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1. Introduction

GULFMET is the regional metrology organisation (RMO) for national metrology institutes (NMIs)
of the Gulf region. The members and associate members within this RMO agreed to organize a
key comparison (KC) on 1.018 V and 10 V DC voltages to link to the on-going comparisons
BIPM.EM-K11.a & b. SCL, as an associate member of GULFMET and having participated in the
previous APMP KC (APMP.EM.BIPM-K11.3), coordinated this KC and characterised the
travelling standards. KRISS, as an associate member of GULFMET, having participated in the
related BIPM KCs and coordinated the previous APMP KC (APMP.EM.BIPM-K11.3), participated
in this comparison to support the link to the BIPM.EM-K11 comparison. BIPM also participated in
this comparison to support the link to the BIPM.EM-K11 comparison and to characterise the
travelling standards.

This comparison was approved by GULFMET Technical Committee TC EMTF (Electricity,
Magnetism, Time and Frequency) and declared as GULFMET.EM.BIPM-K11. Two Zener
standards, provided by SASO-NMCC and EMI were used as travelling standards. This KC
covered comparison of both 1.018 V and 10 V which corresponds to KCs identified by BIPM.EM-
K11.a and BIPM.EM-K11.b.

1.1 Support group members

This comparison received great support and valuable comments from the support group
members: Dr Stephane Solve (BIPM), and Dr Kyu-tae Kim (KRISS).
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2. Travelling Standards

The travelling standards, two Fluke 732B electronic DC reference standards, have identification
as follows:

Unit ID # Serial Number Owner
GULF-1 2260038 EMI
GULF-2 1944005 SASO

Front view and rear view of a Fluke 732B is shown in Figure 1. The Fluke 732B electronic DC
reference standard has two output voltages, nominally 1.018 V and 10 V. In this comparison, both
the 10 V and the 1.018 V output was measured. A 9 pin D-Sub male connector was provided for
the measurement of internal thermistor.

Figure 1 Photos showing front view and rear view of a Fluke 732B
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3. Participants and organization for the comparison

3.1 List of Participants

Participants, in the alphabetical order of their Acronym, are listed in Table 3-1.

Table 3-1 List of participants

Name of Institute Acronym of
Insti Country / Economy
nstitute
Bureau international des poids et mesures BIPM BIPM
Institute of Metrology of Bosnia and IMBIH Bosnia and
Herzegovina Herzegovina
K R h Institute of Standard d :
orea esearch Institute of Standards an KRISS Republic of Korea
Science
Abu Dhabi Quality and Conformity Council QCC EMI United Arab
Emirates Metrology Institute Emirates
Saudi Stapdards, Metrology and Quality SASO-NMCC | Saudi Arabia
Organization
Standards and Calibration Laboratory SCL Hong Kong, China
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3.2 Measurement Schedule

The measurement schedule of each participant is listed in Table 3-2.

Table 3-2: Measurement schedule

Date of Measurements Participant
1 | 9 March 2017 to 5 July 2017 SCL
2 | 24 July to 7 August 2017 KRISS
3 | 21 August to 8 September 2017 BIPM
4 | 15to 21 September 2017 SCL
5 | 3to 8 October 2017 QCC EMI
6 | 22 October 2017 SASO-NMCC
7 | 24 January to 23 February 2018 SCL
8 | 27 March to 12 April 2018 IMBIH
9 | 30 April to 5 May 2018 KRISS
10 | 4to 7 June 2018 SCL
11 | 14 to 29 June 2018 BIPM
12 | 2 to 13 August 2018 SCL

3.3 Measurement Setup and Traceability

The measurement setup of each participant is listed in Annex A. The traceability of each
participant is listed in table 3-3.

Table 3-3: Traceability of participant

Participant Traceability

BIPM Primary realization — Josephson standard
IMBIH DMDM, Republic of Serbia

KRISS Primary realization — Josephson standard
QCC EMI NPL, United Kingdom

SASO-NMCC | UME, Republic of Turkey

SCL Primary realization — Josephson standard




A

ULFMET

W2glgiall 2alil gaadl

4. Characterisation of the Travelling Standards

The temperature sensitivity coefficients of the two travelling standards were characterized by
BIPM in June 2018 and by SCL in November 2018. The temperature coefficient (aR) is expressed
in terms of the thermistor resistance (R,). The resistance of the temperature thermistor was used
as an indicator for the temperature of the Zener standards. The aR was used to make corrections
for temperature effects.

The pressure sensitivity coefficients of the two travelling standards were characterized by BIPM
in September 2017 and by SCL in February 2017. The pressure coefficient (aP) is expressed in
terms of the reference air pressure p, which is equal to 1013.25 hPa. The aP was used to make
corrections for pressure effects.

Both temperature and pressure coefficients of the travelling standards measured by BIPM were
used and the parameters are shown in Table 4-1. Since the temperature coefficient of GULF-2
was found to show non-linear characteristics, it was decided not to correct the voltage for
temperature for GULF-2, but to add a standard uncertainty, as shown in Table 4-2 to reflect this.
The reported ambient temperature range of the participants, was between 20 - 25 °C and the
standard uncertainty for the maximum difference from 23 °C of 3 °C was estimated from the
manufacture specifications which were assumed to have a rectangular distribution.

Table 4-1: Temperature and pressure coefficients of the travelling standards.

Output | Ref. Thermistor Temperature Pressure

Unit ID # Voltage | resistance (Ro) | coefficient (aR) | coefficient (aP)
V) (kQ) (MV/KQ) (nV/hPa)
GULE-1 1.018 2850 -0.45 +0.06 1.11 + 0.07
(s/n: 2260038) 10 ' 0.84 +0.29 8.67 £ 0.70
GULE-2 1.018 /A N/A 0.99 £ 0.06
(s/n: 1944005) 10 N/A 9.22+0.36

Table 4-2: Additional uncertainty due to temperature effect of GULF-2

Output Manufacturer Standard
Unit ID # Voltage | specifications uncertainty
V) (ppm/°C) (Lv)
GULE-2 1.018 0.1 0.17
(s/n: 1944005) 10 0.04 0.69

The output variation of GULF-1 and GULF-2 during temperature sensitive coefficients
measurement at BIPM are shown in Fig 4-1 and Fig. 4-2 respectively.
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The output variation of GULF-1 and GULF-2 during pressure sensitive coefficients
measurement at BIPM are shown in Fig 4-3 and Fig. 4-4 respectively.
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5. Behaviour of the Travelling Standards

5.1 Stability of the travelling standards

Measurements made by SCL, KRISS and BIPM for each travelling standard at 1.018 V and 10 V
are shown in Figure 2. All data are represented after the correction of the temperature (if
applicable) and pressure effects. The drift rates of the artefacts were within the manufacturer's
stated 30-day stability specifications. It was observed that the drift rate of 1.018 V is large in
comparison with that of 10V.

5.2 Unexpected incident of the travelling standard

On 6 November 2017, SASO-NMCC reported that the "IN CAL" LED of the GULF-1 standard was
turned off after their measurement. A new battery was installed by SASO-NMCC, and they
reported a step change of -1.2 pV/V and -0.72 pV/V for the 1.018 V and 10 V output was observed
respectively.

The artefact returned to SCL in January 2018, the repeated measurement showed that there was

a step change of -3.9 uVv/V and -0.78 uV/V from the predicted voltage values for the 1.018 V and
10 V output respectively on 22 Feb 2018. Refer to Figures 5a and 5b for details.

11
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6. Reference Values

6.1Calculation of Reference Values

The SCL and KRISS measurement results, after correction for temperature (if applicable) and
pressure effects, were used to estimate the reference value by a linear model based on least
square fit method. The linear fit equation is given as in (1). For each Zener standard, the linear fit
parameters are given in Table 6-1 below.

The fitted lines can be expressed as:
Vref =a+ ,Bt (l)

where t represents the mean measurement date of each participant in Excel (with t=1 refers to 1
January 1900), and a and B are the fitting parameters. Once the fitting parameters are fixed, the
standard uncertainty of the fitting, u(Vef), is obtained as the deviation of the data points from the
fitting line.

As there is an unexpected step change of the GULF-1 artefact, as described in section 5.2,
separate linear fit equations were used to estimate the reference value of each section, before
the step change (1a) and after the step change (1b).

Table 6-1. Linear fit parameters

. Standard error
Nominal Slope, B Intercept, a '
k
Artefact Voltage (nV/day) @) u(Vrer)
(HV)
10V la 15.631 -605.368 0.276
1b 33.826 -1398.284 0.127
GULF-1
la 21.478 -725.707 0.094
1.018V
1b 18.619 -606.212 0.151
oV -28.770 1231.477 0.176
GULF-2 2
1.018V -6.446 424.439 0.071

14



The time-dependent reference values are calculated at the mean measurement date of each
participant, based on the least-squares linear regression parameters listed in section 6.1 above.
Since there was a step change in the reference value of GULF-1, an addition uncertainty of 5%
of the step jump, estimated on 22 Feb 2018 and were assumed to have a rectangular distribution
(i.,e. 0.22 pVv and 0.11 pV for 10 V and 1.018 V respectively), was added to the reference

6.2 Calculation of the reference values based on the least-square-fitting of

participant results
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The calculated reference values of each measurement are shown in Table 6-2 (a) and (b).

Table 6-2(a): Reference values for GULF-1
10V 1.018 Vv

i Participant Mean Date Vrefki -10 V U(Vref ki) Vrefki -1.018 V U(Vref k,i)

(HV) (HV) (HV) (HV)
1 SCL 4-Jul-2017 65.513 0.355 196.114 0.146
2 KRISS 1-Aug-2017 66.013 0.355 196.801 0.146
3 BIPM 28-Aug-2017 66.373 0.355 197.295 0.146
4 SCL 20-Sep-2017 66.732 0.355 197.789 0.146
S) QCC EMI 5-Oct-2017 66.967 0.355 198.112 0.146
6 | SASO-NMCC | 22-Oct-2017 67.232 0.355 198.477 0.146
7 SCL 22-Feb-2018 61.389 0.258 197.263 0.187
8 IMBIH 2-Apr-2018 62.708 0.258 197.989 0.187
9 KRISS 4-May-2018 63.756 0.258 198.585 0.187
10 SCL 6-Jun-2018 64.906 0.258 199.200 0.187
11 BIPM 22-Jun-2018 65.448 0.258 199.498 0.187
12 SCL 11-Aug-2018 67.139 0.258 200.429 0.187

15
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Table 6-2(b): Reference values for GULF-2

10V 1.018V

i Participant Mean Date Vrefki -10 V U(Vrefk,i) Vrefk,i -1.018 V Uu(Vretk,i)

(HV) (HV) (HV) (HV)
1 SCL 4-Jul-2017 -3.329 0.176 147.774 0.071
2 KRISS 5-Aug-2017 -4.135 0.176 147.594 0.071
3 BIPM 28-Aug-2017 -4.912 0.176 147.420 0.071
4 SCL 20-Sep-2017 -5.573 0.176 147.271 0.071
5 QCC EMI 5-Oct-2017 -6.005 0.176 147.175 0.071
6 | SASO-NMCC | 22-Oct-2017 -6.494 0.176 147.065 0.071
7 SCL 22-Feb-2018 -10.033 0.176 146.272 0.071
8 IMBIH 2-Apr-2018 -11.212 0.176 146.008 0.071
9 KRISS 3-May-2018 -12.047 0.176 145.821 0.071
10 SCL 6-Jun-2018 -13.025 0.176 145.602 0.071
11 BIPM 22-Jun-2018 -13.543 0.176 145.486 0.071
12 SCL 11-Aug-2018 -14.924 0.176 145.176 0.071

16
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7. Measurement Results
7.1 Mathematical Model

The participants were requested to report both the original result and the corrected result during
the result submission. Since the temperature coefficient and pressure coefficient were updated
after the measurement. The uncorrected results (Vmeas) from the participants were taken, and they
were corrected (Vcor) by the updated coefficient values using equation (2).

Veorr = Vineas — Qr (R - Ro) - aP(p - po) (2)

where ar and a, are the temperature and pressure coefficient as given in Table 4-1, p is the
ambient air pressure, and p, = 1013.25 hPa is the reference air pressure. The reference
thermistor resistance Ro is only applied to GULF-1 and is given in Table 4-1.

The standard uncertainty associated with each measurement data is based on the uncertainty
reported by the participant.

The corrected participant results and uncertainties are listed in Table 7-2 (a) to (b).

17
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7.2 Results of the Participating Institutes

The participant's reported results are corrected by temperature (if applicable) and pressure
coefficient using equation (2) and the parameters listed in section 4. Their corrected results and
its associate standard measurement uncertainties, u, are given in Tables 7-2(a) to (b). Detailed
uncertainty budgets from all participants are given in Annex B.

Table 7-2(a): Corrected participant values for GULF-1

10V 1.018Vv

i Participant Mean Date Veorrki -10V | U(Veorrk,i) | Veorrki-1.018 V U(Veorrk.i)

(HV) (V) (HV) (V)
1 SCL 4-Jul-2017 65.645 0.107 196.069 0.0269
2 KRISS 5-Aug-2017 65.789 0.099 196.878 0.0320
3 BIPM 28-Aug-2017 66.337 0.103 197.379 0.0210
4 SCL 20-Sep-2017 66.824 0.093 197.758 0.0242
5 QCC EMI 5-Oct-2017 71.526 3.66 198.166 1.27
6 | SASO-NMCC 22-Oct-2017 67.271 1.752 198.430 0.3756
7 SCL 22-Feb-2018 61.336 0.076 197.348 0.0257
8 IMBIH 2-Apr-2018 62.637 2.454 197.507 0.477
9 KRISS 3,4-May-2018 63.938 0.077 198.384 0.0170
10 SCL 6-Jun-2018 64.820 0.080 199.258 0.0263
11 BIPM 22-Jun-2018 65.342 0.103 199.627 0.0230
12 SCL 11-Aug-2018 67.130 0.079 200.468 0.0254

18
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Table 7-2(b): Corrected participant values for GULF-2
10V 1.018V

i Participant Mean Date Veorrki -10 V U(Veorrki) | Veorrk,i-1.018 V u(Veorr k.i)

(HV) (HV) (HV) (HV)
1 SCL 4-Jul-2017 -3.383 0.061 147.866 0.0219
2 KRISS 1-Aug-2017 -4.055 0.030 147.517 0.0110
3 BIPM 28-Aug-2017 -4.782 0.110 147.315 0.0120
4 SCL 20-Sep-2017 -5.468 0.044 147.213 0.0204

5 QCC EMI 5-Oct-2017 -2.246 3.66 147.306 1.27
6 | SASO-NMCC 22-Oct-2017 -7.641 1.752 146.800 0.3756
7 SCL 22-Feb-2018 -10.301 0.048 146.296 0.0213

8 IMBIH 4-Apr-2018 -12.206 2.452 145.444 0.475
9 KRISS 3,4-May-2018 -12.160 0.039 145.880 0.0090
10 SCL 6-Jun-2018 -12.806 0.049 145.604 0.0217
11 BIPM 24-Jun-2018 -13.638 0.104 145.423 0.0110
12 SCL 11-Aug-2018 -14.892 0.064 145.128 0.0213

19
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7.3 Difference from Reference Value

The reference value for each measurement is calculated based on the method specified in section
6. The calculated reference values of each participant were shown in Table 6-2 (a) and (b). In this
section, the difference (D) of corrected participant results and reference value are calculated using
equation (3). The standard uncertainty of each difference from the reference value of GULF-1 is
calculated by the root sum square value of the standard uncertainty of the corrected voltage and
the standard uncertainty of the reference voltage, as shown in equation (4a). For GULF-2, the
standard uncertainty of each difference from the reference value is calculated by equation (4b), it
included an additional temperature uncertainty component with estimated values listed in Table
4-2.

Dy,i= Veorr ki - Vrefki (3
GULF-1: U?(Di,)=U?(Veorr ki) + UA(Vref k) (4a)
GULF-2; U?(Dki)=U?(Veorr k) + U3(Vrerk,) + U?(Vick,) (4b)

Table 7-3(a): Difference from reference value for GULF-1

10V 1.018Vv

i Participant Mean Date Dxii u(Dx,) Dxii u(Dx,)

(HV) (HV) (HV) (HV)

1 SCL 4-Jul-2017 0.132 0.371 -0.045 0.148
2 KRISS 1-Aug-2017 -0.224 0.369 0.077 0.149
3 BIPM 28-Aug-2017 -0.036 0.370 0.084 0.147
4 SCL 20-Sep-2017 0.092 0.367 -0.031 0.148
5 QCC EMI 5-Oct-2017 4.559 3.677 0.054 1.278
6 | SASO-NMCC | 22-Oct-2017 0.039 1.788 -0.047 0.403
7 SCL 22-Feb-2018 -0.053 0.269 0.085 0.189
8 IMBIH 2-Apr-2018 -0.071 2.467 -0.482 0.513
9 KRISS 4-May-2018 0.182 0.269 -0.201 0.188
10 SCL 6-Jun-2018 -0.086 0.270 0.058 0.189
11 BIPM 22-Jun-2018 -0.106 0.277 0.129 0.189
12 SCL 11-Aug-2018 -0.009 0.269 0.039 0.189
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Table 7-3(b): Difference from reference value for GULF-2

10V 1.018V

i Participant Mean Date Dxii u(Dk,i) Dx,i u(Dx,)

(HV) (HV) (HV) (HV)

1 SCL 4-Jul-2017 -0.054 0.717 0.092 0.191
2 KRISS 5-Aug-2017 0.080 0.715 -0.077 0.190
3 BIPM 28-Aug-2017 0.130 0.723 -0.105 0.190
4 SCL 20-Sep-2017 0.105 0.716 -0.058 0.191
5 QCC EMI 5-Oct-2017 3.759 3.729 0.131 1.284
6 | SASO-NMCC | 22-Oct-2017 -1.147 1.892 -0.265 0.421
7 SCL 22-Feb-2018 -0.268 0.716 0.024 0.191
8 IMBIH 2-Apr-2018 -0.994 2.554 -0.564 0.512
9 KRISS 3-May-2018 -0.113 0.716 0.059 0.190
10 SCL 6-Jun-2018 0.219 0.716 0.002 0.191
11 BIPM 22-Jun-2018 -0.095 0.722 -0.063 0.190
12 SCL 11-Aug-2018 0.032 0.718 -0.048 0.191
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7.4 Analysis and Linking to BIPM.EM-K11.a and BIPM.EM-K11.b

The comparison results were analyzed and linked to the BIPM key comparisons (BIPM.EM-K11.a
and BIPM.EM-K11.b) using the Generalized Least-Squares Method [9]. This method can directly
estimate the degree of equivalence for each laboratory, with all the measured data considered,
to the BIPM KCRYV (key comparison reference value). Two participants, BIPM and KRISS can
provide the link to the BIPM.EM-K11 comparison. Their linking parameters are listed in Table 7-
4 (a).

The analysis can be modelled by equation (5).
y=Xp+te (5)

Where y is a vector of the measurement results, X is a design matrix, 8 is a vector of unknowns
and e is a vector of random errors or disturbances. Each measurement result is in the
corresponding row of vector y.

The solutions (B) of equation (5) can be calculated by equation (6), with an uncertainty matrix C
as given by equation (7). ¢ is the input covariance matrix for the measurement results y.

B=CXoly (6)
C=Xo'x)* (7)

For the analysis of each output voltage, there are 8 unknowns (6 laboratories and 2 travelling
standards) plus one constraint parameter, and 27 values for y (24 measurement results, 2 linking
labs KCRV results and 1 constraint value). The degree of freedom v equals to 18. The design
matrix (X), as shown as equation (8), has 27 rows and 9 columns. Row 1 to 12 and 13 to 24 are
for the measurements of GULF-1 and GULF-2 respectively. Row 25 and 26 are for the linking
KCRYV parameter, and row 27 is for the constraint.

Table 7-4 (a): Degrees of equivalence of the two linking laboratories from the BIPM.EM-K11.a
and BIPM.EM-K11.b key comparisons

L 10V 1.018 V
Linking , : : :

LT Di"nk U(Dilmk) Dilmk U(Dilmk)
Mv) | @) | V) | mv)
KRISS | -0.03 0.1 0.07 0.05
BIPM 0 0.1 0 0.01
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Equation (8). Design matrix X of both 10 V and 1.018 V for linking to the BIPM key comparisons.

SCL KRISS BIPM EMI SASO IMBIH GULF1 GULF2 K-mc

1 0 0 0 0 0 -1 0 0 SCL
0 1 0 0 0 0 -1 0 0 KRISS
0 0 1 0 0 0 -1 0 0 BIPM
1 0 0 0 0 0 -1 0 0 SCL
0 0 0 1 0 0 -1 0 0 EMI
0 0 0 0 1 0 -1 0 0 SASO
1 0 0 0 0 0 -1 0 0 SCL
0 0 0 0 0 1 -1 0 0 IMBIH
0 1 0 0 0 0 -1 0 0 KRISS
1 0 0 0 0 0 -1 0 0 SCL
0 0 1 0 0 0 -1 0 0 BIPM
1 0 0 0 0 0 -1 0 0 SCL
X= 1 0 0 0 0 0 0 -1 0 SCL
0 1 0 0 0 0 0 -1 0 KRISS
0 0 1 0 0 0 0 -1 0 BIPM
1 0 0 0 0 0 0 -1 0 SCL
0 0 0 1 0 0 0 -1 0 EMI
0 0 0 0 1 0 0 -1 0 SASO
1 0 0 0 0 0 0 -1 0 SCL
0 0 0 0 0 1 0 -1 0 IMBIH
0 1 0 0 0 0 0 -1 0 KRISS
1 0 0 0 0 0 0 -1 0 SCL
0 0 1 0 0 0 0 -1 0 BIPM
1 0 0 0 0 0 0 -1 0 SCL
0 1 0 0 0 0 0 0 -1 KRISS
0 0 1 0 0 0 0 0 -1 BIPM
.0 0 0 0 0 0 0 0 1 | Constraint

Matrix ¢ is a 27 x 27 input covariance matrix. The diagonal terms of this matrix are the variance
(square of standard uncertainty) associated with each measurement result as presented in Table
7-3 (a) and (b). Off-diagonal entries are the covariance (correlation) between measurements. The
type B uncertainty of the measurement system of each laboratory (as listed in Table 7-4(b)) for
correlation between multiple measurement of the same participant and the standard error of least-
squares linear regression of reference value (as listed in Table 6-2 (a) and (b)) for the calculation
of participant’s difference from reference value were included as correlations between
measurement results. The traceability of the participants (as listed in Table 3-3) was either
realized by the participant’s primary Josephson standard or traceable to different external NMIs
that maintains their primary Josephson standard. Therefore, no correlation component between
participants due to traceability was added to the covariance matrix.
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Table 7-4(b): Type B uncertainty of the measurement system of participant as part of the off-
diagonal entries of Matrix ¢

Participant System Type B uncertainty
10V 1.018V
(MV) (MV)
SCL 0.033 0.019
KRISS 0.020 0.007
BIPM 0.00087 0.0034
EMI 3.66 1.245
SASO 1.75 0.375
IMBIH 2.33 0.476

The consistency between the model and the measurement results were check by the chi-squared
test using equation (9). Both 10 V and 1.018 V results meet the consistency check. A summary
of the validation result is presented in Table 7-4(c).

2o = (Y —XB) @ (Y —XB) (©)

Table 7-4(c): Validation of calculated results

10V 1.018 'V
Xobs 6.02 96
v 18 18
PO* > Xops) 99.6% 94.4%
Remark >5%, consistency >5%, consistency
criteria met criteria met

Result vector 8 and the matrix C give the expected deviation of each laboratory’s result from the
KCRYV and the variance associated with this deviation. The results are summarized in Table 7-4
(d) and graphically presented in Figure 7.4. The expanded uncertainty can be calculated from the

corresponding diagonal element of C as 2,/C;;, where the coverage factor k is equal to 2.
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Table 7-4 (d): DOE from the KCRV and their associated expanded measurement
uncertainty (k=2) for each participating laboratory.

10V 1.018 V
Participant B U(D°RY) DY U(D*CRY)
(HV) (HV) (HV) (HV)
SCL 0.04 0.40 0.03 0.14
KRISS -0.02 0.27 0.034 0.091
BIPM -0.01 0.27 0.001 0.028
QCC EMI 4.49 7.34 0.11 2.53
SASO-NMCC -0.09 3.55 -0.10 0.78
IMBIH -0.33 4.84 -0.49 0.98
10 V DOE to KCRV 1.018 V DOE to KCRV
6 0.6
5 0.4
[ ]
4 02 i
Z 3 20 >—+ * — .
- = L ]
z 2 § -02
o1 S 04
[ ]
0 —$——% — | — 0.6
-1 0.8
-2 -1
SCL KRISS BIPM  EMI  SASO IMBIH SCL  KRISS BIPM EMI  SASO IMBIH
() (b)

Figure 7-4 (a) 1.018 V and (b) 10 V. Degree of equivalence of the participating institutes with
respect to the key comparison reference value. Uncertainty bars represent the expanded
measurement uncertainty.
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8. Summary

The key comparison of DC voltage at 10 V and 1.018 V has been conducted for GULFMET
member laboratories, with the support from BIPM and GULFMET associate members, KRISS
and SCL, from the APMP.

The linking difference with BIPM.EM-K11 KCRV was calculated and presented in section 7.4. The
DOE with respect to KCRV were tabulated in Table 7-4 (d) and illustrated graphically in Figure 7-
4 (a) and (b). The agreement between participating laboratories is good. The KCRV DOE and
their CMC of non-linking laboratories are tabulated in Table 8-1.

It is expected that this comparison could provide support for EMI and SASO in submitting new
measurement capability entries and for IMBIH to submit new measurement capability at 1.018 V
and improve its 10 V measurement capability in the CIPM MRA appendix C.

Table 8-1: KCRV DOE and CMC of the participating institutes.
10V 1.018 V

Participant DjKCRV U(DiKRY) [ CMC(k=2) | DjCRV U(Dj*°RY) [ CMC(k=2)
G\ (nv) G\ (nv) (nv) (L)
SCL 0.04 0.40 0.60 0.03 0.14 0.12
QCC EMI 4.49 7.34 N. A. 0.11 2.53 N. A.
SASO-NMCC -0.09 3.55 N. A -0.10 0.78 N. A.
IMBIH -0.33 4.84 10 -0.49 0.98 N. A.

*N. A. stands for not available.
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Annex A: Methods of Measurement
Details of measurement method and metrological traceability to Sl units by individual
participants are given below:

A.1 SCL, Hong Kong, China

System Descriptions

1.1 The Josephson Array Voltage Standard (JAVS) of SCL consists of:
(a) Prema 10 V Array Josephson junctions;
(b) Millitech Gunn-Diode with integral isolator, operating near 75 GHz;
(c) RMC WR12 dielectric waveguide;
(d) EIP 578B Source Locking Microwave Counter;
(e) Astro Endyne JBS500 Josephson Bias Source;
(f) HP 3458A digital multimeter;
(g) Guildline 9145A5 Low Thermal selector switch; and
(h) Tektronix 2225 Oscilloscope.
(i) Control Software: NISTVolt version 5.2.
1.2 HP 5061B Cesium Beam Frequency Standard.
1.3 Mensor 2103 Precision Barometric Pressure Indicator.
1.4 Vaisala HM 70 Temperature/Humidity Indicator.

JBS 500 Gunn |Gunn Diode Bias Out
Diode Driver
req. Mo

L
Vout lout ! T ‘

System
10V 1018V
Ground
Blo= HO H ecoo
JBS 500 Hi I 1 O 1O
LoLo oro© LO LO

HP 3458A uildline 9145A5 Low o
(Guard to Lo) Thermal Selector Switch [| GROUND

CH1CH2

Tektronix 2225 Fluke 732B DC
Reference Standard
Under Test

IEEE 488 BUS [

|EEE 488 Bus

D

PC with NISTVolt52
Software Installed

10 V Array

100 Litres LHe Dewar

Dascon-1 1/0 Bus

Figure 1: System Hook-up
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Measurement Methodology

2.1 The two travelling standards (Zeners) were allowed to stabilize in the SCL environment for

more than two days before making measurements.

2.2 The Zeners were powered by an AC line power of 230 V and 50 Hz before the measurements.

2.3

2.4

2.5

2.6

2.7

2.8

2.9

They were disconnected from the AC mains and powered from their internal batteries at least
four hours prior to and during the measurement.

Measurements were made at ambient temperature of (2311) °C, (45+£8) %RH and 100 kPa
(nominal) barometric pressure.

For each measurement, the Zener’s output voltage was recorded together with other data
including the time and date of measurement, the environmental temperature, relative
humidity, barometric pressure and the internal thermistor resistance of the Fluke 732B.
During the measurement, the Fluke 732B’s output terminals were floating from the system
ground. The unit's GROUND terminal was connected to system ground, via the connection
shield. Detailed connection is shown in Figure 1.

The outputs Zeners were measured by differential method against the quantized output
voltages of the Laboratory’s JAVS. An HP 3458A DMM was used as a null detector for
measuring the voltage difference. The microwave source of the JAVS was a Gunn diode
oscillator operating at 75 GHz. The JAVS operating frequency was stabilized and monitored
by an EIP 578B counter. The 10 MHz time base frequency of the counter was supplied from
an HP 5061B Cesium Beam Frequency Standard. The measurement process was under
computer control using the NISTVolt 5.2 software (software).

The Josephson step number was adjusted by the software. The step number was selected
so that the voltage difference between the array output and the Zeners output was less than
+10 mV. After selected the correct step, the bias voltage was cut-off and the null voltages
were recorded by the software.

A measured value consisted of 40 measured voltage differences. A measured voltage
difference was the mean of 2 DVM readings. Measurement polarities were in the pattern of
“‘normal”, “reverse”, “normal”, “reverse”; for elimination of the effect of the offset voltage in
the system. The output voltage of the Zeners and the offset voltage of the JAVS system were
calculated based on the 40 measured values by software using least square method.

The output voltage of Zeners was reversed using a manual operated Guildline 9145A5 low
thermal switch. The array voltage was reversed by changing the polarity of the array bias
voltage through the control program. The offset voltage error due to the Guildline 9145A5
switch was not corrected but treated as measurement uncertainty and included in the
uncertainty budget.

2.10 The resistance of the internal thermistor was measured by an Agilent 34420A Nano

volt/Micro ohm meter. Prior to the measurement, correction to meter reading(s) was
determined by comparison against SCL’s 10 kQ and 100 kQ reference standard resistors.
The meter was configured to operate at 100 kQ range and Low Power Mode, which the test
current applied to the thermistor has been verified to be 5 pA.
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A.2 KRISS, Republic of South Korea

The travelling standards have been measured by KRISS calibration procedure C13-1-002-2012.
The JVS of KRISS has following features. The KRISS JAVS was connected to two different
current sources: the scope was powered through an isolated line (isolation transformer) while the
RF equipment was referred to the standard power distribution of the shielded room.

Type of array: 10 V SIS, manufactured by IPHT (s/n 1469-2);

Detector: Keithley 2182, used on the 10 mV range (without any filter);

Bias source: Homemade source based on a PTB design;

Oscilloscope: A Tektronix 7603 oscilloscope is used to visualise the steps and to adjust
the RF power level at the beginning of a series of measurements;

Software: Homemade under Visual Basic environment;

Frequency source stabilizer: Counter EIP 578B with locking of the frequency to the
external 10 MHz reference and a stability better than +1 Hz during the period of the
comparison. The KRISS array is irradiated at a frequency around 75 GHz;

The 10 MHz reference signal for the counter is provided by a synthesiser HP3325A which
is itself referred to the 10 MHz signal coming from the reference clock.

Thermal EMF (including array connections): approximately 500 nV-600 nV, varies with
liquid He level in reservoir;

Total impedance of the two array measurement leads: 40 Q or 80 Q; this resistance
includes the series resistance of a filter inserted in the two measurement leads (possible
choice between two different filters).

Leakage resistance of measurement leads: 1x 102 Q.
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A.3 BIPM

The output voltage of the Zener standard to be measured is connected to the BIPM Josephson
Voltage Standard (in series opposition with the BIPM array) through a low thermal EMF switch.
The binding post “CHASSIS” of the Zener standard is connected to a single point which is the
grounding reference point of the measurement setup.

The measurements start after at least two hours after the mains plug at the rear of the Zeners
has been disconnected.

The BIPM detector consists of an EM model Nla analog nanovoltmeter whose output is
connected, via an optically-coupled isolation amplifier, to a pen recorder and a digital voltmeter
(DVM) which is connected to a computer.

This computer is used to monitor measurements, acquire data and calculate results. Low thermal
electromotive force switches are used for critical switching, such as polarity reversal of the
detector input.

After the BIPM array biasing frequency has been adjusted to a value where the voltage difference
between the primary and the secondary voltage standards is below 0.8 pV, the nanovoltmeter is
set to its 3 pV or 10 pV range to perform measurements at 1.018 V and 10 V respectively. The
measurement sequence can then be carried out. Three consecutive measurement points are
acquired according to the following procedure (Cf. Figure below: Note that the polarity of the Zener
follows the polarity of the array.

1- Positive array polarity and reverse position of the detector;
2- Data acquisition;

3- Positive array polarity and normal position of the detector;
4- Data acquisition;

5- Negative array polarity and reverse position of the detector;
6- Data acquisition;

7- Negative array polarity and normal position of the detector;
8- Data acquisition;

9- Negative array polarity and reverse position of the detector;
10- Data acquisition;

11- Negative array polarity and normal position of the detector;
12- Data acquisition;
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13- Positive array polarity and reverse position of the detector;
14- Data acquisition;
15- Positive array polarity and normal position of the detector;
16- Data acquisition.

The reversal of the detector polarity is done to cancel out any detector offset error and internal
linear component of the variations of the thermo-electromotive forces.

Hi
%
KA

X
L

T,

Figure: Schematic of the measurement setup where the polarity reversing switches and the
thermal electromotive generators (¢i) are represented.

Note that no potential reference is represented as both standards are floating from the ground
during the acquisition sequence.

Each “Data Acquisition” step consists of 30 preliminary points followed by 500 measurement
points. Each of these should not differ from the mean of the preliminary points by more than twice
their standard deviation. The “Data Acquisition” sequence lasts 25 seconds and is basically the
time period during which the array is to stay on the selected step. The total measurement time
(including polarity reversals and data acquisition) is approximately 5 minutes.

This procedure is repeated three times and the mean value corresponds to one point on the graph.
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A.4 QCC EMI, United Arab Emirates

Measurements were made using a Measurements International 8000A Automatic Potentiometer,
with “8000A version 4.2.7" software in accordance with EMI Procedure CP-E-03 between
3 October 2017 and 8 October 2017.

Description

The 8000A Automatic Potentiometer is a computer controlled binary resistive voltage divider,
based on the design by R.D Custosky.

+ SOURCE

20 INPUT CHANNELS

HIINPUT LOW

| GUARD BINARY
TRETIN e

adla!
vV Low :._| i

— SQURCE

MI 8000A Block Diagram

During each measurement of Viy the ratio of the divider Rnowm is adjusted such that the divided
source voltage Vour is set to be within 1.2 mV of the measured voltage Vin. The difference Voir
between the input voltage and divided source voltage is measured using the DMM. The divider is
then switched off and the offset voltage Vorrser of the DMM is measured.

Vin = Vour + (Wpir — Vorrser)
Vour = Vsource X Rnom
Therefore

VIN = (VSOURCE X RNOM) + (VDIF - VOFFSET)

Vi

The measured value of Viy and the measured ratio V—N are available in the data file produced
SOURCE

by the 8000A. The values of Rnowm, Voir and Vorrser are internal to the 8000A software and are
not available to the user.
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The MI 8000A System

Self-Calibration

The first step in the measurement process is to perform a self-calibration of the 8000A. This
process measures and corrects for the errors in the 13 stages of the Binary Voltage Divider.

Source Standardization

The second step in the measurement process is source standardization. The calibrated Standard
Reference Fluke 732, is connected to Input “1” and connected with reversed polarity to input “2”
to allow measurements of negative voltage. The source is used to measure the value of the
calibrated Reference Vger, and the voltage of the source Vsource is calculated based on this
measurement.

Stability of 8000A and Source

The two preceding steps need to be performed every 24 hours in order to minimize the uncertainty
of the subsequent measurements due to changes in the 8000A and the source.

Measurement of Units Under Test

The next step in the measurement process is measurement of the units under test (UUTs). The
UUTs are connected to the 8000A Inputs. The source is used to measure the value of the UUT

Vuurt
Zero Offset

Measurements using the 8000A indicate that there is a zero offset Vzero. The value of this offset
changes each time the bridge is calibrated and standardized, but it appears to be stable between
these processes. Measurements performed indicate that Vzero is less than 2 pV.
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A.5 SASO-NMCC, Saudi Arabia

SASO-NMCC used Favored Cell Design, in this method all units in the test are compared against
one favored unit, which usually is the most stable standard available. The small difference
between the favored cell and each of the test units is first measured with the favored cell on the
right side and then again with the favored cell on the left side. Equipment used: Fluke 734B DC
Standard, DataProof 160B Low thermal scanner and Keithley 2182A Nanovoltmeter.

A.6 IMBIH, Bosnia and Herzegovina

IMBIH laboratory consider a two Zener voltage standards (GULF 1-UUT and GULF 2-UUT) that
are calibrated against a stable IMBIH's Zener voltage reference on the voltage levels 10 V and
1,018V over a two-week period (measurements for GULF-1 seven (7) days und for GULF-2 six
(6) days). On each of J days (in our case J=7 or J=6 days) during the period, K=10 independent
repeated observations of the voltage differences VN between GULF x-UUT and IMBIH’s
reference standard are made. The measurement of voltage differences VN between travelling
standards (GULF x-UUT) and IMBIH’s reference standard (Zener cell Fluke 732B) are performed
with digital nano-voltmeter Keithley 2182A. Both of travelling standards are calibrated against
Fluke 732B (s/n 2231035) which is traceable to the Josephson Voltage standard of DMDM
(Republic of Serbia). Results of estimated daily mean values of voltage differences are given in
Table 1 and 2.

In order to eliminate EMF contributions of cables, measurement of voltage differences with nano-
voltmeter are performed with cable connection at both polarities. In these cases, the nano-
voltmeter measures the small difference between two units several (ten) times, reverses the
connection and measures the difference several (ten) times again, then mean value of recorded
measurements is calculated.

Further, the same process is repeated 10 times to get one measurement point per day. All
mentioned above sequence is repeated 10 times in order to get total of 10 measurements within
one day which are further used for calculation daily mean values of voltage differences.
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Annex B: Uncertainty Statements

B.1 SCL, Hong Kong, China

(a) Jun-2017 (GULF-1*1.018 V)

(i) Type A uncertainty evaluation:

Source of Uncertainty Type uj Dist. Cuj Veff
Value Value (nV)
Standard deviation of the mean value A 16.9 nVv N 1 16.9 11
Random effects and noise A 0.00890 pV/IV N 1.018 Vv 9.06 39
Combined standard meas. uncertainty, u N 19.2 17
(ii) Type B uncertainty evaluation:
Source of Uncertainty Type uj Dist cuj Veff
Value Value (nV)
DVM gain error uncertainty B 1 uv/iv R 0.01 \ 5.77 ©
Uncompensated offset voltage on switch B 30 nVv R 1 17.3 o0
Leakage-error uncertainty B 0.5 nVv R 1 0.289 0
Frequency uncertainty B 513 Hz N 1.36E-11 V/Hz 0.070 200
Uncertainty in measuring ambient pressure [1] B 2 hPa N 111 n\V/hPa 222 200
Uncertainty in pressure coefficient B 0.07 n\V/hPa N 20.89 hPa 15 0
Uncertainty in measuring thermistor resistance [2] B 3.8 ohm R 0.45 n\V/ohm 0.987 0
Uncertainty in thermistor coefficient B 0.06 nV/ohm N 56.0 ohm 3 o0
Combined standard meas. uncertainty, u N 18.8 1024580
(iii) Measurement uncertainty::
Source of Uncertainty Cu; Veff
(nV)
Type A 19.2 17
Type B 18.8 1024580
Combined standard meas. uncertainty, u 26.9 65
Coverage factor, k 2.0
Expandded measurement uncertainty, U 53.7
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Source of Uncertainty cuj Veff
(nV)
Standard deviation of the mean value 100.2 11
Random effects and noise 18.0 39
Combined standard meas. uncertainty, u 101.8 11
(ii) Type B uncertainty evaluation:
Source of Uncertainty Type uj Dist cuj Veff
Value Value (nV)
DVM gain error uncertainty B 1 uvIv R 0.01 A\ 5.77 ©
Uncompensated offset voltage on switch B 30 nVv R 1 17.3 0
Leakage-error uncertainty B 0.5 nVv R 1 0.289 0
Frequency uncertainty B 5.13 Hz N 1.36E-11 V/Hz 0.070 200
Uncertainty in measuring ambient pressure [1] B 2 hPa N 8.67 nV/hPa 17.34 200
Uncertainty in pressure coefficient B 0.7 n\V/hPa N 20.98 hPa 14.7 0
Uncertainty in measuring thermistor resistance [2] B 3.8 ohm R 0.84 n\V/ohm 1.843 0
Uncertainty in thermistor coefficient B 0.29 n\V/ohm N 55.6 ohm 16 o0
Combined standard meas. uncertainty, u ¢ N 33 2742
(iii) Measurement uncertainty:
Source of Uncertainty Type [V Dist. Cu; Veff
Value Value (nV)
Type A B 1018 N 1 101.8 11
Type B B 33.4 N 1 33.4 2742
Combined standard meas. uncertainty, u 107 13
Coverage factor, k 22
Expandded measurement uncertainty, U 236
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Source of Uncertainty Type uj Dist. c Ccui V eff
Value Value (nVv)
Standard deviation of the mean value A 6.4 nVv N 1 6.4 11
Random effects and noise A 0.00980 pv/IV N 1.018 \ 10.0 39
Combined standard meas. uncertainty, u . N 11.9 48
(ii) Type B uncertainty evaluation:
Source of Uncertainty Type ui Dist. c Ccui V eff
Value Value (nV)
DVM gain error uncertainty B 1 uwvIv R 0.01 Vv 5.77 ©
Uncompensated offset voltage on switch B 30 nVv R 1 17.3 ©
Leakage-error uncertainty B 0.5 nVv R 1 0.289 ©
Frequency uncertainty B 5.13 Hz N 1.36E-11 V/Hz 0.070 200
Uncertainty in measuring ambient pressure [1] B 2 hPa N 0.99 nV/hPa 1.98 200
Uncertainty in pressure coefficient B 0.06 nV/hPa N 20.81 hPa 12 0
Uncertainty in measuring thermistor resistance [2] B 38 ohm R 0 nV/ohm 0.000 ©
Uncertainty in thermistor coefficient B 0 n\V/ohm N ohm 0 o
Combined standard meas. uncertainty, u N 5 18.4 1494557
(iii) Measurement uncertainty:
Source of Uncertainty Type uj Dist. c cuj Veff
Value Value (nVv)
Type A B 11.9 N 1 119 48
Type B B 18.4 N 1 18.4 1494557
Combined standard meas. uncertainty, u 21.9 558
Coverage factor, k 2.0
Expandded measurement uncertainty, U 43.8
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(i) Type A uncertainty evaluation:
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Source of Uncertainty Type u; Dist. c CuU;j Veff
Value Value (nV)
Standard deviation of the mean value A 535 nVv N 1 535 11
Random effects and noise A 0.00120 pw/VvV N 10 \ 12.0 39
Combined standard meas. uncertainty, u ¢ 12
(ii) Type B uncertainty evaluation:
Source of Uncertainty Type u; Dist. c Cuj Veff
Value Value (nV)
DVM gain error uncertainty B 1 uwvIv R 0.01 Vv 5.77 ©
Uncompensated offset voltage on switch B 30 nVv R 1 17.3 ©
Leakage-error uncertainty B 0.5 nVv R 1 0.289 ©
Frequency uncertainty B 5.13 Hz N 1.36E-11 V/Hz 0.070 200
Uncertainty in measuring ambient pressure [1] B 2 hPa N 9.22 nV/hPa 18.44 200
Uncertainty in pressure coefficient B 0.36 nV/hPa N 20.96 hPa 7.5 o
Uncertainty in measuring thermistor resistance [2] B 38 ohm R 0 nV/ohm 0.000 ©
Uncertainty in thermistor coefficient B 0 n\V/ohm N 633.2 ohm 0 o
Combined standard meas. uncertainty, u N 27 922
(iii) Measurement uncertainty:
Source of Uncertainty Type uj Dist. c cuj Veff
Value Value (nVv)
Type A B 54.9 N 1 54.9 12
Type B N 1 27.0 922
Combined standard meas. uncertainty, u N 61 18
Coverage factor, k 21
Expandded measurement uncertainty, U 128
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B.2 KRISS, Republic of South Korea

The type B uncertainty of KRISS measurement system, excluding the temperature and pressure
correction uncertainty, are 7 nV and 20 nV for 1.018 V and 10 V respectively.

Measurement Uncertainty
Artefact Mean Date Type A Type B Uc U
(nV) (nV) (nV) (nV)
1/Aug/2017 30 10 32 64
*

GULF_171.018 V 3/May/2018 14 10 17 34
GULF_1*10 V 1/Aug/2017 93 33 99 198
4/May/2018 72 28 77 155
5/Aug/2017 9 7 11 22

GULF_2*1.018 V
- 3/May/2018 6 7 9 18
5/Aug/2017 22 20 30 60

GULF_2*10 V

- 3/May/2018 34 20 39 79
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B.3 BIPM

B.3.1 (August2017)

Table 2. Results of the BIPM in the first measurement session of GULFMET.EM.BIPM-K11.a of
1.018 V standards using two Zener traveling standards: reference date 28 August 2017.

Uncertainties are 1 ¢ estimates.
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S 01 A W N P

GULF-1 GULF-2
BIPM (Uz — 1.018 V)/uV 197.38 147.25
Type A uncertainty/uV 0.020 0.010
correlated unc./pV 0.001
pressure and temperature 0.006 0.007
uncorrelated unce-rtaihty/-uv 0.021 0.012
Total combined uncertainty/pV 0.021 0.012

Table 3. Estimated standard uncertainties of the BIPM JVS and measurement chain for Zener
calibrations with the BIPM equipment at the level of 1.018 V without the contribution of the Zener

noise and the contribution of the pressure and temperature corrections.

JVS & detector uncertainty components | Type Uncertainty/nV
Measurement loop noise A 3.4
Nanovoltmeter accuracy A 0.11

Accuracy of the JVS RF frequency B 0.03

Leakage resistance B 0.03

Pressure and temperature correction B included in the Zener unc. budget
Zener noise A included in the Zener unc. budget

Total

3.4
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Table 5. Results of the BIPM in the first measurement session of GULFMET.EM.BIPM-K11.b of
10 V standards using two Zener traveling standards: reference date 28 August 2017.

Uncertainties are 1 ¢ estimates.
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O o WDN B

GULF-1 GULF-2
BIPM (UZ — 10 V)/uV 66.31 -4.92
Type A uncertainty/uV 0.100 0.100
correlated unc./pV 0.001
pressure and temperature 0. 026 0.047
uncorrelated uncertainty/pV 0.103 0.110
Total combined uncertainty/pV 0.103 0.110

Table 6. Estimated standard uncertainties for Zener calibrations with the BIPM equipment at the
level of 10 V without the contribution of the Zener noise and the contribution of the pressure and

temperature corrections.

JVS & detector uncertainty components Type Uncertainty/nV
Measurement loop noise A 0.86
Nanovoltmeter accuracy A 0.11

Accuracy of the JVS RF frequency B 0.03

Leakage resistance B 0.03

Pressure and temperature correction B included in the Zener unc. budget
Zener noise A included in the Zener unc. budget
Total 0.87

B.3.2 (June 2018)

Table 2. Results of the BIPM in the second measurement session of GULFMET.EM.BIPM-K11.a
of 1.018 V standards using two Zener traveling standards: reference date 22 June 2018 for GULF-

1 and 24 June for GULF-2. Uncertainties are 1 ¢ estimates.

o 0o~ WODN P

GULF-1 GULF-2
BIPM (Uz — 1.018 V)/pV 199.744 145.383
Type A uncertainty/uV 0.023 0.010
correlated unc./pV 0.00
pressure and temperature 0.004 0.005
uncorrelated uncertainty/uV 0.023 0.011
Total combined uncertainty/pV 0.023 0.011
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Table 3. Estimated standard uncertainties of the BIPM JVS and measurement chain for Zener
calibrations with the BIPM equipment at the level of 1.018 V without the contribution of the Zener
noise and the contribution of the pressure and temperature corrections.

JVS & detector uncertainty components | Type Uncertainty/nV
Measurement loop noise A 3.4
Nanovoltmeter accuracy A 0.11

Accuracy of the JVS RF frequency B 0.03

Leakage resistance B 0.03

Pressure and temperature correction B included in the Zener unc. budget
Zener noise A included in the Zener unc. budget

Total

3.4

Table 5. Results of the BIPM in the first measurement session of GULFMET.EM.BIPM-K11.b of
10 V standards using two Zener traveling standards: reference date 22 June 2018 for GULF-1
and 24 June for GULF-2. Uncertainties are 1 ¢ estimates.

O O WN B

GULF-1 GULF-2
BIPM (UZ — 10 V)/uV 65.49 -13.71
Type A uncertainty/uV 0.100 0.100
correlated unc./pV 0.001
pressure and temperature 0. 025 0.028
uncorrelated uncertainty/uV 0.103 0.104
Total combined uncertainty/pV 0.103 0.104

Table 6. Estimated standard uncertainties for Zener calibrations with the BIPM equipment at the
level of 10 V without the contribution of the Zener noise and the contribution of the pressure and

temperature corrections.

JVS & detector uncertainty components Type Uncertainty/nV
Measurement loop noise A 0.86
Nanovoltmeter accuracy A 0.11

Accuracy of the JVS RF frequency B 0.03

Leakage resistance B 0.03

Pressure and temperature correction B included in the Zener unc. budget
Zener noise A included in the Zener unc. budget
Total 0.87
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B.4 QCC EMI, United Arab Emirates

Uncertainty Data for:

2260038 10 V output

Type A Uncertainty

Uncertainty /

Standard

Uncertainty Description Reference Distribution Divisor . Variance Veff
ppm Uncertainty
Repeatability 0.009 Data worksheet Normal k=1 1.000 8.543E-03 | 7.299E-05 11
Combined Type A Uncertainty 8.543E-03 | 7.299E-05 11
Type B Uncertainty
Uncertainty Description Uncertainty / Reference Distribution Divisor Standart}i Variance Veff
ppm Uncertainty
7328 Standard
-° >andar 0.020 NPL Certificate Normalk=2 | 2.0000 | 1.000E-02 | 1.000E-04 | inf
Calibration
732B Transportation Offset of EMI measurements
R P 0.300 before & after calibration Rectangular 1.7321 1.732E-01 3.000E-02 | inf
Uncertainty L
from prediction
Difference between last
732B Drift Uncertainty 0.500 calibration and prediction Rectangular 1.7321 2.887E-01 8.333E-02 | inf
from history
732B Temperature
R peratu 0.120 Specification Rectangular 1.7321 6.928E-02 4.800E-03 | inf
uncertainty
732B Noise 0.060 Specification Rectangular 1.7321 3.464E-02 1.200E-03 | inf
Thermoelectric Voltage 0.030 Estimate Rectangular 1.7321 1.732E-02 3.000E-04 | inf
8000A Zero offset 0.200 Estimate Rectangular 1.7321 1.155E-01 1.333E-02 | inf
8000A Resolution 0.010 Specification Rectangular 1.7321 5.774E-03 3.333E-05 | inf
A Rati
8000 'at|o 0.044 Ratio Verification Rectangular 1.7321 2.540E-02 6.453E-04 | inf
Uncertainty
Temperature
P . Y . 0.007 Estimate Rectangular 1.7321 4.321E-03 1.867E-05 | inf
correction uncertainty
p -
ressur? correction 0.003 Estimate Rectangular 1.7321 1.792E-03 3.212E-06 | inf
uncertainty
Combined Type B Uncertainty 3.657E-01 1.338E-01 | inf
Combined Uncertainty Results
Combined Uncertainty Results / ppm Jnv : ity Resu Distribution Divisor
TYPE A Standard
R 0.009 8.54E+01 Rectangular 1.7321
Uncertainty
TYPE A Variance 0.000 Triangular 2.4495
TYPE B Standard
randar 0.366 3.66E+03 U-Shaped | 1.4142
Uncertainty
TYPE B Variance 0.134 Normal k=1 1.0000
Combined Standard
ombIned standar 0.366 3.66E+03 Normalk=2 | 2.0000
Uncertainty
Combined Variance 0.134
Veff 36985768
Coverage Factor (k) 2.000
Uncertainty 0.732 7.32E+03
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Uncertainty Data for: 1944005 10 V output

Type A Uncertainty

Uncertainty Uncertainty / o . Standard .
. Reference Distribution Divisor K Variance Veff
Description ppm Uncertainty
Repeatability 0.009 Data worksheet Normal k=1 1.000 9.469E-03 | 8.967E-05 11
Combined Type A Uncertainty 9.469E-03 | 8.967E-05 11
Type B Uncertainty
U taint U taint: Standard
ncer. al,n v ncertainty / Reference Distribution Divisor an ar. Variance Veff
Description ppm Uncertainty
732B Standard
0.020 NPL Certificat N 1k=2 1.000E-02 1.000E-04 | inf
Calibration ertincate orma 2.0000 "
Offset of EMI measurements
732BT tati
ransportation 0.300 before & after calibration Rectangular 1.7326-01 | 3.000E-02 | inf
Uncertainty L
from prediction 1.7321
Difference between last
732B Drift Uncertainty 0.500 calibration and prediction Rectangular 2.887E-01 8.333E-02 | inf
from history 1.7321
732B Temperature
R peratu 0.120 Specification Rectangular 6.928E-02 4.800E-03 | inf
uncertainty 1.7321
732B Noise 0.060 Specification Rectangular 1.7321 3.464E-02 1.200E-03 | inf
Thermoelectric Voltage 0.030 Estimate Rectangular 1.7321 1.732E-02 3.000E-04 | inf
8000A Zero offset 0.200 Estimate Rectangular 1.7321 1.155E-01 1.333E-02 | inf
8000A Resolution 0.010 Specification Rectangular 1.7321 5.774E-03 3.333E-05 | inf
A Rati
8000A Ratio 0.044 Ratio Verification Rectangular 2.540E-02 | 6.453E-04 | inf
Uncertainty 1.7321
T t
emperature 0.003 Estimate Rectangular 1.526E-03 | 2.328E-06 | inf
correction uncertainty 1.7321
P ti
ressure correction 0.003 Estimate Rectangular 1.7256-03 | 2.976E-06 | inf
uncertainty 1.7321
Combined Type B Uncertainty 3.657E-01 1.338E-01 | inf
Combined Uncertainty Results
Combined Uncertainty Results / ppm Jnv ! ity . Distribution Divisor
TYPE A
standard 0.009 9.47E+01
Uncertainty Rectangular 1.7321
TYPE A Variance 0.000 Triangular 2.4495
TYPE B Standard
0.366 3.66E+03
Uncertainty U - Shaped 1.4142
TYPE B Variance 0.134 Normal k=1 1.0000
Combined Standard
ombined Standar 0.366 3.66E+03 Normal k=2
Uncertainty 2.0000
Combined Variance 0.134
Veff 24507168
Coverage Factor (k) 2.000
Uncertainty 0.732 7.32E+03
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Uncertainty Data for:

2260038 1.018 V output

Type A Uncertainty

Uncer.tal.nty Uncertainty / Reference Distribution Divisor Standar(.j Variance Veff
Description ppm Uncertainty
Repeatability 0.034 Data worksheet Normal k=1 1.000 3.397E-02 1.154E-03 11
Combined Type A Uncertainty 3.397E-02 1.154E-03 11
Type B Uncertainty
Uncer.tal.nty Uncertainty / Reference Distribution Divisor Standar(.j Variance Veff
Description ppm Uncertainty
732B Standard . .
Calibration 0.020 NPL Certificate Normal k=2 50000 1.000E-02 1.000E-04 inf
Offset of EMI
7328 Transportation 0.300 measurements before & | g tangular 1.7326-01 | 3.000E-02 | inf
Uncertainty after calibration from
prediction 1.7321
Difference between last
732B Drift Uncertainty 0.500 calibration and prediction Rectangular 2.887E-01 8.333E-02 inf
from history 1.7321
732B Temperature P .
uncertainty 0.120 Specification Rectangular 1.7321 6.928E-02 4.800E-03 inf
732B Noise 0.060 Specification Rectangular 1.7321 3.464E-02 1.200E-03 inf
Thermoelectric ) .
Voltage 0.300 Estimate Rectangular 1.7321 1.732E-01 3.000E-02 inf
8000A Zero offset 2.000 Measurement Rectangular 1.7321 1.155E+00 1.333E+00 | inf
8000A Resolution 0.100 Specification Rectangular 1.7321 5.774E-02 3.333E-03 inf
8000A Ratio . I .
Uncertainty 0.440 Ratio Verification Rectangular 1.7321 2.540E-01 6.453E-02 inf
Temperature . .
correction uncertainty 0.011 Estimate Rectangular 1.7321 6.185E-03 3.826E-05 inf
Pressure correction . .
uncertainty 0.004 Estimate Rectangular 1.7321 2.414E-03 5.827E-06 inf
Combined Type B Uncertainty 1.245E+00 1.551E+00 | inf
R . Combined Uncertainty N -
Combined Uncertainty Results / ppm Results /nV Distribution Divisor
TYPE A Standard
Uncertainty 0.034 3.46E+01 Rectangular 1.7321
TYPE A Variance 0.001 Triangular 2.4495
TYPE B Standard
Uncertainty 1.245 1.278+03 U - Shaped 1.4142
TYPE B Variance 1.551 Normal k=1 1.0000
Combined Standard
Uncertainty 1.246 1.27E+03 Normal k=2 2.0000
Combined Variance 1.552
Veff 19894120
Coverage Factor (k) 2.000
Uncertainty 2.491 2.54E+03
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Uncertainty Data for:

1944005 1.018 V output

Type A Uncertainty

Uncer.tal.nty Uncertainty / Reference Distribution Divisor Standan‘i Variance Veff
Description ppm Uncertainty
Repeatability 0.022 Data worksheet Normal k=1 1.000 2.239E-02 5.014E-04 11
Combined Type A Uncertainty 2.239E-02 5.014E-04 11
Type B Uncertainty
Uncer.talhnty Uncertainty / Reference Distribution Divisor Standan‘i Variance Veff
Description ppm Uncertainty
732B Standard . .
Calibration 0.020 NPL Certificate Normal k=2 2.0000 1.000E-02 1.000E-04 inf
Offset of EMI
732B Tr?nsportatlon 0.300 measure:men.ts before & Rectangular 1.732E-01 3.000E-02 inf
Uncertainty after calibration from
prediction 1.7321
Difference between last
732B Drift Uncertainty 0.500 calibration and prediction Rectangular 2.887E-01 8.333E-02 inf
from history 1.7321
732B Temperature e .
uncertainty 0.120 Specification Rectangular 1.7321 6.928E-02 4.800E-03 inf
732B Noise 0.060 Specification Rectangular 1.7321 3.464E-02 1.200E-03 inf
Thermoelectric . .
Voltage 0.300 Estimate Rectangular 1.7321 1.732E-01 3.000E-02 inf
8000A Zero offset 2.000 Measurement Rectangular 1.7321 1.155E+00 1.333E+00 | inf
8000A Resolution 0.100 Specification Rectangular 1.7321 5.774E-02 3.333E-03 inf
8000A Ratio ) - .
Uncertainty 0.440 Ratio Verification Rectangular 1.7321 2.540E-01 6.453E-02 inf
Temperature . .
correction uncertainty 0.011 Estimate Rectangular 1.7321 6.232E-03 3.884E-05 inf
Pressure correction ) .
uncertainty 0.004 Estimate Rectangular 1.7321 2.073E-03 4.296E-06 inf
Combined Type B Uncertainty 1.245E+00 1.551E+00 inf
R . Combined Uncertainty T -
Combined Uncertainty Results / ppm Results /nV Distribution Divisor
TYPE A Standard
Uncertainty 0.022 2.28E+01 Rectangular 1.7321
TYPE A Variance 0.001 Triangular 2.4495
TYPE B Standard
Uncertainty 1.245 1.278+03 U - Shaped 1.4142
TYPE B Variance 1.551 Normal k=1 1.0000
Combined Standard
Uncertainty 1.245 1.27E+03 Normal k=2 2.0000
Combined Variance 1.551
Veff 105261302
Coverage Factor (k) 2.000
Uncertainty 2.491 2.54E+03
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Vi =Vamp ~Viorae+ @t =15) = 3Vpras + 5V ey + 8V — 0a(R = Ro) = 2= 1) Culf 1 onrneonas
Description Symbol . Probability Distribution |  Factor | Standard Unvertainty | Sensitivity Coefficients | Uncertainty Contribution =
Nlzzzured voltage diffrencs (Standend deviztion) -13765 (oW ol 1.0 10|V -1 10.1 (n% 12
Woltags of Fefrencs DC Voltags Standard 1.0181B350|W mormeal 0.5 75 |nW 1 75.0(nW 55
Drift of Bef DC Voltags standard 1121.2|a¥ sectanEular 0.577 346 [nV 1 346.4|nV 21
Nanowoltmsater 0V sactangulE 0577 il A -1 2B.8|nW 100
Scanner 0V ractangular 0.577 il A 1 2B.0|nW 1006y
Fesidual EMF 0V rectangular 0577 58|V 1 57.7(nW 106060
Fafrence pressue E) hPa normal 0 -2|nV/hPa 20
Fefranre thermistor resistance R iS5l normal [1] B d F A ] 20
Nlzzzured prezsure il hPa sectanFular 0.82|hPa -2 | nVhBa 19
Nlzzzured thermistor resistance R it 0,003 (10 sectanEular 00017 [0 005 [ oV 12
Prazzure coeficiznt [ % 2|nV/hPa 2.9|nV/hPa rectangular 1.67 |nV/hPa 80,65 | hPa 20
Thermistor coeficient [ 0.3 | oWk 2.0|a% kD rectangular 0.577 187 |nWV/ 0 12160 20
Corrected Aleasured Voltage . 101810887 |V Typa B Uncartsinty
Time of Comparizon measurement it 1 2T/2017 Combined Uncartainty
Calibration time of Reference DC Voltage Std. ty 1/26:2017 Coverage Factor, & v 2538
Expanded uncertainty
Declared Expanded Uncertainty 049 pViov
Declared Expanded Uncertainty
% =Vsm —Voru+ ot —10)— Vo + Ve guer +8Vome —or(R— Rp) —a (21— m) Gulf_; '231}440.,;
Description ESTIHIE Uncertainty Probability Distribution |  Factor | Standard Unvertainty | Sensitivity Coefficients | Uncertainty Contribution v,
Nzszured voltage diffrence (Standerd devistion) ITETR[nV 13|noW normal 1.0 13|V -1 13.1(nV 12
Voltage of Fefrence DC Voltaze Standard 1.O1B1B350|W 150{nW normal 3| 1 75.0(nV 55
Dyift of Raf DC Voltzzs standand 1121.2|aWV 600 (oW rectangular oV 1 346.4 0V 21
Wanowol tmeter 0V 50|0W rectangular o -1 2B.09|nW 10060
Scanner " 50|nW ractanzular o 1 2B.0|nW 10060
Fazidual EMF 100 (oW ractangular oW 1 57.7[aW 10060
Fafrence poessugs 0| hPa nogmal -1.4| oV Bz 0.0|nW 20
Rafrence thermistor resistance 0k normeal 0.2\ oV 0.0|nV 20
Nlzszured prazsurs 251.6|hPa 1.4|hPa sactangular hPz -1.4|nV hBa 1.2|{nW 12
Nlzzzured thermistor resistance 38032 |k 0.003 (R0 rectangular p=t] =02 [V 0.0003 |V 12
Prazzure coeficiant 1.4|nV hPa 1.8\ 0V P2 ractangular oV hPa 80,65 | hPa 101.5(nW 20
Thermistor cosficient [ 0.2|nViaD 2.9|aVAD ractangular oV -0.28| k0 5 20
Corrected Aeasured Voltage ¥, 1OL1B14677|W Typa B Uncartsinty
I"I‘im.e of Comparizon measurement t 12772017 Combinad Uncartainty
Calibration time of Reference DC Voltage Std. g 1/26:2017 Coverags Factor, b 2.05 v 2188
Expanded uncertainty 770 |0V
Declared Expanded Uncertainty S0 [ nV 048 pViv
Declared Expanded Uncertainty 050 pvivy
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EY.. = I"5‘!'1‘2) - II'EJP'.\! - ELr(J' —Ig }_ oﬂITDF.L! - Oﬂ!“:rm.wr - OHI:’.‘V —og (R_ R‘D }_ &'p (-p — Py ) Caulf-1 Sl_El_:.ﬂﬁDDJS
Description Symbal u"l'!'ltlrm Uncertainty T:-rcrm[mm Factor '_amnim,-mﬁ_ Sensitivity Coefficients| Uncertainty Contribution v
Measured voltage difference (Standard deviation) | - -29620[nV 7 [aV normal 1.0 97 |nV -1 97.3|aV 19
Voltage of Refersnce DC Voltags Standard Vs 10.00004325|V 400[aV normal 05 200(aV 1 200.0{aV 33
Drift of Ref. DC Voltage standard 3V s 6313.3|aV 3000|aV rectangular 0.377 1732 |aV 1 17321 |aV 21
Nanovoltmeter Y . 0lnV 30(nV rectangular 0377 28(nV -1 28.91aV 1000
Scanner 1 0V 30|avV rectangular 0.577 20|aV 1 / 1000
Residual EMF 1 0V 100|aV rectangular 0.577 38 |aV 1 1000
Faference pressure Pa 1013.25|hPa 0|hPa normal 1.0 0|hPa -17.8|aVhPa 0.0|nV 20
Faference thermistor resistance Ry 30.63|kQ 0]k normal 1.0 0[S 4.3|naVEQ 0.0|nV 20
Measured pressurs 2 032.6|hPa 1.4|hPa rectangular 0.377 0.82|hPa -17.8[aVhPa 14.7]aV 19
Measured thermistor resistance R 38.447(KQ 0.003|kQ rectangular 0.377 0.0017 [ -4.3[aViEQ 0.0074|nV 19
Pressure coefficient O, 17.8|nVhPa 3.6|nVhPa rectangular 208 |[nV/hPa 60.65|hPa 126.1[aV 20
Thermistor coefficient Oy 4.3|nViER 2.9|nVEQ rectangular 0.577 LAT|nV/EQ 120k 2.0|nV 20
Corrected Measured Voltage V., 10.00007281 |V Type B Uncartainty 1749.6|aV
Time of Comparison measurement t 10:27/2017 Combined Uncertainty 1752.3|nV
Calibration time of Reference DC Voltage Std. ty 1/26/2017 Coverage Factor, & 211 vei| 220
Expanded uncertainty 3697 (nV —1
Declared Expanded Uncertainty 1500 |nV | 025 pviv
Declared Expanded Uncertainty 0.25 pVIV
Ve =Vsmp — Vo + 00t —15) = 8Vppay + 0V o guner + 0V — g (R—Ry ) =0, (P—1p) gt 5
& £ £ S d Gulf-2 SN:1944005
Description Symbal u"l'!'ltlrm Uncertainty T:-rcrm[mm Factor '_amnim,-mﬁ_ Sensitivity Coefficients| Uncertainty Contribution v
Measured voltage difference (Standard deviation) | - 44085 |V 103 |aV normal 1.0 103 [aV -1 103.5|aV 19
Voltage of Refersnce DC Voltags Standard 10000043231V 200V normal 0.5 200 |aV 1 200.0)aV 33
Drift of Ref. DC Voltage standard 6313.3|aV 3000|aV rectangular 0.377 1732 |aV 1 17321 |aV 21
Nanoveltmeter 0V 0av ractangular 0.377 20(aV -1 28.9(aV 1000
Scanner 0V 30|avV rectangular 0.577 20|aV 1 28.%[aV 1000
Residual EMF 0V 100|aV rectangular 0.577 38 |aV 1 30.7|aV 1000
Faference pressure 1013.25|hPa 0|hPa normal 1.0 0|hPa -16.5|nVhPa 0.0|nV 20
Faference thermistor resistance 38.63|kQ 0]k normal 1.0 0[S -1.9|aV/EQ 0.0|nV 20
Measured pressurs 032.6|hPa 1.4|hPa rectangular 0.377 0.82|hPa -16.5|aVhPa 13.6|aV 19
Measured thermistor resistance 38.941[KQ 0.003|kQ rectangular 0.377 0.0017 [ -1.9[aViEQ 0.0033 [nV 19
Pressure coefficient O, 16.5[nV/hPa 3.5[nV/hPa rectangular 0.577 20207239 |nV/hPa 60.63 |hPa 122.6|aV 20
Thermistor coefficient g 1.9[nViQ 2.9|n0ViEQ rectangular 0.377 LET43138 |nV/EQ 0.29[kQ 0.3|nV 20
Corrected Measured Voltage V., % 99996220|V Type B Uncartainty 17493 |aV
Time of Comparison measurement t 10:27/2017 Combined Uncertainty 1752.4|nV
Calibration time of Reference DC Voltage Std. ty 1/26/2017 Coverage Factor, & 211 Vari| 22.0
Expanded uncertainty 3698 |nV
Declared Expanded Uncertainty 1500 |nV 0.25 pViIv
Declared Expanded Uncertainty 0.25 pVIV
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Table 3. Uncertainty budget for 10 V DC voltage of GULF-1 Fener cell Fluke T32B

Unceriainty aources L 5 tandard uncertainty ujx)| Probabliity Y Degraes of)
In fite Estimatsd val coeficlents
put quantities valus ) Divider =1} Jatributi ¥ L] e freadom
MEan value of voltage difference: Wy 0,007 T mv - - - - - - - -
Cameton due ta accuracy of S -
bk v [.17/— 0 404E2 w 173 233E02 w rectanguiar 1 L 2,38E402 W =
Cometion gue i resoiution of -
nanovolmeter W gma 0 1.00E-2 w 346 283E-03 n rectanguiar 1 LY 2,89E03 o =
Comection due ip scattering R
maasremant resuts ype A) EVn o 1,77E-0 W 1,77E-01 w normal 1 i v [
D woitage walue of reference standard Ve 10,000 054 v - - - - - - - -
Comection due to environment
emperature effect on refsrenge Fzr 0 400E-01 w 173 231E-0 w rectanguiar 1 v 2315401 W =
standard
COMECEON HUe 10 cAILFEHon Uncestainy -
of reserence 5 3 ikl V2o 0 400E-01 w 2 200E-01 w normal 1 Y 2,00E-01 W =
Gomection “":&:;em S | BV o 130400 w 173 TSIED w rectanguiar 1 w 751501 W =
Comaclion due fo drift of reflerence - =
s o e S B Rt BV 2 e o 4 D0E+I0 W 1,73 231E+00 w rectanguiar 1 Y 231E+00 W =
Combingd standard uncertal
Eatimat riainty Expanced uncortalnty (35%)
sdvalus soduncs  Ver= 10,000 062 £ 0,000005V Relative expandsd unceriainty (55%]
Effecilve 08gress of Maadom., V.|
Coverage factor , K| 200 _—
Table 4. Uncertainty budget for 1.018 V DC voltage of GULF-1 Zener cell Fluke 732B
Unicartainty asurcas U Standard uncertainty | Probabiity Uncertalnty contribution (Degrees of
Input quantitiss Estimated valus ) Divider ufx) (&=1) - = Senalilvity cosficients ¢ T e
Mean vake of voitage diferencs Wy 013133 my - - - - - - - -
Cometion due i accuracy of - - = 5 -
mtpbeskarin v BV yapac ] 4,56E-02 uw 1,73 2 58E-02 i recianguiar PN 258502 uv =
CofTetion due to resoition of - y I . . I
nanovolm eter Vg i] LO0E-02 uw 346 238E-03 u rectanguiar PN 239503 uw =
COMECtion due 10 scattenng - . irs R . P -
measurement resuts (fype A} Wy, a 248502 uw 1 2ABE02 u normal PN 24EE-02 v ]
DG voltage valle of reference stanmam rs 1,018 068 v - - - - - - - -
COmEcton Ue o enronment
temparature efect on reference Vg (] 1,00E-01 W 173 5TTEA02 uw rectanguiar 1 WiV 577E-02 uw =
E1andarn
Comection gue to calbration uncertainty P - R I
p i —— BV (] LS0E-O1 w 2 7.50E-02 u normal WiV T.S0E-02 uw =
Camection ""‘:__"’ "‘“f afremrenc: | gy 0 4,00E-01 W 173 23EN ny rectangular 1 s W =
Comaction due to drift of reference -t - [ . . P
o o8 vatee: Toom His kacd s V3 m (] 7,00E-01 uw 173 44EQ u rectanguiar WiV 404ED uw =
[+ 0.48|pv
e Expanded uncertalnty (35%) 0.9 v
= faue o uncertanty of |, = 1,018 187 + 0000001V Relalive sxpandsd uncertainty (35% 0,34]pv
Effaciive denress of frescom v 4 818852 57
Coverage factor, i) 2,00
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Table 5. Uncertainty budget for 10 ¥ DC voltage of GULF-2 Zener cell Fluke 7328

confribution | D29ress
Input quantitiss Estimatad valus Uncartainty sourcse U | ., (Standard uncerainty ulx)| ProBabily |o. o coeneiants ¢ | 1SN Y o
(=t =1) distribution Uil¥iard Ireedom
ean valle of voltage difference Vi 0,065 38 my - - - - - - - - -
Cometion gue o aceuracy of . -
mro‘iol.'reLErm L5 r— o 3,ETE02 (' 173 213E02 oW rectanguiar 1 up 213502 iy =
Corretion due to resolution of = - ——
[ ———— EVigran o 1,00E-02 ' 346 2B5E03 w rectanguiar 1 U 285E-03 "y =
Comection due to scattering maasurament E1E04 1 154 = n
TEsUls (type A} (1™ o 1.51E4Q ' LS1E-D1 w nomal 1 U 1.51E-0 "y g
DC voitage value of refizrencs standand L 10,000 054 W - - - - - - - - -
Comaction gue to anvironment temperamrs L - ; .y
ffact on referance standard Wiy o 40020 ' 173 231E01 w rectanguiar 1 W 231E-0 "y =
COmection due 1o cAlbwation Uncestanty of 4 D0E01
4 ce standard iy W zom o 4,00E-0 (' 2 2,00E-01 oW romal 1 W 2,D0E-01 iy =
COTECINWE B IR CTEEEER | Wz 0 1,305+00 w 173 751E-01 w rectanguiar 1 W 75150 w =
‘Comection due o anft of referanca - - S
standard value from R 1ast callbration - o 4.00Z+00 (' 173 2.31E+00 W rectanguiar 1 W 2 31E+0D o =
C 24520y
—— e Expanded unceriainty (3 4905
= ves s MO | e 9999987 & 0000005 V Relsiive expanded uncoriainty js5ei| 0490
Effective degrees of fresdom , v 352209 88
Coverage Tactor , i FI
Table &. Uncertainty budget for 1.018 V DC voltage of GULF-2 Zener cell Fluke T32B
Uncsrialnty sources U u ity Uncartainty contribution |Degrees of|
Estimatad valus Divider 1 |Senaivity cosfcknts
Input quantities ) i) =1] distribution ity & W{Mard fras dom
Mean value of voltage differance Wy 007338 my - - - - - - - - -
Comefion due io accuracy of =
ravoimeter ! BV g apa o 440602 Y 173 254E-1 T rectnguiar 1 Rty 23,5452 Y =
‘Cometion due o resolution of =
encvaimeter BV e 0 1,00E-02 W 346 2,5E-03 W recanguiar 1 Ry 2,50E-03 =
(Comaction oue 10 SC3Menng measurament| -
resuits (type A) Wy o 228E02 " 228502 ' nomal 1 i 2285412 g
DT waitage value of reflarence standard L 1,016 D66 W - - - - - - - -
Comeciion due fo emironment . —
tempearature efact on refeence standard [P b 1,00E-01 " T3 577ED2 (' rectanguiar 1 il ETVEAR v =
Comecsion oue 1 caloration Unoaraimty of| - _
reference standard = -1 o 1,250 " 2 625502 ' nomal 1 Ll E25E-12 v =
Cormction due 1o noise of reserence BV o 40001 W 173 231801 W rectanquiar 1 W 3 3E-M W =
‘Comection due todant of reference . . =
standar valwe fom iis Est calbraton L1 o T.O0E01 " el 404201 ' recianguiar 1 Ll 4 MEMN v =
uncartziniyl 0 ATV
uncartainty [35%j| 0,55V
Egtimated valug and uncartainty of
SN Viur= 1,018 145 +  0,000004 V Relalive sxp [35%)| [EE T
mdnammmom.m B45T18.59|
Covarapgs factor , ki 2,0
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