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1 INTRODUCTION 

 

The central objectives of the Mutual Recognition Agreement (MRA) drawn up by the International 

Committee of Weights and Measures (CIPM) and signed by representatives of Member States of the 

Bureau international des poids et mesures (BIPM) are i) to establish the degree of equivalence of 

national measurement standards maintained by NMIs, ii) to provide for the mutual recognition of 

calibration and measurement certificates issued by NMIs and iii) thereby to provide governments and 

other parties with a secure technical foundation for wider agreements related to international trade, 

commerce and regulatory affairs  (CIPM-MRA 2003). The degree of equivalence of national 

measurement standards supporting ultrasound exposimetry at medical ultrasound frequencies is 

established by international comparison of measurements known as key comparisons, providing a 

realisation of the acoustic pascal in water. The pascal is measured using transfer standard acousto-

electric devices known as hydrophones, which are calibrated on various realisations of primary 

standard methods directly traceable to Système International (SI) units.   

 

This document constitutes the Final report of the key comparison CCAUV.U-K4, undertaken under 

the auspices of BIPM/CIPM Consultative Committee for Acoustics, Ultrasound and Vibration 

(CCAUV). This is a repetition of the key comparison CCAUV.U-K2 “Comparison of 1 mm 

hydrophone calibrations in the frequency range 1 to 15 MHz” (1999 – 2003), but whose scope has 

been extended upwards to 20 MHz and downwards to 0.5 MHz. A report of the previous key 

comparison is available on the BIPM web-site under report number NPL Report DQL-AC (RES) 013 

(Zeqiri and Lee 2005). The reduction in the lower frequency for CCAUV.U-K4 ensures that it will 

overlap with the Underwater Acoustics key comparison CCAUV.W-K1 which covers the range 1 kHz 

to 0.5 MHz. This report makes recommendations regarding the key comparison reference values 

(KCRVs) and their associated uncertainties. From these KCRV values, the report specifies the 

deviations from the reference value and the uncertainty of this deviation for each of the individual 

participant laboratories. The individual reports supplied by participant laboratories are presented in the 

Appendices of this report. 

 

2 THE COMPARISON 

 

Two GEC Marconi, bilaminar type membrane hydrophones of 1 mm active element diameter were 

employed for the purpose of this key comparison. NPL was the Pilot or the Co-ordinating Laboratory. 

The other participating laboratories were PTB (Germany), NMIJ/AIST (Japan), NIM (China) and 

INMETRO (Brazil). The detailed protocol of the key comparison is provided in the Appendix A. The 

key comparison was organised as a “star” comparison, with the two hydrophones being returned to the 

Pilot Laboratory to enable stability checks to be completed. The schedule of the key comparison is 

shown below. 

 

Name of institute Start date Finish date 

NPL, UK 15
th
 Mar, 2014 15

th
 May, 2014 

PTB, Germany 16
th
 June, 2014 15

th
 Aug, 2014 

NMIJ, Japan 1
st
 Sep, 2014 31

st
 Oct, 2014 

NIM, China 16
th
 Nov, 2014 31

st
 Jan 2015 

INMETRO, Brazil 16
th
 Feb, 2015 15

th
 April, 2015 

NPL, UK 30
th
 July, 2015 22

nd
 Sep, 2015 

 

A few issues arose during the course of the key comparison requiring mention in this Final report. 
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1) The original data received from NIM upon review at NPL were identified as discrepant. NIM 

was invited to check their data as per BIPM/CIPM key comparison guidelines. NIM identified 

a problem with their setup in their measurement of the NPL supplied hydrophone amplifier 

gain which was essentially caused by a mismatch of the input electrical impedance. Given the 

mild nature of the error, NPL as pilot laboratory agreed to comply with NIM’s request for re-

measurement of the gain of the NPL preamplifier. NIM re-measured the gain, corrected their 

sensitivity data and supplied a revised report. The original and revised data sets from NIM are 

provided respectively in Appendix E and F.  

2) Certain data from INMETRO upon review at NPL were identified as discrepant. INMETRO 

was invited to review their results and report their findings. INMETRO checked for numerical 

errors and advised NPL to proceed with using the originally supplied data for the KCRV 

analysis. 

3) The final measurements at NPL were undertaken between July and September 2015 due to a 

delayed necessary infrastructure upgrade on the primary standard interferometer. The final 

measurement data set is not included in this report. 

 

3 FINAL DECLARED PARTICIPANT VALUES 

 

Tables 3.1 and 3.2 represent a summary of the open-circuit free-field sensitivity values for 

hydrophones IP999 and ER070 respectively declared by NPL, PTB, NMIJ, NIM and INMETRO. The 

table includes the original data and the revised data provided by NIM; there were marginal changes to 

the uncertainty figures declared for the two sets of data. Only the revised data provided by NIM is 

considered in the KCRV analysis presented in Section 5. The data from NPL used in the KCRV 

analysis is the data set obtained at the start of the key comparison.  

 

Table 3.1: Summary of end-of-cable open-circuit sensitivities, expressed in nV Pa
–1

, for the 

hydrophone IP999 derived by the five participants taking part in this key comparison. 

Revised and original values are presented for NIM (China). Declared values of the 

expanded uncertainty, given in nV Pa
–1

, have been derived using standard uncertainties 

supplied by participants and multiplied by a coverage probability, k = 2. The data from 

NPL used in the KCRV analysis is the data set obtained at the start of the key 

comparison.   

Participant 
Frequency (MHz) 

0.5 1 2.25 3.5 5 10 15 20 

NPL 
204.1 

(6.2) 

207.6 

(6.0) 

208.7 

(6.0) 

212.5 

(6.3) 

213.8 

(6.4) 

242.5 

(7.8) 

301.9 

(12.3) 

352.6 

(13.6) 

PTB 
207.9 

(12.3) 

210.2 

(15.5) 

213.5 

(14.6) 

213.4 

(14.0) 

214.9 

(13.8) 

238.8 

(14.5) 

294.1 

(19.1) 

339.5 

(25.0) 

NMIJ 
211.8 

(8.5) 

210.6 

(8.4) 

213.0 

(8.5) 

214.9 

(8.6) 

218.8 

(8.8) 

241.1 

(12.1) 

297.7 

(16.1) 

354.3 

(25.2) 

NIM 
101.8 

(7.1) 

102.8 

(7.2) 

104.6 

(7.2) 

106.2 

(7.3) 

108.5 

(7.5) 

124.4 

(8.7) 

141.0 

(9.8) 

172.2 

(13.1) 

NIM 

(revised) 

205.0 

(14.3) 

207.2 

(14.5) 

211.6 

(14.7) 

215.3 

(14.9) 

220.2 

(15.2) 

251.1 

(17.6) 

279.8 

(19.5) 

344.1 

(26.3) 

INMETRO 
191.0 

(12.8) 

184.7 

(12.4) 

187.9 

(12.0) 

192.6 

(12.1) 

204.9 

(13.1) 

187.2 

(12.0) 

161.2 

(11.4) 
- 
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Table 3.2: Summary of end-of-cable open-circuit sensitivities, expressed in nV Pa
–1

, for the 

hydrophone ER070 derived by the five participants taking part in this key comparison. 

Revised and original values are presented for NIM (China). Declared values of the 

expanded uncertainty, given in nV Pa
–1

, have been derived using standard uncertainties 

supplied by participants and multiplied by a coverage probability, k = 2. The data from 

NPL used in the KCRV analysis is the data set obtained at the start of the key 

comparison.   

Participant 
Frequency (MHz) 

0.5 1 2.25 3.5 5 10 15 20 

NPL 
118.0 

(3.6) 

122.6 

(3.6) 

131.5 

(4.0) 

138.3 

(4.1) 

145.0 

(4.4) 

180.1 

(5.9) 

239.6 

(9.2) 

233.2 

(9.1) 

PTB 
119.5 

(7.0) 

123.8 

(8.1) 

133.0 

(8.2) 

138.2 

(8.3) 

145.7 

(8.6) 

178.2 

(10.2) 

234.4 

(13.8) 

221.0 

(14.1) 

NMIJ 
122.1 

(4.9) 

125.0 

(5.0) 

131.6 

(5.3) 

139.0 

(5.6) 

147.3 

(5.9) 

181.6 

(9.6) 

236.2 

(12.8) 

233.4 

(16.6) 

NIM 
59.1 

(4.2) 

61.9 

(4.3) 

64.5 

(4.5) 

68.6 

(4.7) 

74.3 

(5.1) 

91.6 

(6.9) 

111.9 

(8.0) 

112.3 

(8.0) 

NIM 

(revised) 

118.9 

(8.4) 

124.7 

(8.8) 

130.5 

(9.1) 

139.0 

(9.6) 

150.8 

(10.5) 

185.0 

(13.9) 

222.1 

(16.0) 

224.5 

(16.1) 

INMETRO 
109.0 

(7.1) 

111.2 

(7.9) 

117.2 

(7.6) 

125.5 

(8.3) 

138.4 

(9.1) 

146.5 

(9.8) 

133.1 

(8.5) 
- 

 

 

4 STABILITY OF REFERENCE HYDROPHONES 

 

Upon their return to NPL, the key comparison hydrophones were subject to intermediate checks to 

monitor their stability. An initial check was carried out before sending the two hydrophones to the first 

participant and subsequent checks were carried out after receiving the hydrophones from the 

participant and before sending them to the next participant in the schedule. The checks were carried 

out employing a comparison method using a secondary standard hydrophone which itself was 

previously calibrated using the NPL primary standard. The acoustic field used in the secondary 

method was a nonlinear spatially-broad acoustic field (Smith and Bacon 1990) produced using a 

1 MHz transducer which generated harmonic components up to 40 MHz. A total of six checks were 

carried out on the two hydrophones. 

 

The ratio of the two hydrophone sensitivities i.e. IP999/ER070 obtained from the comparison method 

is presented in Figure 4.1 through to Figure 4.7 for frequencies closely to, although not exactly the 

same as, those used within this key comparison. The standard deviation in the six ratios for all 

frequencies varied in the range 0.5 % – 1.5 %. The temperature of the water over the course of the 

stability checks ranged from 18.9 
O
C – 21.1 

O
C and the same secondary standard hydrophone was 

employed throughout. Therefore, the measurement systematics were virtually identical but the ratios 

should be unaffected regardless provided both hydrophones are stable. At some frequencies, the 

graphs appear to show a weak systematic trend as a function of time. Given the long term historical 

data NPL has on the stability of these two hydrophones, it is very unlikely that both hydrophones 

would change by the same amount over the period of the key comparison. The cause for the variation 

in the ratios which is noticeably higher for the first three data points for all frequencies could not be 

traced and hence a clear trend cannot not be ascertained. It should be noted that a worst case variation 
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of 1.5 % observed in Figure 4.7 is a relatively small value when considered in light of participant 

reported expanded uncertainties. Hence, the hydrophones were concluded to be stable during the 

course of the key comparison. 

 

   

 
 

Figure 4.1. Stability checks carried out at NPL during the course of the key comparison. Values of the 

ratio of the end-of-cable open-circuit sensitivities of the two hydrophones used, IP999 and ER070, are 

derived at a frequency of 1 MHz. Standard uncertainties are presented for the ratios. 

 

 

 
 

Figure 4.2. Stability checks carried out at NPL during the course of the key comparison. Values of the 

ratio of the end-of-cable open-circuit sensitivities of the two hydrophones used, IP999 and ER070, are 

derived at a frequency of 2 MHz. Standard uncertainties are presented for the ratios. 
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Figure 4.3. Stability checks carried out at NPL during the course of the key comparison. Values of the 

ratio of the end-of-cable open-circuit sensitivities of the two hydrophones used, IP999 and ER070, are 

derived at a frequency of 3 MHz. Standard uncertainties are presented for the ratios. 

 

 

 

 

 
 

Figure 4.4. Stability checks carried out at NPL during the course of the key comparison. Values of the 

ratio of the end-of-cable open-circuit sensitivities of the two hydrophones used, IP999 and ER070, are 

derived at a frequency of 5 MHz. Standard uncertainties are presented for the ratios. 
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Figure 4.5. Stability checks carried out at NPL during the course of the key comparison. Values of the 

ratio of the end-of-cable open-circuit sensitivities of the two hydrophones used, IP999 and ER070, are 

derived at a frequency of 10 MHz. Standard uncertainties are presented for the ratios. 

 

 

 

 

 
 

Figure 4.6. Stability checks carried out at NPL during the course of the key comparison. Values of the 

ratio of the end-of-cable open-circuit sensitivities of the two hydrophones used, IP999 and ER070, are 

derived at a frequency of 15 MHz. Standard uncertainties are presented for the ratios. 
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Figure 4.7. Stability checks carried out at NPL during the course of the key comparison. Values of the 

ratio of the end-of-cable open-circuit sensitivities of the two hydrophones used, IP999 and ER070, are 

derived at a frequency of 20 MHz. Standard uncertainties are presented for the ratios. 

 

5 ANALYSIS OF KEY COMPARISON REFERENCE VALUES (KCRVs) 

 

The analysis method applied in determining the KCRVs follows the guidance procedure outlined by 

the key comparison Working Group (KCWG) for the CCAUV (CCAUV-GoC 2013) which is itself 

derived based on the work of Cox MG (2002).  Chi-squared (χ
2
) tests were applied to determine the 

consistency of the measurements and for the identification of discrepant results. The consistent 

measurement set was combined using the weighted mean method to obtain an unbiased estimator of 

the KCRVs at all frequencies. The results of only unilateral Degree of Equivalence (DoE) alongside 

the KCRV is presented for all participants as requested in the guidance of the KCWG. However, 

individual participants are welcome to undertake their own Bilateral-DoE analysis if they wish. 

 

The sensitivity values and the associated standard uncertainties at each frequency for the two 

hydrophones were used in the KCRV analysis without being subject to any corrections or adjustments. 

For example, the sensitivity of Marconi hydrophones varies with temperature but the variation is small 

compared to the overall calibration uncertainty. Also, the coefficients for temperature dependent 

sensitivity for Marconi hydrophones are available only at 1 and 10 MHz (Bacon and Robinson 1990). 

Therefore, participants were asked to undertake their measurements by maintaining the temperature of 

water close to 20 
O
C. However, the temperatures reported by participants had a range of 2.9 

O
C with a 

mean value of 20.3 
O
C. NMIJ reported the smallest range of 0.2 

O
C with a mean value of 20.5 

O
C and 

NIM reported a maximum range of 2.8 
O
C with a mean value of 21.4 

O
C. Table 5.1 provides the mean 

water temperature calculated from the values reported by participants for each frequency and 

hydrophone together with minimum and maximum recorded values. It is clear that KCRVs might be 

subject to small participant induced biases due to a spread in the temperature of water. Since 

temperature coefficients are not available at every frequency and the only available values of        

–0.3 % C
–1

 and 0.2 % 
O
C

–1
 at 1 and 10 MHz respectively are considered to be small in relation to the 

overall uncertainty, the impact on the KCRVs due to temperature was ignored in the analysis. 

  



10 

 

Table 5.1: Summary of temperature of water values reported by all participants. 

Participant 

Water temperature (
O
C) 

ER070 IP999 

Mean Min Max Mean Min Max 

NPL 19.4 18.9 19.7 19.2 19.0 19.3 

PTB 20.4 20.1 20.5 20.5 20.1 20.9 

NMIJ 20.5 20.4 20.6 20.5 20.4 20.6 

NIM 21.4 19.3 22.5 21.4 19.3 22.2 

INMETRO 19.2 18.7 19.8 19.4 18.9 20.0 

 

5.1 KEY FORMULAE 

 

5.1.1 DERIVING THE KCRV FROM THE WEIGHTED MEAN 

 

The 𝑥𝐾𝐶𝑅𝑉, is given by: 

 

 
𝑥𝐾𝐶𝑅𝑉

𝑢𝐾𝐶𝑅𝑉
2 =  ∑

𝑥𝑗

𝑢𝑗
2

𝑁

𝑗=1

 (1) 

 

where N is the number of values in the comparison, and xj is the jth comparison value. 

 

5.1.2 THE UNCERTAINTY IN THE KCRV VALUE 

 

The standard uncertainty associated with the KCRV, 𝑢𝐾𝐶𝑅𝑉 is given by: 

 

 
1

𝑢𝐾𝐶𝑅𝑉
2 =  ∑

1

𝑢𝑗
2

𝑁

𝑗=1

 (2) 

 

where uj is the standard uncertainty of the key comparison value provided by jth participant. 

 

5.1.3 CONSISTENCY CHECKS 

 

The consistency check applied to the data sets at each of the frequencies involved the standard chi-

squared test, where the observed chi-squared value, obs
2
 is given by: 

 

 





N

j j

KCRVj

obs
u

)xx(

1
2

2

2


 

(3) 

 

The data set is judged to be inconsistent if the probability of occurrence of a 2 
value greater than obs

2 

is less than 5%, or: 

 

   .05.0)(Pr
22 

obs
  (4) 

 

Here,   represents the degrees of freedom ( = N-1). Within the analysis presented in this report, 

KCRV values are analysed using typically four participants ( = 3), and this effectively sets an upper 
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limit to the value of 2
obs of approximately 8. Therefore, in cases where the derived value of 2

obs > 8, 

the results may be considered to be inconsistent. 

 

A point of interest for the key comparison lies in the methods used to identify discrepant participants. 

Cox MG (2002) provide guidance on identifying discrepant participants, and, for information, the 

main features of the analysis will be presented. 

 

From the KCRV values calculated in Section 5.1.1, and the individual values of the participant 

participants (xj), the DoE of the participant may be described by the pair of values  (dj, U(dj)) given 

by the two equations: 

 

 KCRVjj xxd 
 

(5) 

 

and 

 

 )(2)(
jj

dudU   (6) 

 

where the uncertainty in the DoE, or the deviation from the KCRV, is given by the expression: 

 

A discrepant participant is identified as one for which: 

 

 

If this inequality is satisfied, then the particular value xj is described as discrepant at an approximate 

5% level of significance. 

 

The uncertainty in the DoE for a particular value xj, identified as discrepant is given by the expression:  

 

 

5.2 REDUCED DATASET EMPLOYED FOR KCRV ANALYSIS 

 

The consistency check employed on the participant provided dataset, listed in Tables 3.1 and 3.2 using 

equations (3) and (4) proved to be inconsistent for the majority of the frequencies for both key 

comparison hydrophones. In particular, the chi-squared test was passed, only at 0.5 and 5 MHz for 

hydrophone IP999 and 0.5, 3.5 and 5 MHz for hydrophone ER070. The comparison of the 

participants’ unilateral DoE data considering the 𝑥𝐾𝐶𝑅𝑉 computed using all participant data against 

the criteria quoted in equation (8) revealed that INMETRO’s data were discrepant. Therefore, 

INMETRO’s sensitivity values were not included in the final calculation of KCRV. The reduced 

dataset employed for the final computation of the KCRV are listed in Tables 5.2 and 5.3. 

  

 ).()()( 222

KCRVjj
xuxudu   (7) 

 ).(2
jj

dud   (8) 

 ).()()( 222

KCRVjj
xuxudu   (9) 
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Table 5.2: Summary of end-of-cable open-circuit sensitivities and uncertainties (k = 2), expressed in 

nV Pa
-1

, for the hydrophone IP999 derived by the following listed participants were used 

in the calculation of the KCRV.  

 

Participant 
Frequency (MHz) 

0.5 1 2.25 3.5 5 10 15 20 

NPL 
204.1 

(6.2) 

207.6 

(6.0) 

208.7 

(6.0) 

212.5 

(6.3) 

213.8 

(6.4) 

242.5 

(7.8) 

301.9 

(12.3) 

352.6 

(13.6) 

PTB 
207.9 

(12.3) 

210.2 

(15.5) 

213.5 

(14.6) 

213.4 

(14.0) 

214.9 

(13.8) 

238.8 

(14.5) 

294.1 

(19.1) 

339.5 

(25.0) 

NMIJ 
211.8 

(8.5) 

210.6 

(8.4) 

213.0 

(8.5) 

214.9 

(8.6) 

218.8 

(8.8) 

241.1 

(12.1) 

297.7 

(16.1) 

354.3 

(25.2) 

NIM 

(revised) 

205.0 

(14.3) 

207.2 

(14.5) 

211.6 

(14.7) 

215.3 

(14.9) 

220.2 

(15.2) 

251.1 

(17.6) 

279.8 

(19.5) 

344.1 

(26.3) 

 

Table 5.3: Summary of end-of-cable open-circuit sensitivities and uncertainties (k = 2), expressed in 

nV Pa
-1

, for the hydrophone ER070 derived by the following listed participants were used 

in the calculation of the KCRV.   

 

Participant 
Frequency (MHz) 

0.5 1 2.25 3.5 5 10 15 20 

NPL 
118.0 

(3.6) 

122.6 

(3.6) 

131.5 

(4.0) 

138.3 

(4.1) 

145.0 

(4.4) 

180.1 

(5.9) 

239.6 

(9.2) 

233.2 

(9.1) 

PTB 
119.5 

(7.0) 

123.8 

(8.1) 

133.0 

(8.2) 

138.2 

(8.3) 

145.7 

(8.6) 

178.2 

(10.2) 

234.4 

(13.8) 

221.0 

(14.1) 

NMIJ 
122.1 

(4.9) 

125.0 

(5.0) 

131.6 

(5.3) 

139.0 

(5.6) 

147.3 

(5.9) 

181.6 

(9.6) 

236.2 

(12.8) 

233.4 

(16.6) 

NIM 

(revised) 

118.9 

(8.4) 

124.7 

(8.8) 

130.5 

(9.1) 

139.0 

(9.6) 

150.8 

(10.5) 

185.0 

(13.9) 

222.1 

(16.0) 

224.5 

(16.1) 
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5.3 KEY COMPARISON REFERENCE VALUES AND UNCERTAINTIES 

 

Table 5.4: Summary of key comparison values, KCRV for hydrophone IP999, including expanded 

uncertainty calculated using a coverage factor, k = 2. Participant data judged discrepant 

by the χ
2 
probability (5%) was removed from these calculations.  

Frequency 

(MHz) 

KCRV 

(nV / Pa) 

UKCRV 

(nV / Pa) 
χ

2
obs χ

2
(v=3) χ

2
obs < χ

2
(v) 

0.5 206.8 4.4 2.2 7.82 Pass 

1 208.6 4.4 0.4 7.82 Pass 

2.25 210.6 4.4 0.9 7.82 Pass 

3.5 213.5 4.6 0.3 7.82 Pass 

5 215.9 4.6 1.2 7.82 Pass 

10 242.5 5.6 1.3 7.82 Pass 

15 295.9 7.9 3.8 7.82 Pass 

20 349.5 10.0 1.2 7.82 Pass 

 

Table 5.5: Summary of key comparison values, KCRV for hydrophone ER070, including expanded 

uncertainty calculated using a coverage factor, k = 2. Participant data judged discrepant 

by the χ
2 
probability (5%) was removed from these calculations. 

Frequency 

(MHz) 

KCRV 

(nV / Pa) 

UKCRV 

(nV / Pa) 
χ

2
obs χ

2
(v=3) χ

2
obs < χ

2
(v) 

0.5 119.4 2.6 1.8 7.82 Pass 

1 123.6 2.6 0.7 7.82 Pass 

2.25 131.6 2.8 0.2 7.82 Pass 

3.5 138.5 2.9 0.1 7.82 Pass 

5 146.2 3.1 1.2 7.82 Pass 

10 180.5 4.3 0.7 7.82 Pass 

15 235.3 6.1 3.6 7.82 Pass 

20 229.3 6.4 2.7 7.82 Pass 

 

5.4 DEVIATIONS OF INDIVIDUAL PARTICIPANT VALUES FROM THE DERIVED KCRVS 

 

This section provides tables for the deviations of the individual participant results from the KCRV 

values previously derived. Tables 5.6 and 5.7 contain each of the frequencies over the range 0.5 to 

20 MHz, with the results for each hydrophone presented separately. Within these tables, the deviation, 

dj,R, is calculated relative to the magnitude of the derived KCRV value, stated as a percentage, using 

the expression:- 

 

 
100

,





KCRV

KCRVj

Rj

x

xx
d  (10) 

 

where xj is the value provided by the jth participant and xKCRV is the relevant KCRV. Expressions for 

the derivation of the uncertainty in the deviation have already been presented in Section 5. Within 

Tables 5.6 and 5.7, the relative expanded uncertainties in the deviation are given using k = 2. These 

deviations have been normalised to the KCRV using: 

 

 
.100

)(
)(

,


KCRV

j

Rj

x

dU
dU  (11) 
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Table 5.6: Hydrophone IP999, % deviation of the individual participant results from the derived 

KCRV value.  

 

    NPL PTB NMIJ NIM INMETRO 

0.5 MHz 
dj -1.3 0.5 2.4 -0.9 -7.6 

U(dj) 2.1 5.5 3.5 6.6 6.5 

1.0 MHz 
dj -0.5 0.8 1.0 -0.7 -11.5 

U(dj) 1.9 7.1 3.4 6.6 6.3 

2.25 MHz 
dj -0.9 1.4 1.1 0.5 -10.8 

U(dj) 1.9 6.6 3.5 6.6 6.1 

3.5 MHz 
dj -0.5 0.0 0.7 0.8 -9.8 

U(dj) 2.0 6.2 3.4 6.6 6.1 

5 MHz 
dj -1.0 -0.5 1.3 2.0 -5.1 

U(dj) 2.0 6.0 3.5 6.7 6.4 

10 MHz 
dj 0.0 -1.5 -0.6 3.5 -22.8 

U(dj) 2.2 5.5 4.4 6.9 5.5 

15 MHz 
dj 2.0 -0.6 0.6 -5.4 -45.5 

U(dj) 3.2 5.9 4.7 6.0 4.7 

20 MHz 
dj 0.9 -2.9 1.4 -1.5 - 

U(dj) 2.7 6.6 6.6 6.9 - 

  

Table 5.7: Hydrophone ER070, % deviation of the individual participant results from the derived 

KCRV value.  

 

 ER070   NPL PTB NMIJ NIM INMETRO 

0.5 MHz 
dj -1.2 0.1 2.3 -0.4 -8.7 

U(dj) 2.1 5.5 3.5 6.7 6.3 

1.0 MHz 
dj -0.8 0.2 1.1 0.9 -10.0 

U(dj) 2.0 6.2 3.4 6.8 6.7 

2.25 MHz 
dj -0.1 1.1 0.0 -0.8 -10.9 

U(dj) 2.1 5.8 3.4 6.5 6.2 

3.5 MHz 
dj -0.1 -0.2 0.4 0.4 -9.4 

U(dj) 2.1 5.6 3.4 6.6 6.3 

5 MHz 
dj -0.8 -0.3 0.8 3.1 -5.3 

U(dj) 2.1 5.5 3.4 6.9 6.6 

10 MHz 
dj -0.2 -1.3 0.6 2.5 -18.8 

U(dj) 2.2 5.1 4.8 7.3 5.9 

15 MHz 
dj 1.8 -0.4 0.4 -5.6 -43.4 

U(dj) 3.0 5.2 4.8 6.3 4.4 

20 MHz 
dj 1.7 -3.6 1.8 -2.1 - 

U(dj) 2.9 5.5 6.7 6.4 - 
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5.5 DEGREE OF EQUIVALENCE GRAPHS  

 

The DOEs graphs in figures 5.1 through 5.16 depict the percent deviations of the participants’ data 

from the KCRV value for IP999 and ER070. Not all participants are shown but only those 

participants’ that contributed to the determination of KCRV.DoEs for INMETRO are not presented in 

these graphs but are shown separately in section 5.5.3.  

5.5.1 DoE Graphs for Hydrophone IP999 

 
Figure 5.1: DoE results obtained at a frequency of 0.5 MHz for the hydrophone IP999. The KCRV is 

depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV.  

 
Figure 5.2: DoE results obtained at a frequency of 1 MHz for the hydrophone IP999. The KCRV is 

depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 
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Figure 5.3: DoE results obtained at a frequency of 2.25 MHz for the hydrophone IP999. The KCRV is 

depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 

 

 
 

Figure 5.4: DoE results obtained at a frequency of 3.5 MHz for the hydrophone IP999. The KCRV is 

depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 
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Figure 5.5: DoE results obtained at a frequency of 5 MHz for the hydrophone IP999. The KCRV is 

depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 

 

 
 

Figure 5.6: DoE results obtained at a frequency of 10 MHz for the hydrophone IP999. The KCRV is 

depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 
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Figure 5.7: DoE results obtained at a frequency of 15 MHz for the hydrophone IP999. The KCRV is 

depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 

 

 
Figure 5.8: DoE results obtained at a frequency of 20 MHz for the hydrophone IP999. The KCRV is 

depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 

 

 

 

 

 



19 

 

5.5.2 DoE Graphs for Hydrophone ER070 

 

 
Figure 5.9: DoE results obtained at a frequency of 0.5 MHz for the hydrophone ER070. The KCRV is 

depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 

 

 
 

Figure 5.10: DoE results obtained at a frequency of 1 MHz for the hydrophone ER070. The KCRV is 

depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 
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Figure 5.11: DoE results obtained at a frequency of 2.25 MHz for the hydrophone ER070. The KCRV 

is depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 

 

 

 
 

Figure 5.12: DoE results obtained at a frequency of 3.5 MHz for the hydrophone ER070. The KCRV 

is depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 
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Figure 5.13: DoE results obtained at a frequency of 5 MHz for the hydrophone ER070. The KCRV is 

depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 

 
 

Figure 5.14: DoE results obtained at a frequency of 10 MHz for the hydrophone ER070. The KCRV 

is depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 
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Figure 5.15: DoE results obtained at a frequency of 15 MHz for the hydrophone ER070. The KCRV 

is depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 

 

 
 

Figure 5.16: DoE results obtained at a frequency of 20 MHz for the hydrophone ER070. The KCRV 

is depicted by the bold horizontal line (zero-line) and the two horizontal broken lines represent the 

expanded relative uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated using k = 2. The black 

squares along with their relative expanded uncertainties, 𝑈(𝑑𝑗)(%) calculated using k = 2, depict the 

deviation in percent between each participant value and the KCRV. 
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5.5.3 DoE Graphs For INMETRO 

 

DoEs for INMETRO are presented separately in figures 5.17 and 5.18 for the two key comparison 

hydrophones. The graphs below summarises the relative deviation expressed in percent between 

INMETRO and the KCRV which is depicted as a bold horizontal line (zero-line) covering the 

frequency range relevant to INMETRO. The error bars on the KCRV represent the relative expanded 

uncertainty limits of the KCRV,𝑈𝐾𝐶𝑅𝑉(%) calculated with k = 2 at each frequency. The relative 

expanded uncertainties of the % deviation with k = 2, 𝑈(𝑑𝐼𝑁𝑀𝐸𝑇𝑅𝑂)(%) was calculated using 

equations (6), (9) and (11) since there exists no correlation between 𝑥𝐼𝑁𝑀𝐸𝑇𝑅𝑂 and 𝑥𝐾𝐶𝑅𝑉. 

 

 
 

Figure 5.17: DoE results between INMETRO and the KCRV for the hydrophone IP999.  

 

 

 
 

Figure 5.18: DoE results between INMETRO and the KCRV for the hydrophone ER070.   
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6 SUMMARY 

 

A number of points may be made summarising the findings of the completed key comparison 

CCAUV.U-K4: 

 

 NMIs involved in this key comparison cover a wide spread of continents, with NPL (UK), PTB 

(Germany), NIM (China), NMIJ (Japan) and INMETRO (Brazil); 

 

 The two hydrophones were found to be stable during the course of the key comparison. This was 

determined via stability checks carried out using a secondary comparison method each time the 

hydrophone was returned to NPL before and after a participant measurement. The systematics 

were virtually identical each time the stability measurements were carried out with the exception 

of the temperature of the water which ranged from 18.9 
O
C – 21.2 

O
C; 

 

 The mean value of participant reported water temperature at which the two hydrophones were 

calibrated was 20.3 
O
C with a standard deviation of 0.8 

O
C and a range of 2.9 

O
C. No temperature 

dependent sensitivity corrections were applied to the participants’ data for the two hydrophones 

when deriving KCRV; 

 

 The KCRV values at the eight frequencies of interest have been calculated using the weighted 

mean approach; 

 

 The INMETRO dataset was found to be discrepant; 

 

 The final KCRVs were calculated using only four participants, NPL, PTB, NIM and NMIJ. 
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Appendix B includes measurements undertaken at the start of the key comparison. 
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Abstract 

This report describes the absolute calibrations of two 1 mm membrane hydrophones carried 

out by the National Metrology Institute of Japan (NMIJ) as a part of the CIPM/BIPM key 

comparison CCAUV.U-K4. The calibration method, the calibration results, and measurement 

uncertainties are reported.  
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1.  Introduction 

 

This report describes the absolute calibrations of two 1 mm membrane hydrophones 

carried out by NMIJ in the CIPM/BIPM key comparison CCAUV.U-K4. The key comparison 

was coordinated by the National Physical Laboratory (NPL) in compliance with the technical 

protocol document [1]. 

NMIJ participated in this key comparison and calibrated the two membrane hydrophones 

(Serial number: IP999 and ER070) using optical interferometry and the NPL amplifier (Serial 

number: 5564166LF).  

Four independent calibrations were carried out for each hydrophone at 8 nominal 

frequencies of 0.5 MHz, 1 MHz, 2.25 MHz, 3.5 MHz, 5 MHz, 10 MHz, 15 MHz, and 20 

MHz. The calibrations were performed from September 2014 to October 2014. 

 

2. Calibration using optical interferometry 

 

2.1 Calibration method 

The hydrophones are absolutely calibrated using optical interferometry in accordance 

with IEC 62127-2:2013 by [2, 3, and 4]. They are calibrated four times on different days and 

different alignment. Fig. 1 portrays a block diagram of our hydrophone calibration system [5]. 

Tone-burst ultrasound is generated from a transducer and alternately observed using a 

stabilized Michelson interferometer and the hydrophone to be calibrated. The amplitude of the 

hydrophone sensitivity )( fM  is given as 

 

)(2

)(

)(

)(
)( hh

fcUf

fV

fp

fV
fM


 ,    (1) 

 

where f  is the ultrasound frequency [5]. )( fp  is sound-pressure amplitude of the incident 

plane wave and )(h fV  is the hydrophone output voltage amplitude. )( fU  is ultrasound 

displacement amplitude of the incident plane wave and is measured using the interferometer. 

ρ is the water density and c is the sound velocity in water. The water temperature is measured 

using a thermometer (TECHNOL SEVEN, D641) with a 0.1 °C accuracy and is used to 

calculate ρ and c. The room temperature is controlled at 21 °C ± 0.5 °C to stabilize the water 

temperature. Then, )( fU  is given as 

 

 fKftn

fOP
fU




)(*

)(
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T

T ,    (2) 

 

where )(T fOP  is the optical path length change measured using the interferometer. *n  is 

the effective refractive index of water [2, 3, and 4]. The pellicle transmission coefficient [2, 3, 

and 4] )(T ft  is experimentally determined and is defined as the ratio of the ultrasound 

displacement amplitude in the interferometer side of pellicle surface to that in the absence of 

the pellicle. The twice-modulated light system [6] is used to measure the frequency response 

of the photo detector, )( fK . 
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Figure 1 The block diagram of the NMIJ hydrophone calibration system 

 

Signals from the interferometer and the NPL amplifier (Serial number 5564166LF) are 

amplified using an RF amplifier (NF Corporation, 3660A) and are averaged 2560 times to 

increase the signal-to-noise ratio. They are recorded using a 12-bit digitizer (Aqiris, DC440) 

with the external clock mode of 102.4 MHz. For data acquisition, the record length and the 

type of the time window are 1024 points and flat, respectively. The signal amplitude is 

calculated using the fast Fourier transformation (FFT). The frequency interval for the FFT of 

the signals is fixed to 100 kHz in our system. Thus hydrophones are calibrated at 2.2 MHz 

instead of 2.25 MHz. Hydrophones are also calibrated at 2.3 MHz. It was confirmed that the 

difference between the hydrophones calibration results at those two frequencies is negligible. 

The transducer generates tone-burst ultrasound with 20 µs pulse duration. The two lateral 

positions and the two rotation angles of the transducer are controlled accurately to maximize 

the hydrophone output voltage amplitude. The propagation distance between the transducer 

and the detection point is adjusted using the ultrasound propagation time. 

A 1 mW frequency-stabilized He–Ne laser is used as the interferometer probe laser, 

which is operated at the wavelength of 633 nm. A 5-µm-thick polyethylene terephthalate 

(PET) film with a 300 nm gold coating on the surface of interferometer side is used as a 

pellicle. This pellicle is acoustically transparent and optically reflective. The pellicle is 

stretched over a circular frame. Inner and outer diameter of the frame is 80 mm and 100 mm, 

respectively. The direct waves from the transducer and the reflected waves from the frame are 

separated using the arrival time difference. The frame and the hydrophone are alternately set 

to the common holder. Therefore, the interferometer and the hydrophone can observe the 

ultrasonic wave at almost the same positions. 

 

2.2 Information on calibration 

The water tank is filled with distilled water. Water is circulated in a deionizer and a 

degassing apparatus (ERC, 3702W) before calibrations. The dissolved oxygen level is 

measured using a DO level meter (Iijima, ID-100) and is kept below 4 mg/L. The electrical 

conductivity is measured using a hand-held conductivity meter (Eutech instruments, 

CON400) and is kept below 0.8 µS. 

The hydrophone is soaked in degassed water at least one hour before measurements. The 

measurement apparatus is also switched on at least one hour before uses for warming up. 

The gain switch of the NPL amplifier is set to the mode x5 for the calibration at 1 MHz 

and is set to the mode x1 at the other frequencies. The measured sensitivity is corrected to 
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calibrate the open-circuit sensitivity by multiplying the open-circuit factor on the Table 1 of 

the protocol.  

Figure 2 shows a block diagram to determine the NPL amplifier gain. The output 

impedance of the RF generator and the input impedance of the digitizer are set to 50 Ω. The 

input of the NPL amplifier is terminated using a 50 Ω resistance. Tone burst wave is 

generated from the RF generator (Agilent Technologies, 33250A) and fed into the digitizer. 

The amplifier gain is measured by comparing the voltage amplitude with and without the NPL 

amplifier. The amplifier gain at each frequency is determined by averaging the measured 

values for the input voltage amplitude of 2.5 mV, 5 mV and 10 mV. 

Our acrylic water tank has inner dimensions of 0.4 m in height, 0.8 m in width and 0.3 m 

in length. The water depth is 0.3 m. The hydrophone earth pin is connected to the metal 

optical table where the water tank and the optical interferometer are placed. 

The spatial-averaging effect at the hydrophone is corrected using the equation (11) by 

Bacon [2]. The effective radius of hydrophones on the Table 3 in the protocol is used for the 

calculation. 

Three types of piezoelectric zirconate titanate (PZT) transducers are used to cover the 

whole frequency range. Table 1 shows the specifications of these transducers. 

 
Figure 2 The block diagram to determine the NPL amplifier gain; (a) Reference 

measurement, (b) Gain measurement. 

 

Table 1 Propagation parameters of the sound source transducers. 

 

Ultrasound

nominal frequency

(MHz)

Transducer

type /

manufacturer

Transducer

active element

diameter

(mm)

Typical

sound pressure

(kPa)

Propagation

distance

(mm)

0.5 V301 / Olympus 25.4 36.7 100

1 5.6

2.25 29.7

3.5 61.8

5 78.3

10 25.9

15 24.9

20 6.8

V309 / Olympus

V313 / Olympus

12.7

6.35

370

270
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3. Results 

3.1 IP999 

 Calibration results of hydrophone IP999 for each frequency are shown in Table 2-9 

and summarized in Table 10. 

 

Table 2 Calibration report table for hydrophone IP999 at 0.5 MHz 

Measurement

Number

1 2 3 4

Date of calibration 21 Sep. 2014 22 Sep. 2014 23 Sep. 2014 24 Sep. 2014

Actual frequency (MHz) 0.5 0.5 0.5 0.5

Temperature, T (℃) 20.5 20.5 20.4 20.5

Open-circuit correction 1.0722 1.0722 1.0722 1.0722

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -0.62 -0.62 -0.62 -0.62

Measured sensitivity (nV/Pa) 184.6 182.6 184.1 183.8

Open-circuit sensitivity at T ℃

(nV/Pa)
212.7 210.4 212.1 211.8

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Date (s) of calibrations:

21, 22, 23, and 24 September 2014

Calibration method:

Optical interferometry

Nominal frequency (MHz): 0.5

Hydrophone serial number:

IP999
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Table 3 Calibration report table for hydrophone IP999 at 1 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 21 Sep. 2014 22 Sep. 2014 23 Sep. 2014 24 Sep. 2014

Actual frequency (MHz) 1 1 1 1

Temperature, T (℃) 20.5 20.5 20.5 20.6

Open-circuit correction 1.0748 1.0748 1.0748 1.0748

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) 13.26 13.26 13.26 13.26

Measured sensitivity (nV/Pa) 901.3 903.0 897.9 904.1

Open-circuit sensitivity at T ℃

(nV/Pa)
210.5 210.9 209.7 211.2

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

21, 22, 23, and 24 September 2014

Hydrophone serial number:

IP999

Nominal frequency (MHz): 1
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Table 4 Calibration report table for hydrophone IP999 at 2.25 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 21 Sep. 2014 22 Sep. 2014 23 Sep. 2014 24 Sep. 2014

Actual frequency (MHz) 2.2 2.2 2.2 2.2

Temperature, T (℃) 20.5 20.5 20.5 20.6

Open-circuit correction 1.0787 1.0787 1.0787 1.0787

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -0.76 -0.76 -0.76 -0.76

Measured sensitivity (nV/Pa) 180.3 181.4 181.4 180.7

Open-circuit sensitivity at T ℃

(nV/Pa)
212.2 213.6 213.6 212.7

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

21, 22, 23, and 24 September 2014

Hydrophone serial number:

IP999

Nominal frequency (MHz): 2.25
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Table 5 Calibration report table for hydrophone IP999 at 3.5 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 21 Sep. 2014 22 Sep. 2014 23 Sep. 2014 24 Sep. 2014

Actual frequency (MHz) 3.5 3.5 3.5 3.5

Temperature, T (℃) 20.5 20.5 20.5 20.6

Open-circuit correction 1.0805 1.0805 1.0805 1.0805

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -0.92 -0.92 -0.92 -0.92

Measured sensitivity (nV/Pa) 179.4 179.0 178.8 178.9

Open-circuit sensitivity at T ℃

(nV/Pa)
215.4 214.9 214.7 214.8

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

21, 22, 23, and 24 September 2014

Hydrophone serial number:

IP999

Nominal frequency (MHz): 3.5
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Table 6 Calibration report table for hydrophone IP999 at 5 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 21 Sep. 2014 22 Sep. 2014 23 Sep. 2014 24 Sep. 2014

Actual frequency (MHz) 5 5 5 5

Temperature, T (℃) 20.5 20.5 20.5 20.6

Open-circuit correction 1.0823 1.0823 1.0823 1.0823

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -1.15 -1.15 -1.15 -1.15

Measured sensitivity (nV/Pa) 178.1 176.0 177.2 177.1

Open-circuit sensitivity at T ℃

(nV/Pa)
220.1 217.5 218.9 218.8

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

21, 22, 23, and 24 September 2014

Hydrophone serial number:

IP999

Nominal frequency (MHz): 5
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Table 7 Calibration report table for hydrophone IP999 at 10 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 21 Sep. 2014 22 Sep. 2014 23 Sep. 2014 24 Sep. 2014

Actual frequency (MHz) 10 10 10 10

Temperature, T (℃) 20.6 20.5 20.5 20.6

Open-circuit correction 1.0854 1.0854 1.0854 1.0854

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -2.38 -2.38 -2.38 -2.38

Measured sensitivity (nV/Pa) 172.4 168.9 166.3 167.9

Open-circuit sensitivity at T ℃

(nV/Pa)
246.1 241.1 237.4 239.7

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

21, 22, 23, and 24 September 2014

Hydrophone serial number:

IP999

Nominal frequency (MHz): 10



127 

 

Table 8 Calibration report table for hydrophone IP999 at 15 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 21 Sep. 2014 22 Sep. 2014 23 Sep. 2014 24 Sep. 2014

Actual frequency (MHz) 15 15 15 15

Temperature, T (℃) 20.6 20.5 20.5 20.6

Open-circuit correction 1.0858 1.0858 1.0858 1.0858

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -4.03 -4.03 -4.03 -4.03

Measured sensitivity (nV/Pa) 173.8 172.8 172.3 170.9

Open-circuit sensitivity at T ℃

(nV/Pa)
300.1 298.3 297.5 295.0

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

21, 22, 23, and 24 September 2014

Hydrophone serial number:

IP999

Nominal frequency (MHz): 15
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Table 9 Calibration report table for hydrophone IP999 at 20 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 21 Sep. 2014 22 Sep. 2014 23 Sep. 2014 24 Sep. 2014

Actual frequency (MHz) 20 20 20 20

Temperature, T (℃) 20.6 20.5 20.5 20.6

Open-circuit correction 1.0853 1.0853 1.0853 1.0853

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -5.93 -5.93 -5.93 -5.93

Measured sensitivity (nV/Pa) 163.1 166.0 163.3 167.7

Open-circuit sensitivity at T ℃

(nV/Pa)
350.1 356.4 350.6 360.1

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

21, 22, 23, and 24 September 2014

Hydrophone serial number:

IP999

Nominal frequency (MHz): 20
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Table 10 Calibration report table for hydrophone IP999 

 

 Dates: 21 to 24

September 2014

 Nominal frequency

 (MHz):
0.5 1 2.25 3.5 5 10 15 20

 Actual frequency

 (MHz)
0.5 1 2.2 3.5 5 10 15 20

 Mean open-circuit

 sensitivity at T ℃

(nV/Pa)

211.8 210.6 213.0 214.9 218.8 241.1 297.7 354.3

 Type A standard

 uncertainty (%)
0.23 0.15 0.16 0.08 0.24 0.77 0.36 0.68

 Type B standard

 uncertainty (%)
2.00 2.00 2.00 2.00 2.00 2.40 2.70 3.50

Coverage factor (k ) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

 Expanded

 uncertainty (%)
4.0 4.0 4.0 4.0 4.0 5.0 5.4 7.1

 Participating Laboratory:

NMIJ

Method:

Optical interferometry

 Hydrophone serial number:

IP999
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3.2 ER070 

  Calibration results of hydrophone ER070 for each frequency are shown in Table 11-18 

and summarized in Table 19. 

 

Table 11 Calibration report table for hydrophone ER070 at 0.5 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 25 Sep. 2014 26 Sep. 2014 27 Sep. 2014 28 Sep. 2014

Actual frequency (MHz) 0.5 0.5 0.5 0.5

Temperature, T (℃) 20.5 20.4 20.4 20.5

Open-circuit correction 1.0519 1.0519 1.0519 1.0519

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -0.62 -0.62 -0.62 -0.62

Measured sensitivity (nV/Pa) 108.0 108.5 107.3 108.4

Open-circuit sensitivity at T ℃

(nV/Pa)
122.1 122.6 121.3 122.5

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Date (s) of calibrations:

25, 26, 27, and 28 September 2014

Calibration method:

Optical interferometry

Nominal frequency (MHz): 0.5

Hydrophone serial number:

ER070
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Table 12 Calibration report table for hydrophone ER070 at 1 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 25 Sep. 2014 26 Sep. 2014 27 Sep. 2014 28 Sep. 2014

Actual frequency (MHz) 1 1 1 1

Temperature, T (℃) 20.5 20.4 20.5 20.6

Open-circuit correction 1.0545 1.0545 1.0545 1.0545

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) 13.26 13.26 13.26 13.26

Measured sensitivity (nV/Pa) 547.5 544.3 543.8 546.4

Open-circuit sensitivity at T ℃

(nV/Pa)
125.5 124.7 124.6 125.2

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

25, 26, 27, and 28 September 2014

Hydrophone serial number:

ER070

Nominal frequency (MHz): 1



132 

 

Table 13 Calibration report table for hydrophone ER070 at 2.25 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 25 Sep. 2014 26 Sep. 2014 27 Sep. 2014 28 Sep. 2014

Actual frequency (MHz) 2.2 2.2 2.2 2.2

Temperature, T (℃) 20.5 20.4 20.5 20.6

Open-circuit correction 1.0584 1.0584 1.0584 1.0584

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -0.76 -0.76 -0.76 -0.76

Measured sensitivity (nV/Pa) 113.8 113.7 114.2 114.1

Open-circuit sensitivity at T ℃

(nV/Pa)
131.4 131.3 131.9 131.8

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

25, 26, 27, and 28 September 2014

Hydrophone serial number:

ER070

Nominal frequency (MHz): 2.25
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Table 14 Calibration report table for hydrophone ER070 at 3.5 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 25 Sep. 2014 26 Sep. 2014 27 Sep. 2014 28 Sep. 2014

Actual frequency (MHz) 3.5 3.5 3.5 3.5

Temperature, T (℃) 20.5 20.4 20.5 20.5

Open-circuit correction 1.0603 1.0603 1.0603 1.0603

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -0.92 -0.92 -0.92 -0.92

Measured sensitivity (nV/Pa) 118.4 117.9 117.8 117.9

Open-circuit sensitivity at T ℃

(nV/Pa)
139.5 138.9 138.8 138.9

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

25, 26, 27, and 28 September 2014

Hydrophone serial number:

ER070

Nominal frequency (MHz): 3.5
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Table 15 Calibration report table for hydrophone ER070 at 5 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 25 Sep. 2014 26 Sep. 2014 27 Sep. 2014 28 Sep. 2014

Actual frequency (MHz) 5 5 5 5

Temperature, T (℃) 20.5 20.4 20.5 20.5

Open-circuit correction 1.062 1.062 1.062 1.062

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -1.15 -1.15 -1.15 -1.15

Measured sensitivity (nV/Pa) 121.3 122.3 121.3 121.0

Open-circuit sensitivity at T ℃

(nV/Pa)
147.1 148.3 147.0 146.7

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

25, 26, 27, and 28 September 2014

Hydrophone serial number:

ER070

Nominal frequency (MHz): 5
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Table 16 Calibration report table for hydrophone ER070 at 10 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 25 Sep. 2014 26 Sep. 2014 27 Sep. 2014 28 Sep. 2014

Actual frequency (MHz) 10 10 10 10

Temperature, T (℃) 20.6 20.5 20.5 20.6

Open-circuit correction 1.0641 1.0641 1.0641 1.0641

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -2.38 -2.38 -2.38 -2.38

Measured sensitivity (nV/Pa) 127.9 133.9 129.6 127.8

Open-circuit sensitivity at T ℃

(nV/Pa)
179.0 187.4 181.4 178.9

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

25, 26, 27, and 28 September 2014

Hydrophone serial number:

ER070

Nominal frequency (MHz): 10
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Table 17 Calibration report table for hydrophone ER070 at 15 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 25 Sep. 2014 26 Sep. 2014 27 Sep. 2014 28 Sep. 2014

Actual frequency (MHz) 15 15 15 15

Temperature, T (℃) 20.6 20.5 20.5 20.6

Open-circuit correction 1.0627 1.0627 1.0627 1.0627

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -4.03 -4.03 -4.03 -4.03

Measured sensitivity (nV/Pa) 138.7 140.1 140.5 140.1

Open-circuit sensitivity at T ℃

(nV/Pa)
234.3 236.6 237.4 236.7

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

25, 26, 27, and 28 September 2014

Hydrophone serial number:

ER070

Nominal frequency (MHz): 15
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Table 18 Calibration report table for hydrophone ER070 at 20 MHz 

 

Measurement

Number

1 2 3 4

Date of calibration 25 Sep. 2014 26 Sep. 2014 27 Sep. 2014 28 Sep. 2014

Actual frequency (MHz) 20 20 20 20

Temperature, T (℃) 20.6 20.5 20.5 20.6

Open-circuit correction 1.0578 1.0578 1.0578 1.0578

Water conductivity (mS) < 0.8 < 0.8 < 0.8 < 0.8

Oxgen content (mg/l) < 4.0 < 4.0 < 4.0 < 4.0

Amplifier gain (dB) -5.93 -5.93 -5.93 -5.93

Measured sensitivity (nV/Pa) 110.0 113.0 110.9 112.2

Open-circuit sensitivity at T ℃

(nV/Pa)
230.3 236.5 232.0 234.9

Notes (e.g. of any unusual

difficulties)

Participating Laboratory:

NMIJ

Calibration method:

Optical interferometry

Date (s) of calibrations:

25, 26, 27, and 28 September 2014

Hydrophone serial number:

ER070

Nominal frequency (MHz): 20
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Table 19 Calibration report table for hydrophone ER070 

 

 Dates: 25 to 28

September 2014

 Nominal frequency

 (MHz):
0.5 1 2.25 3.5 5 10 15 20

 Actual frequency

 (MHz)
0.5 1 2.2 3.5 5 10 15 20

 Mean open-circuit

 sensitivity at T ℃

(nV/Pa)

122.1 125.0 131.6 139.0 147.3 181.6 236.2 233.4

 Type A standard

 uncertainty (%)
0.26 0.16 0.10 0.12 0.23 1.10 0.29 0.60

 Type B standard

 uncertainty (%)
2.00 2.00 2.00 2.00 2.00 2.40 2.70 3.50

Coverage factor (k ) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

 Expanded

 uncertainty (%)
4.0 4.0 4.0 4.0 4.0 5.3 5.4 7.1

 Participating Laboratory:

NMIJ

Method:

Optical interferometry

 Hydrophone serial number:

ER070
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4. Uncertainties 

4.1 Type B standard uncertainties 

 Type B standard uncertainties for the calibration at NMIJ is shown in Table 20. The 

factors of the uncertainties are briefed below. 

 

Table 20 Type B standard uncertainties at each calibration frequency 

 

 
 

a) Signal voltage amplitude (u1) 

The uncertainty is mainly caused by the impedance mismatching, nonlinear error, and 

quantization error at the digitizer. The uncertainty is estimated to be 1.04 %. 

 

b) Ultrasound propagation distance (u2) 

The uncertainty is caused by the difference of the propagation distance between the 

measurements using the hydrophone and the optical interferometer. The maximum deviation 

is estimated to be 0.5 mm. The sound-pressure amplitude of the incident wave is assumed to 

be inversely proportionate to the propagation distance.  

 

c) Hydrophone orientation (u3) 

 The uncertainty is caused by the misalignment of the two lateral positions between the 

hydrophone and the transducer. The uncertainty is estimated using the normalized directivity 

function of the circular piston [7]. 

 

d) Hydrophone spatial averaging (u4) 

The uncertainty is estimated using the equation (11) by Bacon [2]. The effective radius of 

hydrophones in the Table 3 of the protocol is used for estimation. 

 

e) Photo-detector frequency response (u5) 

The photo detector frequency response is calibrated using the twice-modulated light 

system [6]. The uncertainty is ranged from 1.09 % to 1.48 %. 

 

f) Effective refractive index (u6) 

The uncertainty is caused by the imperfection of the effective refractive index of water 

and is estimated to be 0.58 %. 

 

g) Pellicle transmission coefficient (u7) 

The pellicle transmission coefficient is experimentally determined. The uncertainty is 

estimated to be from 0.3 % to 1.3 %. 

0.5 1 2.25 3.5 5 10 15 20
u1 Signal voltage amplitude (%) 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04
u2 Ultrasound propagation distance (%) 0.29 0.08 0.08 0.08 0.08 0.11 0.11 0.11
u3 Hydrophone orientation (%) 0.00 0.01 0.03 0.06 0.11 0.41 0.91 1.62
u4 Hydrophone spatial averaging (%) 0.43 0.02 0.06 0.13 0.25 0.45 1.00 1.77
u5 Photo-detector frequency response (%) 1.09 1.09 1.09 1.09 1.09 1.48 1.48 1.48
u6 Effective refractive index (%) 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58
u7 Pellicle transmission coefficient (%) 0.30 0.30 0.30 0.30 0.30 0.60 0.80 1.30
u8 Specific acoustic impedance of water ρc  (%) 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
u9 Hydrophone pre-amplifier gain (%) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.0 2.0 2.0 2.0 2.0 2.4 2.7 3.5

Source of uncertainty
Nominal frequency (MHz)

Type B combined standard uncertainty u B (%)

Symbol



140 

 

 

h) Specific acoustic impedance of water ρc (u8) 

The uncertainty is caused by the water temperature uncertainty and is estimated to be 0.1 

%. 

 

i) Hydrophone pre-amplifier gain (u9) 

The amplifier gain is experimentally determined. The uncertainty is estimated to be 1 %. 

 

4.2 Type A standard uncertainty 

The type A standard uncertainty for each hydrophone is calculated using the standard 

deviation of four independent calibrations at each frequency. 

 

4.3 Combined and expanded uncertainty 

The combined standard uncertainty Cu  for each hydrophone at each calibration 

frequency is given as 

2

B

2

AC uuu  , 

 

where 
Au  and 

Bu  are the type A standard uncertainty and the type B combined standard 

uncertainty, respectively. 

The expanded uncertainty U  for each hydrophone at each calibration frequency is given 

as 

 

CukU  , 

 

where k  is the coverage factor which corresponds to a 95 % of confidence and is determined 

using effective degrees of freedom [8]. More detailed uncertainty estimation can be referred 

to the paper [9]. 
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