Elster et al., Proposal for linking the results CIPM and RMO key comparisons, 

Metrologia 40, 189-194, 2003. 

  



APMP.AUV.V-K3.1 June 2023 

Page 49 of 70 
 

Annex A : Technical protocol 

 

Technical Protocol of the APMP Key Comparison  

APMP.AUV.V-K3.1 

 

Task and Purpose of the Comparison  

Since recent improvements at the APMP NMIs have extended the low-frequency vibration limit 

of calibration capabilities down to 0.1 Hz, the decision was taken to make a preparation of 

comparison during the meeting of APMP TCAUV in 2017. The task of the comparison is to 

compare measurements of linear vibration calibration within the frequency range from 0.1 Hz to 

40 Hz. The results of this APMP comparison will, after approval by CCAUV, serve as evidence 

at low vibration frequency for the registration of ócalibration and measurement capabilitiesô (CMC) 

for NMIs in the framework of the CIPM MRA. 

It is the task of the comparison to measure the complex voltage sensitivity of one standard 

acceleration measuring chain or simply calling an 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 voltage sensitivity is to be calculated 

as the ratio of the amplitude of the output voltage of the accelerometer standard set to the 

acceleration at its reference surface. The magnitude of the complex voltage sensitivity shall be 

given in millivolt per metres per second squared (mV/(m/s2)) and the phase shift in degrees.  

For the calibration of the accelerometer standard set, laser interferometry in compliance with 

method 1 or method 3 of the international standard ISO 16063-11:1999 has to be applied, in order 

to cover the entire frequency range.  

The reported complex voltage sensitivities and associated uncertainties will be used for the 

calculation of the degrees of equivalence between the participating NMI and to the weighted mean 

link to CCAUV.V-K3. 
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Pilot Laboratory 

Pilot laboratory for this regional key comparison is  

 

Precision and Dynamic Engineering Metrology Laboratory 

Measurement Standards and Technology Division 

Center for Measurement Standards (CMS), Industrial Technology Research Institute (ITRI) 

Building 16, No. 321, Section 2, Kuang Fu Road, Hsinchu, 30011, Taiwan 

 

This is the address for delivery of the circulating artifact and the written and signed reports.  

Contact Persons are 

TU Tsung-Hsien WANG Sheng-Han 

Tel.:+886 3 574 3791 Tel.: +886 3 574 3719 

e-mail:thtu@itri.org.tw shwango@itri.org.tw 

Fax:+886 572 6445 

 

 Co-Pilot laboratory for this regional 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 

Contact Person is 

YANG Lifeng 

Tel:+86 10 64524606 

e-mail: yanglf@nim.ac.cn 

Fax:+86 10 10 64218628 

 

  

tel:+86-
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Device under Test and Measurement Conditions  

For the calibration task of this key comparison, one quartz-flexure accelerometer set will be 

circulated between participating laboratories. The set includes a ósingle-endedô (SE) servo 

accelerometer, namely a SA 704 (SN: to be decided), with a signal conditioner, namely MSA-I 

(SN: to be decided) and a power supply for the conditioner.  

The complex voltage sensitivity of the accelerometer set shall be calibrated according to those 

procedures and conditions implemented by the laboratory in conformance with ISO 16063-11. The 

complex voltage sensitivities reported shall be for the complete accelerometer set (or acceleration 

measuring chain), including all effects from the signal conditioner. The frequency range of the 

measurements is 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.  

Depending on the stroke limitation of the shaker used in the NMI, some frequencies can be 

considered optional as listed below.  

0.1 to 0.4 0.5 to 20 25 to 40 

optional mandatory optional 

The measurement conditions should be kept according to the laboratory's standard conditions for 

calibration of customersô accelerometers for claiming their calibration capabilities or CMC where 

applicable. This presumes that these conditions comply with those defined by the applicable ISO 

documentary standards [1, 2, 3], simultaneously.  

Specific conditions for the measurements of this KC are:  

¶ Acceleration amplitudes: a range of 0.05 m/s2 to 30 m/s2 is recommended.  

¶ Ambient temperature and accelerometer temperature during the calibration:  

¶ (23 ± 2)  (actual values to be stated within tolerances of ± 0.3 ).  

¶ Relative humidity: max. 75 %RH.  

¶ The input line voltage of the power supply for the signal conditioner is 220 V. 

  



APMP.AUV.V-K3.1 June 2023 

Page 52 of 70 
 

Circulation Type, Schedule and Transportation  

The transducer set will be circulated between the participating laboratories considering a 

measurement period of two weeks provided for each participating laboratory and one week for the 

pilot laboratory.  

At the beginning and the end of the circulation as well as between certain subsequent 

measurements of participating laboratories, the transducer set is measured by the pilot laboratory 

in order to check reference values and to monitor the stability of the transducer set.  

The schedule is planned as follows:  

The cost of transportation to the next participating laboratory shall be covered by the participating 

laboratory. The transducer set has to be hand-carried with great caution. In case the transducer set 

gets damaged or lost during transportation, the participating laboratory responsible for the delivery 

should pay 6,000 ú to the pilot laboratory. 

 

Measurement and Analysis Instructions  

The participating laboratories have to observe the following instructions:  

¶ The motion of the quartz-flexure accelerometer shall be measured on the moving part of the 

horizontal vibration exciter, close to the accelerometer's mounting surface, since the 

mounting (reference) surface is usually not directly accessible.  

¶ The mounting surface of the accelerometer and the moving part of the exciter must be slightly 

lubricated before mounting.  

¶ The cable between accelerometer and signal conditioner should be taken from the set 

delivered to the laboratory.  

Participant Measurement Transportation to next Participant 

CMS-ITRI 2018/05/21 - 2018/05/27 2018/05/28 - 2018/06/04 

NIM 2018/06/05 - 2018/07/08 2018/07/09 - 2018/07/15 

NIMT 2018/07/16 - 2018/07/29 2018/07/30 - 2018/08/05 

KRISS 2018/08/06 - 2018/08/19 2018/08/20 - 2018/08/26 

NMISA 2018/08/27 - 2018/09/09 2018/09/10 - 2018/09/16 

CSIR-NPLI 2018/09/17 - 2018/09/28 2018/09/29 - 2018/10/07 

CMS-ITRI 2018/10/08 - 2018/10/12  
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¶ 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.  

¶ Participants should not perform any experiments other than comparison measurements 

stipulated in this protocol with the artifact. 

 

 Communication of the Results to Pilot Laboratory  

Each participating laboratory shall submit one printed and signed calibration report for the 

accelerometer set to the pilot laboratory, including the following:  

¶ A description of the calibration systems used for the comparison and the detailed information 

about the mounting of the accelerometer  

¶ A description of the calibration methods used  

¶ Documented record of the ambient conditions during measurements  

¶ The calibration results, including the relative expanded measurement uncertainty, and the 

applied coverage factor for each value. 

¶ 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 evaluation (A or B), assumed probability distribution and repeatability 

component.  

In addition, the use of the electronic spreadsheets that will be provided by the pilot laboratory for 

reporting is mandatory. The consistency between the results in electronic form and in the printed 

and signed calibration report is 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 six 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 start the circulation for measurements by the other participating laboratories.  
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Remarks on post processing  

Presuming consistency of the results, the degrees of equivalence will be calculated according to 

the established methods agreed upon already for CCAUV.V-K1. This regional key comparison is 

to be linked to the CIPM key comparison CCAUV.V-K3. The degrees of equivalence will be 

determined in reference to the key comparison reference value (KCRV) calculated for CCAUV.V-

K3.  
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Annex A  

I. Items List and Settings of Conditioning Amplifier 

The set includes a ósingle-endedô (SE) servo accelerometer, namely a SA 704 (SN: 1054), with a 

signal conditioner, namely MSA-I (SN:131211) and a power supply for the conditioner. 

 

NO. Item Quantity 

1 Servo accelerometer 1 

2 Signal conditioner 1 

3 Signal cable 1 

4 Power cord 1 

5 Technical protocol 1 

 

 

 

 

 

 

Servo Accelerometer 

SA 704 (SN: 1054) 

 

Signal Cable 

Power Cable 

Signal Conditioner 

MSA-I (SN:131211) 
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Front side 

 

 
 

Rear side 

 

 

 

Procedure of zero setting of conditioning amplifier: 

1. Using the knob of óCoarseô to adjust to zero first; 

2. Using the knob of óFineô to adjust to zero precisely; 

3. Setting the gain to 100 and repeat steps 1 and 2, to get more precise value of zero if 

necessary. 

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

input". 

  

Gain 

Filter Setup 

Fine Coarse 

Current input 

Power input 220V Power on 








