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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Abstract

In 2017 the Consultative Committee for Electricity and Magnetism (CCEM) commissioned a key comparison
of electrical capacitance standards, the second time this quantity has been compared since the
implementation of the Mutual Recognition Agreement by the Comité International des Poids et Mesures
(CIPM-MRA) in 1999. This comparison - CCEM-K4.2017 - was piloted by the Bureau International des Poids
et Mesures (BIPM) and included seven National Metrology Institutes (NMI) belonging to four Regional
Metrology Organizations.

The measuring scheme adopted for the comparison was that of a star comparison consisting of a set of
bilateral comparisons between the participating NMIs and the BIPM, whose capacitance reference base
served as a common reference. For each of the bilateral comparisons, the measurands were the capacitance
values of 10 pF travelling standard capacitors belonging to the NMIs and, optionally, the values of 100 pF
standards.

All the participants have been chosen from those able to realize and maintain a representation of the farad
at the best known level of accuracy. Four of them, including the BIPM, were taking their traceability from dc
or ac quantum Hall effect standards and, the four others, from a calculable capacitor.

The comparison results analysis have evidenced an agreement within about #5 parts in 108 for the
mandatory 10 pF measurements and within about +10 parts in 108 for the optional 100 pF measurements.
Also, excepted for one of the participants, a good agreement has been found for the ratio 100 pF:10 pF
(within 5 parts in 108).

In addition to the comparison, it has been possible to evaluate the difference between the value of Rk (von
Klitzing constant) measured by electrical means from calculable capacitors and its last CODATA
recommended value (CODATA 2014 adjustment). A difference of (43 %= 23) parts in 10° (k = 1) has been
found which is consistent with the difference that can be computed from the experimental data used in the
CODATA 2014 adjustment of fundamental constants.

This report presents the details of the measurements and analysis having led to these results.
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1. Introduction

The Mutual Recognition Agreement (MRA) drawn up by the Comité International des Poids et Mesures
(CIPM) provides the framework within which National Metrology Institutes (NMIs) demonstrate the
equivalence of their measurement standards. The technical basis underpinning the CIPM MRA consists of
international comparisons of standards for several key quantities identified by the different Consultative
Committees (CCs) of the CIPM. These key comparisons are carried out by the CCs, the Bureau International
des Poids et Mesures (BIPM) and the Regional Metrology Organizations (RMOs), usually at the lowest
possible level of uncertainty. They most often include a limited number of NMIs from each RMOs and are
complemented with regional key comparisons within the RMOs.

Among the electromagnetic quantities the Consultative Committee for Electricity and Magnetism (CCEM)
has identified electrical capacitance, at a value of 10 pF, as one of those key quantities. As such, it is
regularly compared within the framework of the CCEM-K4 key comparison.

The last CCEM-K4 comparison was carried out between 1996 and 1999 and has involved ten NMIs from
four RMOs and the BIPM. The travelling standards were two 10 pF capacitors belonging to the National
Institute of Standards and Technology (NIST), which was also the pilot institute of the comparison. A set of
regional key comparisons carried out within EURAMET (European Association of National Metrology
Institutes), SIM (Inter-American Metrology System) and APMP (Asia Pacific Metrology Program) has
subsequently complemented the comparison CCEM-K4. The results of all these comparisons are reported in
references [1] to [4].

During the 12t meeting of the Working Group on Low Frequency Quantities (WGLF) of the CCEM in March
2013 it was decided to repeat this comparison. The general principles of the comparison were discussed
during the 13t WGLF meeting in March 2015 and the BIPM was designated as the pilot institute.
Measurements took place between late February 2017 and late October 2017. Seven NMIs and the BIPM
were involved in this comparison, all with an independent realization of the Farad, either from a quantum
Hall resistor (QHR) by means of a quadrature bridge, or from a calculable capacitor.

General rules for “Measurement comparisons in the CIPM MRA” detailed in the document CIPM-MRA-D-05
[5] as well as the complementary recommendations of the “CCEM Guidelines for Planning, Organizing,
Conducting and Reporting Key, Supplementary and Pilot Comparisons” [6] have been applied throughout
the preparation and the realization of the comparison.

The following sections will report on the general principles of the comparison and the travelling standards,
on the quantities to be measured and the measuring conditions, on the measurement method and
traceability chain implemented by the participating NMIs and, finally, on the measurement results and their
analysis.

2. Principle of the comparison measurements

The measuring scheme which has been passed by the CCEM for this comparison is that of a star-comparison
consisting in carrying out simultaneously a large number of bilateral comparisons piloted by the BIPM. In
such a scheme, each participating institute has to send its own capacitance standards to the BIPM for
measurement against the BIPM reference capacitance standards over the same time period. These
measurements are preceded and followed by ‘initial’ and ‘return’ series of measurements carried out by the
NMIs of their own standards (participant-BIPM-participant measuring scheme). Initial and return
measurements are reported to the BIPM, which is in charge of the reporting and analysis of the comparison
results.
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The benefit of this organizational scheme is to shorten the comparison duration and to be more robust
against possible transport problems. It has already been successfully used for the key comparison CCEM-K1 of
1Qand 10 kQ in 1990 [7].

3. Participants

Seven institutes from four RMOs (APMP, COOMET, EURAMET, SIM) plus the BIPM were involved in this
comparison:

BIPM, International

METAS, Switzerland, EURAMET
NIM, China, APMP

NIST, United States of America, SIM
NMIA, Australia, APMP

NPL, United Kingdom, EURAMET
PTB, Germany, EURAMET

VNIIM, Russia, COOMET

The details regarding the contact persons designated for the comparison are given in annex 1.

4. Travelling standards

4.1. General requirement

In the comparison scheme adopted the travelling standards are those of the participating institutes. Each
institute sent two 10 pF standard capacitors for measurement at the BIPM. Sending more than one
capacitor reduces the risk of unexpected mechanical or thermal shocks to the artefacts during
transportation invalidating the comparison measurements. Our experience at the BIPM is that individual
standard capacitors, even when mounted in the same thermo-regulated frame, may respond differently to
transportation events.

An optional measurement at 100 pF was proposed to the participants as well. All the participants have also
sent one or two 100 pF capacitance standards.

It was asked that the capacitance standards sent out to the BIPM for measurement be suitable for
measurement at an uncertainty level of a few parts in 108 or less and that the capacitance values be close to
the nominal values within 1 part in 104 All participants sent commercial thermo-regulated fused-silica
capacitor of type AH11A from Andeen-Hagerling enclosed in a single AH1100 frame.

4.2. Travelling capacitance standards

As said above, only sets of fused silica standards type AH11A from Andeen-Hagerling, Inc. were sent by the
participants at the BIPM for measurement. All sets were contained in their own AH1100 frame.

Detailed technical information about AH11A standard capacitors and AH1100 frame can be obtained from
the supplier’s web site [8].

Table 1 summarizes the identification numbers of the travelling standards and frames sent by the
participants.
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) ID of the AH11A capacitance standards sent ID number of the
Institute TopF 100 pF AH1100 frame
s | 7o T
w | e | oo
wr | e
| e
w | | o
| o
VNIIM 32 ;;8: s/n 2207 00200366

Table 1: Summary of the identification numbers of the travelling standards and frames used in the
comparison.

4.3. Quantities to be measured

4.3.1. Measurand

The measurand is the two-terminal pair capacitance value at the front panel input sockets of the measured
standard capacitor (i.e. corrected for possible effect of the connecting cables, if required). For this
measurement, each institute used the measuring method it usually implements for the realization and
dissemination of the farad.

With a view of making directly comparable the measurement results reported by each of the participating
institutes, it was asked to provide the pilot with the capacitance measurements in the SI farad unit. This
means, for those institutes whose traceability is based on a quantized Hall resistance, that the value of the
von Klitzing constant used for the computation of their results is not Rk.9o but the value issued from the last
CODATA adjustment of fundamental constants [9]. This value is Rx = 25 812.807 4555 () with a relative
uncertainty of 2.3 x 10-19.

4.3.2. Measurement voltages and frequencies

The recommended rms voltage values to be applied on the mandatory 10 pF and the optional 100 pF
standard capacitors were 100 V and 10 V, respectively. This recommendation was respected by all the
participants either because the capacitance measurements have effectively been carried out at these
voltages or because the voltage coefficient of the standards have been determined and a correction applied.

The recommended measurement frequency was 1592 Hz. However, the optional frequency value of
1233 Hz was possible for NMIs running their quadrature transfer at this frequency.

Only two institutes performed their measurements at 1233 Hz, the PTB and METAS. However, the PTB
determined the frequency dependence of its standards through a series of measurements at a second
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frequency, 2466 Hz, and reported its capacitance measurements at 1592 Hz. Regarding METAS, for which
only measurements at 1233 Hz were possible, the BIPM determined the frequency coefficients of its
standards (during the series of measurements carried out at the BIPM) and applied the required
corrections to the measurements reported by this institute.

4.3.3. Environmental conditions

The recommended ambient temperature and relative humidity were (23 * 1)°C and (50 * 10)%
respectively. These two quantities were recorded and reported by all participants for each capacitance
measurement, together with the atmospheric pressure.

While the relative humidity is not expected to impact the capacitance value of the AH11A standard
capacitors, its sensitivity to ambient temperature changes may in some cases be non-negligible at the level
of uncertainty targeted in this comparison. In effect, possibly due to differences in their temperature
control electronics, some AH11A standards exhibit a very low temperature sensitivity while others may see
their capacitance value change by 1 or 2 parts in 108 per degree of ambient temperature fluctuation [10].
Consequently, each participant was ask to consider this known possible error source and apply if necessary
the required correction and/or consider this error in its uncertainty budget.

As for relative humidity, atmospheric pressure was not expected to have any effect on the measurements.
Nevertheless, some of the capacitance standards belonging to one of the participants have shown a small
dependence on pressure. The pressure coefficients of these standards, determined from the recording of
the atmospheric pressure during capacitance measurements, were of the order of 1 part in 10° per hPa (see
section 10.6). A correction for atmospheric pressure was subsequently applied to the capacitance
measurements for these standards.

It must be noticed that the atmospheric pressure dependence has been possible to evaluate thanks to the
reduced measuring noise of those standards (resulting from shielding improvement of their input
terminals). It should not been excluded that other standards in this comparison, subjected to higher
measuring noise or fluctuations, have such pressure dependence that cannot be detected (extracted from
measuring noise).

5. Time schedule

As described earlier, ‘initial’ and ‘return’ measurements were carried out by the participating NMIs and, in
between, all standards were sent to the BIPM where they were measured simultaneously.

Five weeks were scheduled for each of the measurement series performed at the NMIs, and eight weeks for
those at the BIPM. All the participants carried out at least 10 measurements during each of the initial and
return series (typically two measurements per week separated by three or four days). As the period of
measurement at the BIPM was longer, a greater number of measurements were taken. This number may differ
from one NMI to another depending on the time the standards stayed effectively at the BIPM and on the short
time stability of the standards.

Before and after the measurements at the BIPM, a period of four weeks was scheduled for transportation,
customs clearance formalities and thermal stabilization of the standards. Globally, this time period has been
respected by the participants and has been found to be sufficient.

Except for a short delay in the start date for one participant, the comparison progressed as planned. Also, all the
measurement reports were sent within a reasonable timeframe (within two months of the end of the last series of
measurements).

The initial schedule planned in the comparison technical protocol is reported in annex 2 and the actual
schedule of the comparison is reported in table 2 below.
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METAS NIM NIST NMIA NPL PTB VNIIM
Meas. starting date 06-Mar-17 02-Mar-17 01-Mar-17 08-Mar-17 27-Feb-17 27-Feb-17 14-Mar-17
1st series of .
Meas. ending date 07-Apr-17 31-Mar-17 31-Mar-17 31-Mar-17 05-Apr-17 31-Mar-17 15-May-17
measurements
No. of measurements 11 10 10 14 10 15 11

Standards at BIPM on 12-Apr-17 12-Apr-17 12-Apr-17 11-Apr-17 13-Apr-17 11-Apr-17 26-May-17

Meas. starting date 02-May-17 | 02-May-17 | 02-May-17 02-May-17 02-May-17 | 02-May-17 | 31-May-17
2nd series of i
Meas. ending date 05-Jul-17 13-Jul-17 05-Jul-17 04-Jul-17 22-Jun-17 04-Jul-17 07-Aug-17
measurements
No. of measurements 33 31 23 23 24 33 32

Standards left BIPM on 05-Jul-17 13-Jul-17 06-Jul-17 05-Jul-17 22-Jun-17 04-Jul-17 07-Aug-17

Meas. starting date 02-Aug-17 01-Aug-17 25-Jul-17 31-Jul-17 24-Jul-17 24-Jul-17 25-Aug-17
3rd series of
FCSENES OF 1 a5, ending date 07-Sep-17 | 30-Aug-17 | 01-Sep-17 | 22-Aug17 | 31-Aug-17 | 01-Sep-17 | 26-0ct-17
measurements
No. of measurements 10 10 10 14 12 18 15

Sending of the report of measurements 25-Oct-17 17-Nov-17 29-Sep-17 23-Nov-17 17-Oct-17 27-Sep-17 06-Nov-17

Table 2: Actual schedule of the CCEM-K4.2017 comparison

6. Transportation and stability of travelling standards

Organization of the shipping of the standards has been well managed by all the participants. They opted for
three different modes of transportation: by private car while standards were remaining powered (METAS,
PTB), by airplane with the unpowered standards as accompanied luggage (NIM), and by airfreight with the
standards unpowered (NIST, NMIA, NPL, VNIIM).

In common with other types of standard capacitors, the AH capacitance standards occasionally show
unstable behaviour after transportation and repowering. The lack of stability may appear as fluctuations in
the capacitance value of the order of a few parts in 108 around the mean value for a limited period of time,
or as an increased drift with a stabilization time longer than the duration of the comparison.

To avoid too much dispersion of the measurements due to possible initial fluctuations of the standards after
repowering, the simple thing to do is to wait a time long enough before starting measurements. However,
without knowledge of the behaviour of each individual standard at repowering, this waiting time must be
fixed arbitrarily. For most of the standards, a ‘safety’ delay of three weeks was kept between their arrival at
the BIPM and the starting date of measurements. Only the VNIIM standards have had a lower stabilization
time due to some delay in their arrival time at the BIPM, but no unexpected capacitance fluctuations were
observed (see section10.7).

Even with these precautions some of the standard capacitors have shown limited fluctuations of their
capacitance value within several parts in 108. However, except for these residual fluctuations, the great
majority of the standards don’t appear to have been significantly affected by transportation, whatever the
mode of transportation. Notice that the stabilization time before the return series was chosen by the
participants and was not necessarily of three weeks duration.

Two standards from NPL of nominal values 10 pF (#1186) and 100 pF (#1185) showed a significant long-
duration drift of 3 and 1 parts in 107, respectively, even after the three weeks delay (see section 10.5).
Those two standards were removed from the comparison but without excluding NPL from the comparison
as two capacitance standards of each value had been sent for measurement at the BIPM. Also, one of the
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two 10 pF standards from NIM (#1682) has experienced a step change during the measurements at the
BIPM and has been removed from the comparison as well.

No other standards have been removed from the comparison.

7. Principles of capacitance measurements

The principles and the traceability of the measurements carried out by the participating NMIs are reported
in annex 3.

A feature of this comparison is that one half of the participants take their traceability from a calculable
capacitor and the other half from the last CODATA adjustment of the von Klitzing constant R.

This will provide the opportunity, as part of the comparison, to realize a determination of the difference
between the estimated value of Rk from the comparison measurements and its adjusted CODATA value
(section 14).

8. Measurements carried out at other frequencies than 1592 Hz

The reference frequency was fixed in the protocol to 1592 Hz. Most of the participants carried out their
measurements at this frequency excepted METAS and PTB whose usual reference operating frequency is
1233 Hz. The results presented in this report for these two NMIs are therefore extrapolated measurements
at 1592 Hz.

The PTB determined the frequency dependence of its standards and corrected its own measurements by
extrapolating from 1233 Hz to 1592 Hz. The estimation of the frequency coefficients of the PTB’s standards
is detailed below. METAS provided its measurements to the pilot at the frequency of 1233 Hz and the pilot
determined the frequency coefficient of METAS’s standards during the series of measurements carried out
at BIPM. The method used by BIPM to estimate the frequency coefficients is similar to that used by PTB.

8.1. Determination of frequency dependence of standards from PTB

To determine the frequency dependence, all capacitance standards have been measured by PTB at the end
of both calibration periods within one day at 1233 Hz and 2466 Hz. The reproducibility of the capacitance
change is found to be worse than the calculated measurement uncertainty. PTB explains this as follows:
compared to the measurements at only one frequency, the number of steps to be carried out is two times
larger and requires two times more measuring time. Consequently, the increase of the ambient
temperature during the measurements is two times larger. It is also inevitable that some standards are
measured at the two frequencies with a time lag of several hours. As a result, the influence of the instability
of the travelling and the transfer standards is much larger. This may explain the observed scatter of the
frequency dependence. However, the mean value is taken as the best estimate and the measured standard
deviation is taken as the type A uncertainty. The resulting frequency dependences are quoted in Table 3
(and agree with previous measurements of PTB).

ACN/Chominal =(Cn(2466 Hz) - Cn(1233 Hz))/Chominat @and combined uncertainty (k= 1)
(HF/F)
AH#1256 AH#1157 AH#1257 AH#1258

-0.062 = 0.042 -0.012 £ 0.028 -0.117 £ 0.029 -0.130+0.028

Table 3: Difference of the relative deviations of the capacitance standards from nominal measured at
2466 Hz and 1233 Hz, and the associated type A uncertainty (k = 1).
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In the limited frequency range relevant here, the frequency dependence of the capacitance standards can be
considered as being linear. This allows interpolation to any frequency faccording to,

f(Hz) —1233.15
246630 — 1233.15

Cn(f) = Cn(1233.15 Hz) + - ACy with ACy = Cy(2466.30 Hz) — Cy(1233.15 Hz) (1)

with N being the serial number of the respective capacitance standard. Cy and ACy can be considered to
being either the absolute capacitance values in farad or the relative deviations from nominal in puF/F.

This equation is used to interpolate the capacitance values to the reference frequency f=1591.55 Hz:

Cn(1591.55 Hz) = Cx(1233.15 Hz) + 0.2906 - ACy )

with ACy being defined in equation (1) and given in Table 3.

The measurement of the frequency dependence of the standards from PTB has also been carried out at the
BIPM. The measurement procedure is strictly the same as the one used by PTB but between the two
frequencies 1027 Hz and 1592 Hz.

The relative deviations of the capacitance of each of the PTB’s standards between 1027 Hz and 1592 Hz
have been regularly measured ten times between 05/05/2017 and 03/07/2017 in order to reduce the
type A component. For all standards it has been reduced to 0.6 parts in 108 or less.

In Table 4 are reported the frequency coefficients measured by BIPM together with those measured by PTB.
These coefficients are expressed in ppm/kHz and correspond for PTB to the value ACy divided by
(2466.30 Hz — 1233.15 Hz).

For PTB: (n(2466 Hz) - Cn(1233 Hz) / (2466.30 - 1233.15) and combined uncertainty (k= 1)
For BIPM: (n(1592 Hz) - Cn(1027 Hz) / (1591.55 - 1027.62) and combined uncertainty (k= 1)

(uF/F per kHz)
AH#1256 AH#1157 AH#1257 AH#1258
PTB -0.050 £ 0.034 -0.010 £ 0.023 -0.095 £ 0.024 -0.105 £ 0.023
BIPM -0.047 £ 0.098 0.012 +0.098 -0.075 £ 0.089 -0.095 £ 0.089

Table 4: Frequency coefficients of the standards from PTB as measured by PTB and BIPM and the
associated combined uncertainty (k = 1).

8.2. Determination of frequency dependence of standards from METAS

In a similar manner as PTB, the BIPM measured the frequency dependence of the standards from METAS. A
series of ten measurements of their capacitance deviation between 1027 Hz and 1592 Hz have been carried
out between 05/05/2017 and 30/06/2017. Type A uncertainties of the frequency corrections were
reduced down to about 3 parts in 10° for the two 100 pF standards (standards #01188 and #01189) but
were significantly higher for the two 10 pF standards, of the order of 10 and 20 parts in 10° (standards
#01300 and #01191).

Differences ACy between the relative deviations from nominal at 1027 Hz and 1592 Hz for the four METAS’s
capacitance standards, as well as the frequency coefficient value between these two frequencies (linear
variation hypothesis) are given in Table 5.
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AH#1191 AH#1300 AH#1188 AH#1189

ACx in pF/F -0.024 +0.050 | -0.012 + 0.050 | -0.006 + 0.055 | -0.166 + 0.055

Frequency coefficient -0.043 +0.089 | -0.021+0.089 | -0.011 + 0.098 | -0.294 + 0.098
in uF/F per kHz

Table 5: Differences between the relative deviations from nominal at 1027.62 Hz and 1591.55 Hz of the
capacitance standards from METAS, and related frequency coefficients between these two frequencies.
Measurements carried out at the BIPM. Uncertainty values correspond to the combined standard
uncertainty (k= 1).

The capacitance values Cy(1233.15 Hz) measured at 1233 Hz by METAS and reported to the pilot have
been interpolated to 1592 Hz using values of ACy of Table 5 and according to the following relationship:

159155 — 1233.15
) x 6

CN(159155 HZ) = CN(123315 HZ) + < 1591.55 — 1027.62

The uncertainty on this extrapolation is estimated at 0.032x10¢ and 0.035x10-¢ for 10 pF and 100 pF
standards, respectively.

9. Method for computing the difference between the institutes and the BIPM

The measurement results obtained during this comparison were analyzed according to the basic principle
that a set of N bilateral comparisons have been carried out simultaneously, N corresponding to the number
of participating institutes. Since all these comparisons were performed using N different sets of travelling
capacitance standards, the BIPM serves as a common reference. The group of reference capacitors of the
BIPM and its traceability are described in annex 3, section A3-1.

We present below the way the results of the comparison measurements will be analyzed in the next section.
The method chosen is the one usually used by the BIPM for bilateral comparisons. It is considered to be the
most reliable in particular when some dispersion is observed on the measurement results of one or several
series of measurements (from the institute or from the BIPM). Moreover, it is the ‘natural’ way to proceed
(linear drift hypothesis) if there is no specific and large perturbation related to transportation of the
standards, which is the case in this comparison as previously mentioned.

According to the comparison scheme, each of the participating institutes performed initial and return
measurements of their own capacitance standards. Between the initial and return measurements, the BIPM
measured all standards from all NMIs during the same limited time period.

For each of the institutes, the reference capacitance value corresponding to a particular standard is defined
as the value interpolated from the measurement series of the BIPM at the mean date of its measurement
period. This reference capacitance value is then compared to the value measured by the institute, the latter
being interpolated from the set of data composed of both the initial and return series of measurements, at
the mean date of measurement at BIPM.

From our knowledge of the normal ageing of fused silica capacitors linear drifts are expected, at least over
the short duration of the comparison. The BIPM’s reference value at the mean comparison date and the
corresponding institute’s measurement value are then obtained from the interpolations of simple linear
least square fittings.

Below are detailed the successive calculation steps followed to determine the difference between the
reference value and the institute value. The index i is used to differentiate between the institutes and the
index j is the number of the measurement in a series of n measurements carried out at the institute or at the
BIPM.
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Let us consider the three data sets obtained for a single capacitance standard belonging to the institute i,
where the notation D stands for the date of the measurement and C for the capacitance measurement
(corrected for all necessary effects and in particular from cable influence):

- the initial measurement series at the institute: (D/7'*; C/7"*) with u{™* the standard uncertainty on C/},

- the intermediate series at the BIPM: (DF/"™; C2/"™) with uf'*™ the standard uncertainty on C7/*",

- and the return series at the institute: (D/"™"™; Cff™™) with uf*"*“"™ the standard uncertainty on /"™,

The reference capacitance value C:ef is computed from the linear least squares interpolation of the set of
data points (D7/""; CF{*™) at the mean date D}'"™ with,
n

— 1
BIPM _ _ E BIPM

j=1

Ref
i

,Sz
u(Ciref) — BZ’M + (ulBIPM)z’

where s3;p),/1 is the estimator of the relative variance of the interpolated capacitance value Cir *f at the date

and the relative standard uncertainty associated with C; "’ is estimated as being,

D.BIPM BIPM
L

,and uf'"™ is the relative standard uncertainty of a single capacitance measurement C/*".

Dl-BIPM is

In a similar way, the capacitance value C; obtained by the institute i at the same mean date
calculated from the linear least squares interpolation of the set of data points composed of both the initial

and return sets of data, (Di{?lt ;Cl ;-”t) U(DFstrm; cfetvrm).

The relative combined uncertainty associated with C; is estimated from the quadratic sum of the prediction
uncertainty u,,.4(C;) obtained by applying the law of propagation of uncertainty on the equation of the
fitting line of the data set (D/7'; C/7**) U(Df¢™™; CR#™™), and of the relative standard uncertainty of a
single measurement, u;, reported by the NMI. The value of u; corresponds to u/™¢ or uFf¢®™™ if those two

values are identical or, if not, to their mean value.

Thus, we have, u(Cy) = \/uf,red (C) + (u)?.

From the above determined values of C** and C; the relative difference between the institute i and the

i

BIPM is simply given by,
A= (G~ ¢/,

where Cy is the nominal value of the standard capacitor considered (10 pF or 100 pF). It may be mentioned
that for the institutes deriving their capacitance standards from Rk, there exists a correlation between the
institute’s measurements and the BIPM’s measurements. This correlation has an impact which is negligible
and has not been accounted for.

The relative combined uncertainty for the difference 4; is,

u(d) = \/u(Ci)Z +u(cr)

with u(C*") and u(C;) defined as mentioned above.
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In the particular case where an effect on the measurements due to transportation could be identified, and a
corresponding uncertainty component u,, estimated, then u(4;) will correspond to,

u(p) = \/u(Ci)Z + u(Ciref)Z + u?,

Also, in case the institute i has sent two standard capacitors of the same nominal value having both given
exploitable measurement results, the relative difference A; for this institute will be calculated as the
arithmetic mean of the two calculated differences. We chose here to use an arithmetic mean rather than a
weighted mean because the type A and B uncertainty components for the measurements of two different
10 pF and 100 pF standards are almost always the same and, if not, they are not significantly different (see
NMTI’s uncertainty statements in annex 5). We thus would have:

_ Ajg + A,
2
with A; ; and A;, the relative differences between the measurements carried out by the institute i and the

4y

BIPM for two standards of same nominal value (numbered 1 and 2).

The calculation of the combined uncertainty of the mean A; value, is computed taking into account both the
correlation between the NMI measurements and the correlation between BIPM measurements. Only type B
components are considered to be correlated and the combined uncertainty is estimated as being:

1
u(A) = Jug €) +u3(c/) + > (uj(ci) + ug(ci’ef)) + u}

with u2(C,), u(Cy), uZ(C") and uZ(¢/’) the type A and B uncertainty components of the institute i and of
the BIPM, respectively (the numerical values of these components are obtained from uncertainty
statements in annex 5). It may be noticed that for a few participants some correlation could, to some extent,
also be considered for the type A components. However, taking into account those correlations would
change the final results of the comparison by only a few parts in 1019, For this reason, these correlations
have been omitted.

The above calculation procedure is repeated for each of the N institutes involved in the comparison that is
to say for the N simultaneous bilateral comparisons carried out. We then obtain a set of N differences A;
between each of the NMIs and the BIPM capacitance reference group of capacitors.

In addition to the comparison of capacitance values at 10 pF and 100 pF, it is possible to compare the
100 pF:10 pF ratio of the participants. For the institute i, if C;(10pF) and C;(100pF) are, respectively, the
measurements at 10 pF and 100 pF, this ratio is defined as,

C;(100pF)

C;(10pF) =10(1+ €i,100pF — 5i,10pp) =10(1 + &10.1)

where & 10pr, €i100pF and & 10,4 are the deviations from nominal of C;(10pF), C;(100pF) and of the 10:1

ratio, respectively.

The standard combined uncertainty attributed to the deviation from nominal ratio ¢; 1¢.; is estimated as,

u(i101) = Vu2(C;(10pF)) + u2(C;(100pF))

with u?(C;(10pF)) and u?(C;(100pF)) the standard uncertainties on the measurements of the 10 pF and
100 pF standards, respectively, from which all the correlated contribution have been removed.
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The comparison of the 10:1 ratio between participants can be achieved by comparing the differences of the
deviations from the nominal 10:1 ratio measured by the NMIs (&; 14.1) and by the BIPM (&g;pp.10:1)-

The difference between NMI i and the BIPM is simply,
A& 104 = €101 — EBrPM10:

with a standard uncertainty,

u(Agi,IO:l) = Juz (&i10:1) + u? (€B1pm,10:1)

In the case where the institute i has measured more than one 10 pF and/or 100 pF capacitance standards,
several values of the 10:1 ratio and then several differences A¢; ;4.4 can be computed. For this institute, the
mean value of the calculated differences Ag; ;4.; will then be used for the comparison between participants
with an uncertainty estimated to u(Agi,lo:l) - or to the mean value of the u(AEi,lo:l) if appropriate — in
order to take into account the correlation between the individual computed ratios.

It is important to note that the comparison of the ratio 100 pF:10 pF was not specifically included in the
comparison protocol. Therefore, the ratio values presented in the following sections have not been directly
measured and reported by the participants but calculated by the pilot from the reported 100 pF and 10 pF
measurements. This means in particular that the ratio uncertainty values reported hereafter don’t
necessarily reflect the best capabilities of the participants in terms of ratio measurements.

10. Results of the simultaneous bilateral comparisons

In this section we present the details of the measurement results for each of the bilateral comparisons
between the BIPM and the participating institutes as well as the computed values of the quantities defined
in the above section. As it could be remarked from these results, the linear interpolation of both the BIPM
and the NMIs sets of measurements remains in any case the best way to analyse the results of the
comparison and this even when, for some of the bilateral comparisons, measurements instabilities are
noticeable in one or several of the measurement series.

Also, as mentioned earlier, and with the exception of three standards removed from the comparison (see
section 6), no significant effect of transportation and repowering can be observed. Only small instabilities of
the capacitance value may be noticed for some of the standards. They are typically of the order of 3 to 4
parts in 108. These instabilities are most probably attributable to the slow thermal stabilization of the
capacitance standard including its temperature control electronics, or to the intrinsic stability of the
capacitor itself. For all cases, taking into account their limited magnitude, it is considered in the following
that their effect is already included in the type A uncertainty component calculated by the institutes
(including the BIPM) and forming part of their combined standard uncertainty. In some way, their effect is
also included in the uncertainty on the predicted value at the mean date of comparison computed from the

linear fitting of the measurement series. Consequently, it is considered, for the calculation of u(Ciref) and

u(C;) as previously defined, that the uncertainty components u.,(C;) and utr(Ciref) are null.

For all the BIPM results presented below, the operating conditions were those fixed in the protocol
regarding ambient conditions, applied voltage and frequency (see section 4.3). Except when otherwise
indicated, this is also the case for all the participating institutes.

All the individual measurements of each of the participants, including the BIPM, are reported in the tables
of annex 4. The corresponding uncertainty budgets stating the overall standard measurement uncertainties,
u; and uP’P™ in section 9, are gathered in annex 5. The type A and B components of u; and u?’*™ are also

obtained from those budgets.

General conditions of measurements for each of the participating NMIs are summarized in annex 6.
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10.1. Comparison between BIPM and METAS

All the individual measurements performed at both the METAS and the BIPM are shown on Figures 1 and 2
for the 10 pF standards #01191 and #01300, and on Figures 3 and 4 for the 100 pF standards #01188 and
#01189.

In these figures are also shown the interpolated value of the BIPM measurements (C, LeEfT 4s) at the mean date

of measurement at the BIPM (DEIEM ), as well as the linear fit of the METAS initial and return series of

measurements along with the METAS predicted value (Cygras) at the mean date. The uncertainty bars

correspond to u(C,CfEfTAS) and u(Cygras) in 1o.

As mentioned in section 8.2, measurements were carried out at METAS at 1233.15 Hz and reported to the
pilot at the same frequency. These measurements were then corrected to 1591.55 Hz by the pilot using the
frequency coefficients specified in 8.2 and a specific additional uncertainty component was combined to the
measurement uncertainties reported by METAS. This additional uncertainty has a value of 3.2 parts in 108
at 10 pF and of 3.5 parts in 108 at 100 pF.

The values of C,C,eEfTAS and Cygras at the mean date 2 June 2017 as well as their relative difference Ay are
reported in Tables 6 and 7 for both the 10 pF and 100 pF standards, respectively. Tables also include the
1 & value of the uncertainty components defined in section 9 and of u¢,., the uncertainty on the frequency
correction determined at the BIPM.

Standard #01191 Standard #01300
Mean date of measurement 2 June 2017 2 June 2017
C;fgms 9.999 978 84 pF 10.000 012 91 pF
Up p1pm 0.016 uF/F 0.007 uF/F
Ug g1y 0.036 uF/F 0.036 puF/F
Upipm 0.039 pF/F 0.037 uF/F
Sgipm/NM 0.003 pF/F 0.001 pF/F
w(Clt s 0.039 pF/F 0.037 uF/F
Cueras 9.999 979 15 pF 10.000 012 94 pF
Up mETAS 0.010 puF/F 0.010 pF/F
Up METAS 0.078 puF/F 0.078 uF/F
UnigTas 0.079 pF/F 0.079 pF/F
Upred 0.011 pF/F 0.009 pF/F
Ufreq 0.032 pF/F 0.032 pF/F
u(Cypras) 0.086 uF/F 0.086 pF/F
AmETAS 0.031 pF/F 0.003 pF/F
u(Ayeras) 0.095 pF/F 0.093 pF/F

Table 6: Results along with measurement uncertainties for the 10 pF standards #01191 and #01300 at
1592 Hz and 100 V (rms). All the uncertainty values are reported in 1c.
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Standard #01188 Standard #01189
Mean date of measurement 2 June 2017 2 June 2017

C,r‘fgms 99.999 673 5 pF 99.999 722 0 pF
Up p1pm 0.008 pF/F 0.011 puF/F
Up prpm 0.035 pF/F 0.035 pF/F
Ugipm 0.036 puF/F 0.037 uF/F
spiem/VN 0.001 uF/F 0.002 uF/F
wW(ClTas 0.036 uF/F 0.037 uF/F

CyETAS 99.999 677 6 pF 99.999 728 0 pF
Up METAS 0.007 uF/F 0.010 puF/F
Up METAS 0.064 uF/F 0.064 puF/F
UnETas 0.064 uF/F 0.065 uF/F
Uprea 0.007 uF/F 0.009 uF/F
Upreq 0.035 pF/F 0.035 pF/F
u(Cypras) 0.073 uF/F 0.074 pF/F
AymETAS 0.041 pF/F 0.060 pF/F
u(Ayeras) 0.082 pF/F 0.083 uF/F

Table 7: Results along with measurement uncertainties for the 100 pF standards #01188 and #01189 at
1592 Hz and 10 V (rms). All the uncertainty values are reported in 1c.

The relative differences Ay pras for both the 10 pF and the 100 pF standards are averaged to give the final
differences between METAS and the BIPM:

- at10pF: Apgras= (0.017 +0.092) x 106 (k=1)

- at100 pF: Aygras= (0.051+0.081) x 10% (k=1)

As two 10 pF and two 100 pF capacitance standards have been measured, four 10:1 ratio values can be
computed for both METAS and the BIPM. The individual capacitance measurements used for the
computations and their standard uncertainty are summarized in Table 8 (from Tables 6 and 7).

The calculated relative deviations from the nominal 10:1 ratio are reported in Table 9 as well as the
differences of the deviations computed for METAS and the BIPM. The mean of these differences and its
combined standard uncertainty are also reported in this table.

METAS BIPM
. Difference from Difference from
Capacitance standard ) )
nominal value, pF/F nominal value, pF/F

100 pF #01188 -3.224 +0.073 -3.265 +0.036
100 pF #01189 -2.720 £ 0.074 -2.780 £ 0.037
10 pF #01191 -2.085 + 0.086 -2.116 £ 0.039
10 pF #01300 1.294 + 0.086 1.291 + 0.037

Table 8: Summary of the deviations from nominal value of the four capacitance standards measured by
METAS and BIPM.
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METAS BIPM
. . . L METAS-BIPM
Ratio Relative deviation Relative deviation difference of ratio
from 10, uF/F from 10, uF/F deviations, pF/E
ratio #01188 / #01191 -1.139 + 0.046 -1.149 £ 0.027 0.010 £ 0.053
ratio #01188 / #01300 -4.518 + 0.046 -4.556 + 0.027 0.038 £ 0.053
ratio #01189 / #01191 -0.635 + 0.046 -0.664 +0.027 0.029 £ 0.053
ratio #01189 / #01300 -4.014 + 0.046 -4.071 +£0.027 0.057 £ 0.053
Mean difference of ratio deviations, uF/F 0.034
Standard combined uncertainty, pF/F 0.053

Table 9: Comparison of the individual deviations from the nominal 10:1 ratio measured by METAS and the
BIPM and mean value of the differences of the ratio deviations with its combined uncertainty.
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Figure 1: Individual measurements for 10 pF standard #01191 showing METAS measurements and linear
fit, BIPM measurements, METAS value interpolated at the mean date of BIPM measurements (black
diamond dot) with 16 uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1c
uncertainty bar. Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 2: Individual measurements for 10 pF standard #01300 showing METAS measurements and linear
fit, BIPM measurements, METAS value interpolated at the mean date of BIPM measurements (black
diamond dot) with 1c uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1c
uncertainty bar. Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 3: Individual measurements for 100 pF standard #01188 showing METAS measurements and linear
fit, BIPM measurements, METAS value interpolated at the mean date of BIPM measurements (black
diamond dot) with 16 uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1c
uncertainty bar. Measurement conditions: 1592 Hz and 10 V (rms).
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Figure 4: Individual measurements for 100 pF standard #01189 showing METAS measurements and linear
fit, BIPM measurements, METAS value interpolated at the mean date of BIPM measurements (black
diamond dot) with 1c uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1c
uncertainty bar. Measurement conditions: 1592 Hz and 10 V (rms).

10.2. Comparison between BIPM and NIM

All the individual measurements performed at both the NIM and the BIPM are shown on Figures 5 and 6 for
the 10 pF standards #01606 and #01682, and on Figures 7 and 8 for the 100 pF standards #01596 and
#02090.

In these figures are also shown the interpolated value of the BIPM measurements (C,Cf,{,,) at the mean date

of measurement at the BIPM (DEIFM), as well as the linear fit of the NIM initial and return series of

measurements along with the NIM predicted value (Cy;y) at the mean date. The uncertainty bars
correspond to u(Cpel,) and w(Cyjy) in 1o.

As it can be seen on Figure 6, the 10 pF standard #01682 has experienced a temporary jump of its value
during the measurement series carried out at the BIPM, making useless the results obtained for this
capacitor. However, the second 10 pF standard #01606 remained quite stable during measurement at both
NIM and BIPM, figure 5, and kept the NIM in the comparison.

The values of C;,f{,, and Cyy at the mean date 9 June 2017 as well as their relative difference Ay, are
reported in Tables 10 and 11 for both the 10 pF and 100 pF standards, respectively. Tables also include the
1 o value of the uncertainty components defined in section 9.

It must be noticed that the uncertainties of the 100 pF measurements reported in Table 11 have been
revised downwards by NIM after the issue of the first version of draft A (due to the reduction from 2 to 1 of
the sensitivity coefficient applied to the voltage correction - see uncertainty statements annex A5-3). This
revision had the effect to reduce the combined uncertainty by about 6 ppb for both #01596 and #02090
capacitance standards.
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Standard #01606 Standard #01682

Mean date of measurement 9 June 2017 -
e 10,000 000 814 pF -
Ug BrPM 0.005 pF/F -
Up ipM 0.036 puF/F -
Upipm 0.036 puF/F -
Spipm/VN 0.001 pF/F -
w(cyh 0.036 uF/F -
Cuim 10,000 000 817 pF -
Up N1 0.004 uF/F -
Up,NIM 0.018 pF/F -
Unim 0.018 pF/F -
Upred 0.001 puF/F -
u(Cyim) 0.018 pF/F -
Anim 0,000 pF/F -
u(Aynim) 0.041 pF/F -

Table 10: Results along with measurement uncertainties for the 10 pF standard #01606 at 1592 Hz and
100 V (rms). All the uncertainty values are reported in 1c.

Standard #01596 Standard #02090
Mean date of measurement 9 June 2017 9 June 2017

i 100,000 006 95 pF 100,000 019 98 pF
Up pipm 0.003 pF/F 0.006 pF/F
Up B1pM 0.035 pF/F 0.035 pF/F
Ugipm 0.035 pF/F 0.035 pF/F
spipm/VN 0.001 uF/F 0.001 uF/F
u(cyed, 0.036 pF/F 0.036 puF/F

G 100,000 004 35 pF 100,000 015 91 pF
Uy Nim 0.004 pF/F 0.008 puF/F
Up Nim 0.021 pF/F 0.021 uF/F
Unim 0.021 uF/F 0.022 uF/F
Uprea 0.001 pF/F 0.002 uF/F
u(Cyim) 0.021 uF/F 0.022 uF/F
Py -0,026 pF/F -0,041 pF/F
u(Ayiy) 0.041 pF/F 0.042 pF/F

Table 11: Results along with measurement uncertainties for the 100 pF standards #01596 and #02090 at
1592 Hz and 10 V (rms). All the uncertainty values are reported in 1c.
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For the 100 pF standards, the final difference between NIM and BIPM is computed as the arithmetic mean
of the individual differences Ayy. For the 10 pF standards, the final difference is simply that measured for
the standard #01606 (Table 10).

Thus, the differences NIM-BIPM are:
- at10pF: Ayy=(0.0004+0.041)x10°% (k=1)

- at100 pF: Ayy= (—0.034 +0.041) x 10°5 (k=1)

As one 10 pF and two 100 pF capacitance standards have been measured, two 10:1 ratio values can be
computed for both NIM and the BIPM. The individual capacitance measurements used for the computations
and their standard uncertainty are summarized in Table 12 (from Tables 10 and 11).

The calculated relative deviations from the nominal 10:1 ratio are reported in Table 13 as well as the
differences of the deviations computed for NIM and the BIPM. The mean of these differences and its
combined standard uncertainty are also reported in this table.

NIM BIPM
. Difference from Difference from
Capacitance standard ) )
nominal value, pF/F nominal value, pF/F
100 pF #01596 0.043 £0.021 0.069 £ 0.036
100 pF #02090 0.159 £0.022 0.200 + 0.036
10 pF #01606 0.082+0.018 0.081 £ 0.036

Table 12: Summary of the deviations from nominal value of the three capacitance standards measured by
NIM and BIPM.

NIM BIPM
IM-BIPM diff
Ratio Relative deviation Relative deviation NO fratio de(jfliafii)er?sce
from 10, uF/F from 10, uF/F ’
uF/F
ratio #01596 / #01606 -0.038 £ 0.021 -0.012 +0.027 -0.026 + 0.034
ratio #02090 / #01606 0.077 +0.021 0.118 + 0.027 -0.041 + 0.034
Mean difference of ratio deviations, uF/F -0.034
Standard combined uncertainty, pF/F 0.034

Table 13: Comparison of the individual deviations from the nominal 10:1 ratio measured by NIM and the
BIPM and mean value of the differences of the ratio deviations with its combined uncertainty.
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Figure 5: Individual measurements for 10 pF standard #01606 showing NIM measurements and linear fit,
BIPM measurements, NIM value interpolated at the mean date of BIPM measurements (black diamond dot)
with 16 uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1 uncertainty bar.
Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 6: Individual measurements for 10 pF standard #01682 showing NIM measurements and linear fit,
BIPM measurements, NIM value interpolated at the mean date of BIPM measurements (black diamond dot)
with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1c uncertainty bar.
Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 7: Individual measurements for 100 pF standard #01596 showing NIM measurements and linear fit,
BIPM measurements, NIM value interpolated at the mean date of BIPM measurements (black diamond dot)
with 16 uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1 uncertainty bar.
Measurement conditions: 1592 Hz and 10 V (rms).
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Figure 8: Individual measurements for 100 pF standard #02090 showing NIM measurements and linear fit,
BIPM measurements, NIM value interpolated at the mean date of BIPM measurements (black diamond dot)
with 16 uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1 uncertainty bar.
Measurement conditions: 1592 Hz and 10 V (rms).
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10.3. Comparison between BIPM and NIST

All the individual measurements performed at both the NIST and the BIPM are shown on Figures 9 and 10
for the 10 pF standards #01423 and #01424, and on Figures 11 and 12 for the 100 pF standards #01442
and #01452.

In these figures are also shown the interpolated value of the BIPM measurements (CIC%CT) at the mean date

of measurement at the BIPM (DE/EM), as well as the linear fit of the NIST initial and return series of

measurements along with the NIST predicted value (Cy;sr) at the mean date. The uncertainty bars
correspond to u(Cyyely) and u(Cy;sr) in 1o.

For all the standards, the measurements are quite repeatable along the three series carried out at NIST and
BIPM despite some measurement instabilities on the first part of the series at BIPM for the 10 pF standards
(figures 9 and 10). They could be attributed to residual fluctuations following transportation and
repowering of the standards but without any certainty. In contrast, the noticeable difference between NIST
and BIPM results is clearly not due to some effect resulting from the transportation of the standards.

The values of C,C%T and Cyjsr at the mean date 3 June 2017 as well as their relative difference Ay;sr are
reported in Tables 14 and 15 for both the 10 pF and 100 pF standards, respectively. Tables also include the
1 o value of the uncertainty components defined in section 9.

Standard #01423 Standard #01424
Mean date of measurement 3 June 2017 3 June 2017

el 9.999 952 002 pF 9.999 952 695 pF
Uy pipy 0.008 pF/F 0.009 pF/F
Up p1pM 0.036 pF/F 0.036 pF/F
Ugipm 0.037 puF/F 0.037 uF/F
Spipm/V1 0.002 pF/F 0.002 pF/F
u(cyel, 0.037 puF/F 0.037 uF/F

(G 9.999 951 357 pF 9.999 952 196 pF
Uy NisT 0.001 pF/F 0.001 uF/F
Up nisT 0.020 pF/F 0.020 uF/F
Unist 0.020 uF/F 0.020 uF/F
Uprea 0.000 pF/F 0.000 uF/F
u(Cy;sr) 0.020 uF/F 0.020 uF/F
A -0.065 pF/F -0.050 puF/F
u(Ayysr) 0.042 pF/F 0.042 uF/F

Table 14: Results along with measurement uncertainties for the 10 pF standards #01423 and #01424 at
1592 Hz and 100 V (rms). All the uncertainty values are reported in 1c.
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Standard #01442 Standard #01452
Mean date of measurement 3 June 2017 3 June 2017

il 99.999 535 15 pF 99.999 570 16pF
Up pipy 0.002 pF/F 0.003 pF/F
Up prpm 0.035 pF/F 0.035 pF/F
Ugipm 0.035 pF/F 0.035 pF/F
spiem/VN 0.000 uF/F 0.001 uF/F
u(cyel, 0.035 uF/F 0.035 pF/F

G 99.999 527 61 pF 99.999 562 83 pF
Uy NisT 0.001 pF/F 0.001 uF/F
Up NisT 0.020 pF/F 0.020 uF/F
Unist 0.020 pF/F 0.020 pF/F
Upred 0.001 pF/F 0.001 uF/F
u(Cpyst) 0.020 pF/F 0.020 pF/F
A -0.075 pF/F -0.073 pF/F
u(Ayysr) 0.040 pF/F 0.040 uF/F

Table 15: Results along with measurement uncertainties for 100 pF standards #01442 and #01452 at
1592 Hz and 10 V (rms). All the uncertainty values are reported in 1c.

The relative differences Ay;gr for both the 10 pF and the 100 pF standards are averaged to give the final
differences between NIST and BIPM:

- at10pF: Aygr=(—0.057 +0.042) x107¢ (k=1)

- at100 pF: Aygsr= (—0.074 + 0.040) x 10~¢ (k=1)

As two 10 pF and two 100 pF capacitance standards have been measured, four 10:1 ratio values can be
computed for both NIST and the BIPM. The individual capacitance measurements used for the
computations and their standard uncertainty are summarized in Table 16 (from Tables 14 and 15).

The calculated relative deviations from the nominal 10:1 ratio are reported in Table 17 as well as the
differences of the deviations computed for NIST and the BIPM. The mean of these differences and its
combined standard uncertainty are also reported in this table.

NIST BIPM
. Difference from Difference from
Capacitance standard . .
nominal value, pF/F nominal value, pF/F
100 pF #01442 -4.724 +0.020 -4.649 + 0.035
100 pF #01452 -4.372 +£0.020 -4.298 + 0.035
10 pF #01423 -4.864 +0.020 -4.800 + 0.037
10 pF #01424 -4.780 £ 0.020 -4.731 +0.037

Table 16: Summary of the deviations from nominal value of the four capacitance standards measured by

NIST and BIPM.
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NIST BIPM
Ratio Relative deviation Relative deviation Nisfz;]i::?eiiieil(;?;ce
from 10, uF/F from 10, uF/F WF/F ’
ratio #01442 / #01423 0.140 + 0.007 0.151 + 0.027 -0.011 £ 0.028
ratio #01442 / #01424 0.056 + 0.007 0.082 + 0.027 -0.026 £ 0.028
ratio #01452 / #01423 0.493 + 0.007 0.501 + 0.027 -0.009 £ 0.028
ratio #01452 / #01424 0.409 + 0.007 0.432 +0.027 -0.023 £ 0.028
Mean difference of ratio deviations, uF/F -0.017
Standard combined uncertainty, pF/F 0.028

Table 17: Comparison of the individual deviations from the nominal 10:1 ratio measured by NIST and the
BIPM and mean value of the differences of the ratio deviations with its combined uncertainty.

NIST - s/n 1423

-4,70
-4,75 ® BIPM
® NIST
s Lo
= -4,80 e © o e Y TLPY
-~ L
5
= -4,85
o % o0 apog 00 — ——— Sse We® O o
)
- -4,90
o
L]
-4,95
-5,00
Z Z 2 2 Z Z
o . % %o *9 o, 7
<5 2 % e % ) g

Date

Figure 9: Individual measurements for 10 pF standard #01423 showing NIST measurements and linear fit,
BIPM measurements, NIST value interpolated at the mean date of BIPM measurements (black diamond dot)
with 16 uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1 uncertainty bar.
Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 10: Individual measurements for 10 pF standard #01424 showing NIST measurements and linear
fit, BIPM measurements, NIST value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1lc
uncertainty bar. Measurement conditions: 1592 Hz and 100 V (rms).

NIST - s/n 1442

-4,55

-4,60 e BIPM
w ® NIST
8 -4,65 o0 9% 0%
-
~
o
o -4,70
2 °
= Sopmoge, — —% -+ we w0 o f
£ s
=
o
[=]
—

-4,80

-4,85

S 2 2 %, S S %
() ) (2 (0] ) (08 ()
“% %2 % *% e =2 %2
> 7> 4 7z 7> 7> 7>
Date

Figure 11: Individual measurements for 100 pF standard #01442 showing NIST measurements and linear
fit, BIPM measurements, NIST value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1lc
uncertainty bar. Measurement conditions: 1592 Hz and 10 V (rms).
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Figure 12: Individual measurements for 100 pF standard #01452 showing NIST measurements and linear
fit, BIPM measurements, NIST value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1lc
uncertainty bar. Measurement conditions: 1592 Hz and 10 V (rms).

10.4. Comparison between BIPM and NMIA

All the individual measurements performed at both the NMIA and the BIPM are shown on Figures 13 and
14 for the 10 pF standards #01416 and #01479, and on Figures 15 and 16 for the 100 pF standards #01459
and #01677.

In these figures are also shown the interpolated value of the BIPM measurements (C,C‘;’\ZA) at the mean date

of measurement at the BIPM (DjIPM), as well as the linear fit of the NMIA initial and return series of
measurements along with the NMIA predicted value (Cyp4) at the mean date. The uncertainty bars

correspond to u(CAT,;’:{,A) and u(Cypy;a) in 1.
The values of C;,i,,fm and Cyp4 at the mean date 2 June 2017 as well as their relative difference Ay, 4 are

reported in Tables 18 and 19 for both the 10 pF and 100 pF standards, respectively. Tables also include the
1 o value of the uncertainty components defined in section 9.
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Standard #01416 Standard #01479
Mean date of measurement 2 June 2017 2 June 2017
ot 9.999 870 279 pF 9.999 956 571 pF
Uy pipm 0.006 uF/F 0.006 pF/F
Up s1py 0.036 uF/F 0.036 pF/F
Upipm 0.036 uF/F 0.036 uF/F
Spipm/NM 0.001 pF/F 0.001 pF/F
u(cl . 0.036 uF/F 0.036 uF/F
G 9.999 870 328 pF 9.999 956 427 pF
Ug NMIA 0.012 uF/F 0.009 pF/F
Up NMIA 0.053 uF/F 0.053 pF/F
Unmia 0.054 uF/F 0.054 uF/F
Uprea 0.002 uF/F 0.002 uF/F
u(Cymia) 0.054 pF/F 0.054 pF/F
A 0.005 pF/F -0.014 yF/F
u(Aymia) 0.065 pF/F 0.065 pF/F

Table 18: Results along with measurement uncertainties for the 10 pF standards #01416 and #01479 at

1592 Hz and 100 V (rms). All the uncertainty values are reported in 1c.

Standard #01677 Standard #01459
Mean date of measurement 2 June 2017 2 June 2017
et 99.999 478 99 pF 99.999 517 43 pF
Up 51pM 0.004 pF/F 0.007 uF/F
Up prpm 0.035 pF/F 0.035 puF/F
Ugipm 0.035 pF/F 0.036 puF/F
spiem/VN 0.001 uF/F 0.001 uF/F
u(cys 0.035 uF/F 0.036 uF/F
G 99.999 478 98 pF 99.999 519 16 pF
Uy Nmia 0.004 pF/F 0.004 pF/F
Up Nmia 0.053 pF/F 0.053 pF/F
Unmia 0.053 pF/F 0.053 pF/F
Upred 0.002 pF/F 0.002 pF/F
u(Cymia) 0.053 pF/F 0.053 pF/F
A 0.000 pF/F 0.017 pF/F
u(Avmia) 0.064 pF/F 0.064 pF/F

Table 19: Results along with measurement uncertainties for the 100 pF standards #01459 and #01677 at
1592 Hz and 10 V (rms). All the uncertainty values are reported in 1c.
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The relative differences Ayp;4 for both the 10 pF and the 100 pF standards are averaged to give the final
differences between NMIA and BIPM:

- at10pF: Ayma= (—0.005 + 0.065) x 10¢ (k=1)

- at100 pF: Aypya= (0.009 + 0.064) x 106 (k=1)

As two 10 pF and two 100 pF capacitance standards have been measured, four 10:1 ratio values can be
computed for both NMIA and the BIPM. The individual capacitance measurements used for the
computations and their standard uncertainty are summarized in Table 20 (from Tables 18 and 19).

The calculated relative deviations from the nominal 10:1 ratio are reported in Table 21 as well as the
differences of the deviations computed for NMIA and the BIPM. The mean of these differences and its
combined standard uncertainty are also reported in this table.

NMIA BIPM
Capacitance Dii.’ference from Dii.’ference from
nominal value, pF/F | nominal value, pF/F
100 pF #01677 -5.210 £ 0.053 -5.210 £ 0.035
100 pF #01459 -4.808 + 0.053 -4.826 + 0.037
10 pF #01416 -12.967 + 0.054 -12.972 £ 0.036
10 pF #01479 -4.357 £ 0.054 -4.343 £ 0.036

Table 20: Summary of the deviations from nominal value of the four capacitance standards measured by
NMIA and BIPM.

NMIA BIPM
Ratio Relative deviation Relative deviation Nl\;[fII:;ELP(Ii\/Ie‘(Iiii;i:relgce
from 10, uF/F from 10, uF/F WF/F ’
ratio #01677 / #01416 7.757 £ 0.014 7.762 +0.027 -0.005 £ 0.031
ratio #01677 / #01479 -0.853 £ 0.011 -0.867 £ 0.027 0.014 £ 0.030
ratio #01459 / #01416 8.159 £ 0.014 8.146 £ 0.027 0.012 £ 0.031
ratio #01459 / #01479 -0.451 £ 0.011 -0.483 £ 0.027 0.032 £ 0.030
Mean difference of ratio deviations, uF/F 0.013
Standard combined uncertainty, pF/F 0.031

Table 21: Comparison of the individual deviations from the nominal 10:1 ratio measured by NMIA and the
BIPM and mean value of the differences of the ratio deviations with its combined uncertainty.

Final report - November 2018 Page 31



Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

NMIA - s/n 1416

-12.80
® BIPM
A8 ® NMIA
I’
[=%
g -12.90
S~
% o
@
3 -12.95 TS B F—— _...—.
5] PR ! - @
= PN e* e - °
e -13.00 \
(o]
-13.05
-13.10
2 2 Z Z 7
o, 70 0, o Yo Yo, “o,
o< 2 20 <0 20 % "2
%> 7> Z Z 7> 7> 7>
Date

Figure 13: Individual measurements for 10 pF standard #01416 showing NMIA measurements and linear
fit, BIPM measurements, NMIA value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1lc
uncertainty bar. Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 14: Individual measurements for 10 pF standard #01479 showing NMIA measurements and linear
fit, BIPM measurements, NMIA value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1lc
uncertainty bar. Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 15: Individual measurements for 100 pF standard #01677 showing NMIA measurements and linear
fit, BIPM measurements, NMIA value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1lc
uncertainty bar. Measurement conditions: 1592 Hz and 10 V (rms).
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Figure 16: Individual measurements for 100 pF standard #01459 showing NMIA measurements and linear
fit, BIPM measurements, NMIA value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1lc
uncertainty bar. Measurement conditions: 1592 Hz and 10 V (rms).
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10.5. Comparison between BIPM and NPL

As already mentioned in section 6, two of the four standards sent by the NPL to the BIPM experienced an
excessive drift during the series of measurements carried out at the BIPM, Figures 17 and 18. Those two
standards, #01186 and #01185 of capacitance value 10 pF and 100 pF respectively, have been removed
from the comparison.

The two standards remaining in the comparison are the 10 pF #01101 and the 100 pF #01100. For these
two standards, all the individual measurements performed at both the NPL and the BIPM are reported on
Figures 19 and 20.

In these figures are also shown the interpolated value of the BIPM measurements (CAT,;]Z) at the mean date of

measurement at the BIPM (DEYM), as well as the linear fit of the NPL initial and return series of
measurements along with the NPL predicted value (Cyp,) at the mean date. The uncertainty bars

correspond to u(Cyye; ) and u(Cyp,) in 1o.

In spite of noticeable instabilities in the first series of measurements at NPL for the 10 pF standard (Figure
19), the best way to compare NPL and BIPM measurements remains the method proposed in section 9.

The values of C ,Cf,’; and Cyp; at the mean date 28 May 2017 as well as their relative difference Ayp; are

reported in Tables 22 and 23 for both the 10 pF and 100 pF standards, respectively. Tables also include the
1 o value of the uncertainty components defined in section 9.

Standard #01101
Mean date of measurement 28 May 2017
cel 9.999 957 871 pF
Ug,BIPM 0.004 pF/F
Up,BIPM 0.036 pF/F
Ugipm 0.036uF/F
Spipm/ N 0.001 pF/F
u(cye 0.036 uF/F
CypL 9.999 957 540 pF
Uy NpL 0.101 uF/F
Up,NPL 0.042 pF/F
UnpL 0.110 pF/F
Uprea 0.008 pF/F
u(Cypr) 0.110 pF/F
Appr, -0.033 pF/F
u(Aypy) 0.116 pF/F

Table 22: Results along with measurement uncertainties for the 10 pF standard #01101 at 1592 Hz and
100 V (rms). All the uncertainty values are reported in 1c.
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Standard #01100
Mean date of measurement 28 May 2017
il 99.999 686 56 pF
Up,BIPM 0.010 pF/F
Up,BIPM 0.035 pF/F
Upipym 0.036 uF/F
Spipm/ N1 0.002 pF/F
u(cre 0.036 uF/F
Cupy 99.999 680 39 pF
Uy NpL 0.082 uF/F
Up,nPL 0.049 pF/F
UnpL 0.096 pF/F
Uprea 0.002 uF/F
u(Cypr) 0.096 pF/F
Appr -0.062 pF/F
u(Aypy) 0.103 pF/F

Table 23: Results along with measurement uncertainties for 100 pF standard #01100 at 1592 Hz and 10 V
(rms). All the uncertainty values are reported in 1c.

The values of the relative differences Ayp; between NPL and BIPM at 10 pF and 100 pF as well as their
estimated uncertainty u(Ayp,) calculated from the above Tables 22 and 23 are,

- at10pF: Agp=(—0.033+0.116) x 10~¢ (k=1)

- at100 pF: Aypr= (—0.062 + 0.102) x 10~¢ (k=1)

As one 10 pF standard and one 100 pF standard have been measured, only one 10:1 ratio value can be
computed for both NPL and the BIPM. The individual capacitance measurements used for the computation
and their standard uncertainty are summarized in Table 24 (from Tables 22 and 23).

The calculated relative deviations from the nominal 10:1 ratio are reported in Table 25 for the NPL and the
BIPM as well as their difference and its combined standard uncertainty.

NPL BIPM
Capacitance Dii.’ference from Dii.’ference from
nominal value, uF/F | nominal value, pF/F
100 pF #01100 -3.196 £ 0.096 -3.134 £ 0.036
10 pF #01101 -4.246 £ 0.110 -4.213 £ 0.036

Table 24: Summary of the deviations from nominal value of the four capacitance standards measured by
NPL and BIPM.
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NPL BIPM
PL-BIPM diffi
Ratio Relative deviation Relative deviation NO f ratio de(i:ia:;()errllsce
from 10, pF/F from 10, pF/F ’
uF/F
ratio #01101 / #01000 1.050 + 0.074 1.078 £ 0.027 -0.029 +0.079

Mean difference of ratio deviations, uF/F -0.029

Standard combined uncertainty, pF/F 0.079

Table 25: Comparison of the individual deviations from the nominal 10:1 ratio measured by NPL and the
BIPM and mean value of the differences of the ratio deviations with its combined uncertainty.
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Figure 17: Individual measurements of the series carried out at the BIPM for the 10 pF standard #01186.
Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 18: Individual measurements of the series carried out at the BIPM for the 100 pF standard #01185.
Measurement conditions: 1592 Hz and 10 V (rms).
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Figure 19: Individual measurements for 10 pF standard #01101 showing NPL measurements and linear fit,
BIPM measurements, NPL value interpolated at the mean date of BIPM measurements (black diamond dot)
with 16 uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1 uncertainty bar.
Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 20: Individual measurements for 100 pF standard #01100 showing NPL measurements and linear
fit, BIPM measurements, NPL value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1lc
uncertainty bar. Measurement conditions: 1592 Hz and 10 V (rms).

10.6. Comparison between BIPM and PTB

All the individual measurements performed at both the PTB and the BIPM are shown on Figures 21 and 22
for the 10 pF standards #01257 and #01258, and on Figures 23 and 24 for the 100 pF standards #01157
and #01256.

In these figures are also shown the interpolated value of the BIPM measurements (C;?,f;) at the mean date of

measurement at the BIPM (DE/EM), as well as the linear fit of the PTB initial and return series of
measurements along with the PTB predicted value (Cprp) at the mean date. The uncertainty bars

correspond to u(Cpeh ) and u(Cprp) in 1o.

A dependence of the capacitance value of the four standards from PTB has been observed during
measurement at BIPM and PTB. This dependence is of the order of 1 part in 10? of the capacitance value per
hPa of variation of the atmospheric pressure. No such effect was detected on the standards of the other
NMIs within the resolution of measurement, or was possible to extract from the measuring noise.

As an example, Figure 25 presents the correlation between capacitance value and atmospheric pressure for
the 100 pF standard #01256 during the measurement at the BIPM. On this figure are reported versus time
both: (i) the difference between the measured capacitance and the mean capacitance of the series of
measurements after correction from the drift, and (ii) the difference between the measured atmospheric
pressure at the time of measurement and the mean atmospheric pressure over the series of measurements.

For each of the PTB’s capacitors a pressure coefficient has been estimated from its measured capacitance
variations with atmospheric pressure. However, the observed capacitance variations may not necessarily
only be due to atmospheric pressure changes and may sometime be superimposed with other uncontrolled
systematic errors. Then, only clear or larger capacitance variations with atmospheric pressure have been
kept to estimate the pressure coefficients. The coefficients estimated by the BIPM are reported in Table 26
along with their standard deviation. These values are in good agreement with the pressure coefficient
determined by PTB which value is (1.0 + 0.2)x10-°/hPa for all four PTB’s standards.
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Estimated pressure coefficient along with their standard deviation (x10-° / hPa)

10 pF #1257 10 pF #1258 100 pF #1256 100 pF #1157

0611 0.7+1.0 1.1+£0.3 1.4+21

Table 26: Pressure coefficients of travelling capacitors from PTB measured at the BIPM.

Measurements at the BIPM and PTB were carried out at different mean atmospheric pressures of
1009.0 hPa and of 1005.5 hPa, respectively. In order to be able to compare PTB and BIPM measurements,
all the individual measurements carried out both at PTB and BIPM have been corrected in order that they
correspond to a measurement performed at the same reference atmospheric pressure of 1013.25 hPa
(1 atm). The correction applied to each of the measurements is calculated using the corresponding pressure
coefficient (Table 26) and the difference between the atmospheric pressure at the time of measurement
and the reference pressure. The uncertainty on this correction is estimated from the standard deviation of
the estimation of the pressure coefficient and from the uncertainty on the measurement of atmospheric
pressure either at PTB or BIPM. This uncertainty is found to have a maximum value of 5 part in 10° which is
combined quadratically to u(Cprg) and u(C;;{g). Results presented in the following Tables 27 and 28 and
Figures 21 to 24 are the corrected ones.

The values of C;;g and Cprp at the mean date 1 June 2017 as well as their relative difference Apyp are
reported in Tables 27 and 28 for both the 10 pF and 100 pF standards, respectively. Tables also include the
1o value of the uncertainty components defined in section 9 and ey pressure the uncertainty on the

atmospheric pressure correction.

Standard #01257 Standard #01258
Mean date of measurement 1 June 2017 1 June 2017

s 10.000 015 848 pF 10.000 009 851pF
Ug BIPM 0.008 puF/F 0.007 puF/F
(T— 0.036 puF/F 0.036 uF/F
TT— 0.037 pF/F 0.037 pF/F
Spipm/NM 0.001 pF/F 0.001 pF/F
Ustm_pressure 0.005 pF/F 0.005 pF/F
u(crel 0.037 uF/F 0.037 uF/F

Cprp 10.000 016 075 pF 10.000 010 113 pF
Uy prs 0.008 pF/F 0.008 uF/F
Up pr5 0.022 uF/F 0.022 uF/F
Uprg 0.023 pF/F 0.023 pF/F
Uprea 0.001 uF/F 0.002 uF/F
Upem_pressure 0.005 pF/F 0.005 pF/F
u(Cprp) 0.024 puF/F 0.024 puF/F
Aprg 0.023 pF/F 0.026 pF/F
u(Aprp) 0.044 uF/F 0.044 pF/F

Table 27: Results along with measurement uncertainties for the 10 pF standards #01257 and #01258 at
1592 Hz and 100 V (rms). All the uncertainty values are reported in 1c.
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Standard #01157 Standard #01256
Mean date of measurement 1 June 2017 1 June 2017

C';}'; 99.999 417 97 pF 100.000 189 83 pF
Ug BIpM 0.012 pF/F 0.009 pF/F
Up prpm 0.035 pF/F 0.035 pF/F
Ugipm 0.037 uF/F 0.036 uF/F
spiem/VN 0.001 uF/F 0.001 uF/F
Uatm_pressure 0.005 pF/F 0.005 pF/F
u(cred 0.037 uF/F 0.037 uF/F

Cprp 99.999 417 07 pF 100.000 189 33 pF
Uy pTB 0.011 pF/F 0.011 pF/F
Up pTB 0.019 pF/F 0.017 pF/F
Uprp 0.022 pF/F 0.020 pF/F
Upred 0.002 pF/F 0.002 pF/F
Uatm_pressure 0.005 pF/F 0.005 pF/F
u(Cprp) 0.023 pF/F 0.021 uF/F
Aprg -0.009 pF/F -0.005 pF/F
u(Aprp) 0.043 pF/F 0.043 pF/F

Table 28: Results along with measurement uncertainties for the 100 pF standards #01157 and #01256 at
1592 Hz and 10 V (rms). All the uncertainty values are reported in 1c.

The relative differences Aprp for both the 10 pF and the 100 pF standards are averaged to give the final
differences between PTB and BIPM:

- at10pF: Aprp= (0.025+0.043) x 10° (k=1)

- at100 pF: Aprp= (—0.007 + 0.041) x 10¢ (k=1)

As two 10 pF and two 100 pF capacitance standards have been measured, four 10:1 ratio values can be
computed for both PTB and the BIPM. The individual capacitance measurements used for the computations
and their standard uncertainty are summarized in Table 29 (from Tables 27 and 28).

The calculated relative deviations from the nominal 10:1 ratio are reported in Table 30 as well as the
differences of the deviations computed for the PTB and the BIPM. The mean of these differences and its
combined standard uncertainty are also reported in this table.

PTB BIPM
Capacitance Dii.’ference from Dii.’ference from
nominal value, uF/F | nominal value, pF/F
100 pF #01256 1.893 +0.021 1.898 + 0.037
100 pF #01157 -5.829 £ 0.023 -5.820 £ 0.037
10 pF #01257 1.607 + 0.024 1.585 + 0.037
10 pF #01258 1.011 + 0.024 0.985 £ 0.037

Table 29: Summary of the deviations from nominal value of the four capacitance standards measured by

PTB and BIPM.
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PTB BIPM
Ratio Relative deviation Relative deviation PonB ;Eilil;h;[e(ilif::;j:sce
from 10, uF/F from 10, uF/F ’
uF/F
ratio #01256 / #01257 0.286 + 0.006 0.313 £ 0.027 -0.028 £ 0.028
ratio #01256 / #01258 0.882 + 0.006 0.913 + 0.027 -0.031 £ 0.028
ratio #01157 / #01257 -7.437 £ 0.006 -7.405 £ 0.027 -0.032 £ 0.028
ratio #01157 / #01258 -6.841 £ 0.006 -6.805 + 0.027 -0.035 £ 0.028
Mean difference of ratio deviations, uF/F -0.031
Standard combined uncertainty, pF/F 0.028

Table 30: Comparison of the individual deviations from the nominal 10:1 ratio measured by PTB and the
BIPM and mean value of the differences of the ratio deviations with its combined uncertainty.
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Figure 21: Individual measurements for 10 pF standard #01257 showing PTB measurements and linear fit,
BIPM measurements, PTB value interpolated at the mean date of BIPM measurements (black diamond dot)
with 16 uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1c uncertainty bar.
Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 22: Individual measurements for 10 pF standard #01258 showing PTB measurements and linear fit,
BIPM measurements, PTB value interpolated at the mean date of BIPM measurements (black diamond dot)
with 16 uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1 uncertainty bar.
Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 23: Individual measurements for 100 pF standard #01157 showing PTB measurements and linear
fit, BIPM measurements, PTB value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1o
uncertainty bar. Measurement conditions: 1592 Hz and 10 V (rms).
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Figure 24: Individual measurements for 100 pF standard #01256 showing PTB measurements and linear
fit, BIPM measurements, PTB value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1c
uncertainty bar. Measurement conditions: 1592 Hz and 10 V (rms).
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Figure 25: Dependence of the capacitance value of the 100 pF standard #01256 with atmospheric pressure.
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10.7. Comparison between BIPM and VNIIM

All the individual measurements performed at both the VNIIM and the BIPM are shown on Figures 26 and
27 for the 10 pF standards #02204 and #02205, and on Figure 28 for the 100 pF standard #02207.

In these figures are also shown the interpolated value of the BIPM measurements [C;;’;,M] at the mean date

of measurement at the BIPM (DEifM,), as well as the linear fit of the VNIIM initial and return series of
measurements along with the VNIIM predicted value (Cyy;n) at the mean date. The uncertainty bars

correspond to u(Cyeh;,) and u(Cyyypy) in 1o.

Measurements of the standards from VNIIM were not carried out at the recommended temperature value
of 23 °C but at the mean temperature of 20.1 °C. Consequently, the measurements reported by VNIIM at
20.1 °C have been corrected for 23 °C.

As the temperature coefficients of the three travelling standards have not been measured by VNIIM, the
pilot has estimated the temperature coefficient from previous works [10] and from measurements
performed by NIM in this comparison (see annex 3, section A3-3.1). In both cases it has been shown that AH
capacitance standards may have a dependence with ambient temperature of the order of -10 part in 10°
per °C. However, it must be underlined that the experience of the BIPM and other participants is that some
AH standards may also have lower dependence with ambient temperature of the order of only few part in
109 per °C. Therefore, for a deviation of 3 °C from the agreed temperature of 23 °C, a relative correction of
(=15 £ 10) X 10 have been estimated by the pilot and applied to the results reported by VNIIM.

The values of C;;,’;,M and Cypypy at the mean date 4 July 2017 as well as their relative difference Ay, are
reported in Tables 31 and 32 for both the 10 pF and 100 pF standards, respectively. Tables also include the
1o value of the uncertainty components defined in section 9 and Uremperqrure the uncertainty on the
temperature correction.

It must be noticed that uncertainty of the 100 pF standard #02207 has been revised by VNIIM after the

issue of the first version of draft A (increase of the uncertainty on the 10:1 ratio - see uncertainty statement
annex A5-8). This revision had the effect to increase the combined uncertainty by about 55 ppb.

Standard #02204 Standard #02205
Mean date of measurement 4 July 2017 4 July 2017

ot 9.999 953 384 pF 9.999 948 830 pF
Uy pipm 0.017 uF/F 0.009 puF/F
VT 0.036 uF/F 0.036 uF/F
Uppy 0.040 pF/F 0.037 uF/F
Sgipm/NM 0.001 pF/F 0.001 pF/F
u(Ceh 0.040 pF/F 0.037 uF/F

e 9.999 953 985 pF 9.999 949 052 pF
Ugynim 0.015 puF/F 0.015 uF/F
Upynim 0.093 uF/F 0.093 uF/F
[T — 0.094 uF/F 0.093 uF/F
Upred 0.005 pF/F 0.007 pF/F
UTemperature 0.010 uF/F 0.010 uF/F
u(Cynim) 0.095 puF/F 0.095 pF/F
Aynim 0.060 pF/F 0.022 pF/F
u(Bynim) 0.103 pF/F 0.102 pF/F

Table 31: Results along with measurement uncertainties for the 10 pF standards #02204 and #02205 at
1592 Hz and 100 V (rms). All the uncertainty values are reported in 1c.
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Standard #02207
Mean date of measurement 4 July 2017
o 99.999 561 49 pF
Up,BIPM 0.018 pF/F
Up,pIpM 0.035 pF/F
Upipm 0.039 pF/F
Sgipm/ VM 0.001 uF/F
u(Che 0.039 uF/F
Cynum 99.999 546 23 pF
UgyNiIM 0.013 pF/F
Upynim 0.142 pF/F
UyNim 0.142 pF/F
Upred 0.003 uF/F
UTemperature 0.010 pF/F
w(Cyniim) 0.143 pF/F
Aynim -0.153 pF/F
u(Aynim) 0.148 pF/F

Table 32: Results along with measurement uncertainties for the 100 pF standard #02207 at 1592 Hz and
10 V (rms). All the uncertainty values are reported in 1c.

Regarding the 10 pF standards, the calculated values of the relative differences Ay are averaged to give
the final difference between VNIIM and BIPM. For the 100 pF standard, the final difference is simply that
measured for the standard #02207 (Table 32).

Thus, the differences VNIIM-BIPM are:

- at10pF: Apyym= (0.041+0.101) x 10° (k=1)

- at100 pF: Ayyym= (—0.153 +0.148) x10~¢ (k=1)

As two 10 pF and one 100 pF capacitance standards have been measured, two 10:1 ratio values can be
computed for both VNIIM and the BIPM. The individual capacitance measurements used for the
computations and their standard uncertainty are summarized in Table 33 (from Tables 31 and 32).

The calculated relative deviations from the nominal 10:1 ratio are reported in Table 34 as well as the
differences of the deviations computed for VNIIM and the BIPM. The mean of these differences and its
combined standard uncertainty are also reported in this table.

VNIIM BIPM
Capacitance Difference from Difference from
nominal value, pF/F nominal value, pF/F
100 pF #02207 -4.538 £ 0.143 -4.385 + 0.039
10 pF #02204 -4.602 + 0.095 -4.662 + 0.040
10 pF #02205 -5.095 + 0.095 -5.117 £ 0.037

Table 33: Summary of the deviations from nominal value of the three capacitance standards measured by
VNIIM and BIPM.
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VNIIM

BIPM

Relative deviation

Relative deviation

VNIIM-BIPM
difference of ratio

Ratio from 10, uF/F from 10, uF/F deviations, uF /F
ratio #02207 / #02204 0.064 +0.121 0.277 £ 0.027 -0.213 £ 0.124
ratio #02207 / #02205 0.557 +0.121 0.732 £ 0.027 -0.175 + 0.124
Mean difference of ratio deviations, uF/F -0.194
Standard combined uncertainty, pF/F 0.124

Table 34: Comparison of the individual deviations from the nominal 10:1 ratio measured by VNIIM and the
BIPM and mean value of the differences of the ratio deviations with its combined uncertainty.
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Figure 26: Individual measurements for 10 pF standard #02204 showing VNIIM measurements and linear
fit, BIPM measurements, VNIIM value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1lc
uncertainty bar. Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 27: Individual measurements for 10 pF standard #02205 showing VNIIM measurements and linear
fit, BIPM measurements, VNIIM value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1lc
uncertainty bar. Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 28: Individual measurements for 100 pF standard #02207 showing VNIIM measurements and linear
fit, BIPM measurements, VNIIM value interpolated at the mean date of BIPM measurements (black diamond
dot) with 1o uncertainty bar, BIPM predicted value at the mean date (green square dot) with 1lc
uncertainty bar. Measurement conditions: 1592 Hz and 10 V (rms).
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10.8. Measurement of BIPM standards following comparison protocol

The BIPM has carried out the measurement of one of its own set of standard capacitors composed of two
10 pF standards and two 100 pF standards (AH11A type) following the same time schedule as the other
participants. Initial, intermediate and return series of measurements have been analysed in the same way
as for all NMlIs and, as no discrepancies between the different series is assumed, it is expected to obtain
differences Ag;pp equal to zero to the precision of the method (and measurements) for both the 10 pF and
100 pF standards.

All the individual measurements are shown on Figures 29 and 30 for the 10 pF standards #01227 and
#01310, and on Figures 31 and 32 for the 100 pF standards #01642 and #01225.

In these figures are also shown the interpolated value of the BIPM measurements [C;,e}: ») at the mean date

of measurement of the second series, (DE/EM), as well as the linear fit of the initial and return series of

measurements along with the interpolated value Cg;p)s at the mean date. The uncertainty bars corresponds
to u(C ;f{:M) and u(Cg;py), in 1o (these uncertainties are evidently very similar).

The values of Cgng and Cgpy, at the mean date 30 May 2017 as well as their relative difference Ag;p,, are
reported in Tables 35 and 36 for both the 10 pF and 100 pF standards, respectively. Tables also include the
1o value of the uncertainty components defined in section 9.

Standard #01227 Standard #01310
Mean date of measurement 30 May 2017 30 May 2017
[ 10.000 016 082 pF 9.999 999 511 pF
Uy pipy 0.009 uF/F 0.011 pF/F
Up p1pM 0.036 uF/F 0.036 uF/F
Ugipm 0.037 uF/F 0.038 puF/F
Spipm/VN 0.002 puF/F 0.002 pF/F
w(cyl, 0.037 uF/F 0.038 uF/F
B 10.000 016 112 pF 9.999 999 460 pF
Uy pipm 0.012 pF/F 0.006 pF/F
TR 0.036 uF/F 0.036 pF/F
Upipym 0.037 uF/F 0.037 uF/F
Uprea 0.001 puF/F 0.001 pF/F
u(Cgipm) 0.038 uF/F 0.037 uF/F
By 0.003 pF/F -0.005 pF/F
u(Apipm) 0.052 pF/F 0.052 pF/F

Table 35: Results along with measurement uncertainties for the 10 pF standards #01227 and #01310 at
1592 Hz and 100 V (rms). All the uncertainty values are reported in 1c.
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Standard #01225 Standard #01642
Mean date of measurement 30 May 2017 30 May 2017
Co 100.000 513 70 pF 100.000 065 23 pF
Uy pipm 0.006 pF/F 0.004 uF/F
Up pipm 0.035 pF/F 0.035 uF/F
Ugrpy 0.036 uF/F 0.035 uF/F
Spipm/NT 0.001 pF/F 0.001 pF/F
w(Chly 0.036 yF/F 0.035 uF/F
g 100.000 513 68 pF 100.000 065 23 pF
Ug BiPM 0.007 pF/F 0.005 uF/F
Up pipM 0.035 pF/F 0.035 pF/F
Uprpm 0.036 pF/F 0.035 pF/F
Uprea 0.001 uF/F 0.000 pF/F
u(Cprpm) 0.036 pF/F 0.035 pF/F
Apipm 0.000 pF/F 0.000 pF/F
u(Agipm) 0.050 pF/F 0.050 pF/F

Table 36: Results along with measurement uncertainties for the 100 pF standards #01642 and #01225 at
1592 Hz and 10 V (rms). All the uncertainty values are reported in 1c.

The arithmetic means of the individual differences Ag;py computed for both the 10 pF and 100 pF
standards provide the final mean differences ‘BIPM-BIPM’:

- at10pF: Agpy=(—0.00140.051) x10°¢ (k=1)
- at100 pF: Ag;py= (0.000 £+ 0.050) x 10~® (k=1)
As expected the differences Ag;py, are very near zero; their values allow an estimate of the precision of the

method when there is no transportation of the standards and that measurements are performed with the
same measuring chain.
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Figure 29: Individual measurements for 10 pF standard #01227 showing the three series of measurements
performed at the BIPM, the interpolated value at the mean date of the second series (green square dot)
with 1o uncertainty bar, and the linear fit of the 1st and 34 series with the predicted value at the mean date
(black diamond dot) with 16 uncertainty bar. Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 30: Individual measurements for 10 pF standard #01310 showing the three series of measurements
performed at the BIPM, the interpolated value at the mean date of the second series (green square dot)
with 1o uncertainty bar, and the linear fit of the 1st and 34 series with the predicted value at the mean date
(black diamond dot) with 1o uncertainty bar. Measurement conditions: 1592 Hz and 100 V (rms).
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Figure 31: Individual measurements for 100 pF standard #01225 showing the three series of
measurements performed at the BIPM, the interpolated value at the mean date of the second series (green
square dot) with 1o uncertainty bar, and the linear fit of the 1st and 3rd series with the predicted value at
the mean date (black diamond dot) with 1c uncertainty bar. Measurement conditions: 1592 Hz and 10 V
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Figure 32: Individual measurements for 100 pF standard #01642 showing the three series of
measurements performed at the BIPM, the interpolated value at the mean date of the second series (green
square dot) with 1o uncertainty bar, and the linear fit of the 1st and 3rd series with the predicted value at
the mean date (black diamond dot) with 16 uncertainty bar. Measurements conditions: 1592 Hz and 10 V.
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11. Calculation of the Key Comparison Reference Value (KCRV) and of the Degrees of Equivalence
(DoE)

The usual way to determine the KCRV is to calculate the weighted mean of the set of the individual
measurements of the quantity addressed in the comparison as performed by each of the participants. In the
present case this quantity is the difference of capacitance measurements between a given NMI and the
BIPM, and the set of individual measurements are the differences A; computed in the previous section and
reported in Table 37 (index i refers to the acronym of the NMIs).

The weights used for the computation of the weighted mean would normally be the standard uncertainties
u(4;) on the differences A;. However, as all the A; are correlated to the BIPM capacitance base, the
uncorrelated uncertainties of the differences,

uuncorr(Ai) = \/u(Ai)z - u?} (Ciref)'

have been considered for this calculation. Uncorrelated uncertainty values are reported in Table 37 along
with the A;.

A; and associated uncorrelated standard uncertainty u(4;), in pF/F
10 pF standards 100 pF standards
Apipm 0.000 = 0.036 0.000 + 0.035
AyETAS 0.017 £ 0.085 0.051 +0.074
Ayiu 0.000 = 0.019 -0.034 £ 0.022
Anist -0.057 + 0.021 -0.074 + 0.020
Anmia -0.005 + 0.054 0.009 + 0.053
AnpL -0.033+0.110 -0.062 + 0.096
Aprg 0.025 +0.024 -0.007 +0.022
Aynim 0.041 £ 0.095 -0.153 £ 0.144
Weighted mean, A, in uF/F -0.010 £ 0.011 -0.033 £ 0.011
Observed x? value, x2,, 7.97 9.24
X2, per degree of freedom, x2,./v 1.14 1.32
Prix*(v) > x2,}, v=7 34 % 24 %

Table 37: Summary of the differences A; between the participating NMIs and the BIPM along with their
associated uncorrelated standard uncertainty (k = 1).

This way of determining the KCRV is acceptable only if the consistency of the distribution of the differences
A; may be established. This is done in performing a chi-squared test [11, 12] using the observed y? value
computed as,

42, = (8 — B)?

obs 7 ulzmcorr (Ai)

where A is the weighted mean of the differences A; computed using the inverses of the squares of their
associated uncorrelated standard uncertainty as the weights,

Ziwid; 1

Z = with W, = —F—"7T——.
Zi w; ' u%mcorr (Ai)
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The relative standard uncertainty of the weighted mean corresponds to the standard deviation associated
with the computation of A, and is given by,
1
2
u(p) = Z w;

i

The value y2,, is expected to belong to a y? distribution with v = 7 degrees of freedom from which the
probability of finding y?(v) > xZ,s can be computed. In Table 37 are reported x2,, and its normalized value
x2,s/v as well as the probability Pr{ y2(v) > x2,.} for both the measurements at 10 pF and 100 pF.
According to the probability values computed, we can reasonably accept the weighted means of the A; as
the KCRV for both capacitance values. Then, the KCRVs are:

- For measurement at 10 pF: KCRV 1gpr = (—0.010 £ 0.011) x 10

- For measurement at 100 pF: KCRV 190pr = (—0.033 + 0.011) X 10

On Figures 33 and 34 are shown all the differences A; between each participant and the BIPM as well as the
KCRYV values (red lines). The BIPM appear also on this graph with a difference equal to zero. Error bars
correspond to the expanded uncertainties associated with each of the A; and with the KCRVs (k = 2).
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Figure 33: Differences A; between each of the participants and the BIPM (black squares) together with the
KCRV value (bold red line) for the measurement of 10 pF capacitance standards. Error bars correspond to
the expanded uncertainties associated with each of the A; (k = 2), and the dotted lines to the high and low
limit of the expanded error band of the KCRV (k = 2). BIPM appear in the graph with a difference Ag;py= 0.
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Figure 34: Differences A; between each of the participants and the BIPM (black squares) together with the
KCRYV value (bold red line) for the measurement of 100 pF capacitance standards. Error bars correspond to
the expanded uncertainties associated with each of the A; (k = 2), and the dotted lines to the high and low
limit of the expanded error band of the KCRV (k = 2). BIPM appear in the graph with a difference Ag;pp= 0.

The comparison results can also be expressed in terms of degrees of equivalence (DoE), corresponding to
the differences between the A; and the KCRV. The DoE defines to what degree a given A; is consistent with
the KCRV (A).

The DoE is expressed quantitatively by two terms: the deviation of A; from the KCRYV, and its uncertainty at
a 95 % level of confidence (coverage factor k = 2). Thus, the DoE of the institute of acronym i is formed as
the pair (d;, U(d;)) with:

di=A-A and U(d;) =2 xu(d)

where u(d;) = [utzmcorr(Ai) - uZ(E)]l/Z

The DoE computed for each of the participants is reported in Table 38 for both 10 pF and 100 pF
measurements. These DoEs are also reported on Figures 35 and 36.

10 pF standards 100 pF standards
d; (uF/F) U(d;) (uF/F) d; (uF/F) U(d;) (uF/F)
METAS 0.027 0.169 0.084 0.145
NIM 0.010 0.031 -0.001 0.037
NIST -0.047 0.035 -0.041 0.034
NMIA 0.006 0.105 0.041 0.104
NPL -0.023 0.219 -0.029 0.191
PTB 0.035 0.042 0.026 0.037
VNIIM 0.051 0.188 -0.120 0.287
BIPM 0.009 0.070 0.033 0.067

Table 38: Degrees of equivalence of the participating institutes for both 10 pF and 100 pF measurements.
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Figure 35: Degrees of equivalence of the participating NMIs (black squares) along with their expanded
uncertainty (k = 2) for the measurement of 10 pF capacitance standards. Red line indicates the DoE=0 line.

0.25
0.20
0.15
0.10
0.05 Eb EL
0.00 % I i
-0.05 E]J ‘ i

-0.10
-0.15
-0.20
-0.25

-0.30
-0.35

DoE x10°

METAS NIM NIST NMIA NPL PTB VNIIM BIPM
Institute
Figure 36: Degrees of equivalence of the participating NMIs (black squares) along with their expanded

uncertainty (k = 2) for the measurement of 100 pF capacitance standards. Red line indicates the DoE=0
line.
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12. Comparison of DoE between comparisons CCEM-K4.1996 and CCEM-K4.2017

The degrees of equivalence determined in the CCEM-K4.2017 comparison can be compared directly to
those from the previous CCEM-K4 comparison carried out between 1996 and 1999. At that time the
traceability to the farad was mainly based on calculable capacitors and only 3 of 11 participating institutes
were running a QHR for the realization of the farad (BIPM, BNM-LCIE, NRC). Only 10 pF standards were
travelled in the CCEM-K4.1996 comparison.

As shown on figure 37, there is a good matching of the DoEs obtained in these two key comparisons. For
institutes having participated to both comparisons the DoEs are either quite similar or clearly improved.
Numerical values of the DoEs obtained in the CCEM-K4.1996 comparison are reported in Table 39.
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Figure 37: Comparison of degrees of equivalence, for the measurement of 10 pF standards, between
comparisons CCEM-K4.1996 (blue squares) and CCEM-K4.2017 (red squares). Uncertainty bars correspond
to a coverage factor k = 2 (95% confidence level).

d; (WF/F) U(d;) (uF/F)
BIPM -0.018 0.105
LNE (formerly BNM-LCIE) -0.216 0.092
NIM -0.040 0.261
NIST -0.003 0.029
MSL -0.026 0.124
VSL (formerly Nmi) -0.772 1.200
NMIA 0.035 0.069
NPL 0.198 0.116
NRC 0.037 0.324
PTB -0.004 0.092
VNIIM -0.318 0.401

Table 39: Degrees of equivalence obtained in the CCEM-K4.1996 comparison, [1].

Final report - November 2018 Page 56



Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

13. Comparison of the deviations from nominal 100 pF/10 pF ratio

Table 40 summarizes the NMIs-BIPM differences of the deviations from the nominal 10:1 ratio calculated in
sections 10.1 to 10.7.

As defined in section 9, the reported value Ag; 4., corresponds, for a given institute, to the difference
between the deviations from the nominal 100 pF/10 pF ratio measured by the institute and by the BIPM. If,
for this institute, several 100 pF and/or 10 pF measurements are available, the value Ag; ;4.; corresponds to
the mean of all the 100 pF/10 pF ratios it is possible to compute.

According to the chi-squared test, the weighted mean of the computed ratios can be used as a 10:1 ratio
KCRV. This value, KCRV1¢.4, is reported in Table 40 along with its uncertainty and the chi-square test result.
The value of KCRV39; is calculated in a similar way as that described in section 11 for the calculation of
KCRVi0pr and KCRV190pr. The weights are the uncorrelated uncertainties on Ag; ;4.1 defined as,

uuncorr(Agi,lo:l) = \/u(Afi,mﬂ)z - ulze (EBIPM,10:1)

Figure 38 presents the differences Ag; 1., for all the participants as well as KCRVjy; and its uncertainty
band at 95 % confidence level (k = 2).

Mean NMI-BIPM difference of Standard uncertainty
NMI deviations from 10:1 ratio, Ag; 4.4 on the difference, U(Afi,um)
uF/F WF/F
METAS 0.034 0.053
NIM -0.034 0.034
NIST -0.017 0.028
NMIA 0.013 0.031
NPL -0.029 0.079
PTB -0.031 0.028
VNIIM -0.194 0.124
BIPM 0.000 0.038
Weighted mean, KCRV9.; pF/F -0.016 + 0.008
Observed x? value, x2,, 7.19
X2, per degree of freedom, y2,./v 1.027
Prix*(v) > Xops}, v =7 41 %

Table 40: Mean of the differences of the deviations from 10:1 ratio (100 pF/10pF) measured by each of the
NMIs and the BIPM. Uncertainty on the difference is reported without expanding factor (k = 1).

These results can also be expressed in terms of degrees of equivalence corresponding for each of the NMI to
the difference d; between Ag; 1., and KCRV1¢.1.

As already mentioned previously, the DoE is expressed quantitatively by two terms: the deviation of Ag; ;4.4
from the KCRYV, and its uncertainty at a 95 % level of confidence (coverage factor k = 2). Thus, the DoE of
the institute of acronym i is formed as the pair (d;, U(d;)) with,

d; = Ag;10.4 — KCRVyg4 and  U(dy) =2xu(dy)

1/2
where, u(d;) = [uuncorrz(Agi,lo:l) - uz(KCvaozl)]

The DoE computed for each of the participants is reported in Table 41 and on figure 39. As can be seen,
there is a good agreement between the participants.
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As already mentioned in section 9, it should be reminded here that the uncertainty attributed by the pilot to
the 100 pF: 10 pF ratio (from uncertainty statements of the participants) don’t necessarily reflect the best
capabilities of the participants in terms of ratio measurements.

10:1 ratio (100 pF/10 pF)
d; (uF/F) U(d;) (uF/F)

METAS 0.050 0.095
NIM -0.018 0.047
NIST -0.001 0.027
NMIA 0.029 0.036
NPL -0.013 0.150
PTB -0.015 0.025
VNIIM -0.178 0.244
BIPM 0.016 0.058

Table 41: Degrees of equivalence of the participating institutes with the 100 pF:10 pF ratio KCRV. Expanded
uncertainty U(d;) is given for the expansion factor k = 2.
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Figure 38: NMI-BIPM differences of the deviations from nominal 100 pF/10 pF ratio (black squares) and
comparison reference ratio value (red line) with its expanded uncertainty band (k = 2). Error bars
correspond to the expanded combined uncertainty of the NMI-BIPM differences (k = 2).
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Figure 39: Degrees of equivalence of the participating NMIs (black squares) along with their expanded
uncertainty (k = 2) for the measurement of the ratio 10:1 (100 pF/10 pF). Red line indicate the DoE=0 line.

14. Estimation of the von Klitzing constant

From the measurement results obtained in this comparison (Table 37), an estimation of the difference
between the Rk value from the last CODATA adjustment and its actual determination from electrical means
can be made. This is done by comparing the weighted means of the differences A; issued either from
measurements traceable to calculable capacitors or from measurements traceable to quantum Hall
resistors. The difference between the weighted means simply gives the estimated difference between the R
CODATA value (used in this comparison) and that which would be measured in SI units from
measurements traceable to calculable capacitors.

In Table 42 are reported the computed weighted mean of the A; of the NMIs having measurements
traceable to a calculable capacitor, the computed weighted mean for those having a traceability based on a
quantum Hall resistor, and the difference between the weighted means. The differences A; are those
obtained for the measurement of the 10 pF capacitance standards.

Table 43 reports the same calculations but for the A; issued from the 100 pF standard measurements.

The differences of the weighted means along with their expanded uncertainties (k = 2) are reported on
Figure 40 for both the measurements of the 10 pF and 100 pF capacitances standards.
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Computation from 10 pF standard measurements

Weighted mean Difference of weighted
NMI A; u(4q;) and 1o standard means and 1o standard
uncertainty, (uF/F) uncertainty, (uF/F)

NIM 0.0000 0.0191

Traceability NIST | -0.0572 | 0.0209
to Calculable -0.0233 +0.0135
NMIA | -0.0045 | 0.0537

capacitor
VNIIM 0.0410 0.0945
0.039 £ 0.023
METAS 0.0170 0.0850
NPL -0.0330 0.1099
QHR 0.0156 + 0.0191

PTB 0.0245 0.0239
BIPM 0.0000 0.0365

Table 42: Computation of the weighted means of the differences between the BIPM and the NMIs having
their traceability based either on a calculable capacitor or on a quantum Hall resistor, and of the difference
of these weighted means. Computations are made from the measurements of the 10 pF standards.

Computation from 100 pF standard measurements
Weighted mean Difference of weighted
NMI A; u(hy) and 1c standard means and 1o standard
uncertainty, (uF/F) uncertainty, (uF/F)
NIM -0.0335 0.0216
Traceability | nisT | _0.0744 | 0.0201
to Calculable -0.0509 £ 0.0142
capacitor NMIA 0.0085 0.0532
VNIIM -0.1530 0.1441
0.047 +0.023
METAS 0.0505 0.0735
NPL -0.0620 0.0961
QHR -0.0038 £ 0.0175
PTB -0.0070 0.0216
BIPM 0.0000 0.0352

Table 43: Computation of the weighted means of the differences between the BIPM and the NMIs having
their traceability based either on a calculable capacitor or on a quantum Hall resistor, and of the difference
of these weighted means. Computations are made from the measurements of the 100 pF standards.
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Figure 40: Weighted means computed from the differences A; obtained from 10 pF and 100 pF
measurement results (Table 37) and which traceability is based either on calculable capacitors (blue
diamonds) or quantum Hall resistors (red squares). Error bars correspond to the expanded uncertainty
(k = 2) of the weighted means.

To summarize, the difference between the value of Rk as it could be estimated from the results of this
comparison and the CODATA value of Rk is equal to (uncertainty components in 1c),

- from 10 pF measurements : (39 £23)x10°

- from 100 pF measurements : (47 +23) x10°°

leading to a mean difference between the measured-Rk value and the CODATA-Rx value equal to :

(43 +23)x10°.

Notice that in the calculations performed with the results issued from the 100 pF measurements, the
difference Ayy; (shaded in Table 43), have been omitted due to the large difference with the three other
A; obtained from calculable capacitors. However, taking into account Ayy;,, would change the mean
difference between measured-Rx and CODATA-Rk values by only 2 parts in 10°.

Measured Relative standard
value of Rg uncertainty (1c)
() (/)
NIST-97 25812.80831 0.024
NMI-97 25812.8071 0.044
NPL-88 25812.8092 0.054
NIM-95 25812.8084 0.13
LNE-01 25812.8081 0.053
and s‘t/\::g::gt?c‘:;ltlainty AT pads

Table 44: Experimental values of Rk used in the last CODATA adjustment, from [13], and their weighted
mean. Uncertainty values are reported in 1c.
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The above estimated difference (measured-Rx — CODATA-Rk) can be compared to the difference between
the weighted mean of the experimental values of Rk obtained from calculable capacitors used for the last
CODATA adjustment, Table 44 [13], and the Rk value fixed in this adjustment, CODATA-Rx = 25 812.807
4555(59) Q, also used in the above analysis.

This difference along with its 16 standard uncertainty is equal, in relative, to:
(28 £ 18)x10°.

This value is consistent with the difference (43 + 23)x10° determined from the actual comparison within
the estimated uncertainties.

15. Conclusion

The key comparison CCEM-K4.2017 commissioned by the CCEM was carried out between March and
November 2017. It allowed determining the current equivalence for the measurement of 10 pF and 100 pF
capacitance standards between seven MNIs belonging to four regional metrology organizations and the
BIPM.

All the participating NMIs have been chosen among those able to realize and maintain a representation of
the farad traceable either to the quantum Hall effect or to a calculable capacitor. Degrees of equivalence
have then been established with the lowest possible uncertainty. For NMIs ensuring their traceability from
the quantum Hall effect, the measurements were expressed in term of the last CODATA value of the von
Klitzing constant Rk in order to make them easily comparable to those of NMIs running calculable capacitors
directly linked to the SI.

The measuring scheme adopted for this comparison was that of a ‘star-comparison’ consisting in carrying
out simultaneously a large number of bilateral comparisons piloted by the BIPM, using capacitors from the
NMIs as travelling standards. Only Andeen-Hagerling capacitors were sent by NMIs to the pilot which all
behaved satisfactorily apart from a very small number of them. However, as several travelling standards of
the same nominal value were sent by each participant, no results were invalidated due to issues related to
defects or instability of these standards.

It has been found that the DoEs of the participants are consistent within the uncertainty of measurement
with a confidence level of 95 % (DoEs are in the range from about -5x10% to 5x10% for 10 pF
measurements). They are also in good agreement with the DoEs estimated during the previous and first
CCEM-K4.1996 comparison which took place from 1996 and 1999. In particular, for institutes that
participated in both comparisons the DoEs are either similar or improved.

In addition to the comparison of the measurements at 10 pF and 100 pF, the ratios 100 pF/10 pF computed
from these measurements have also been compared. Here again agreement has been found between all the
participants.

Finally, as four of the participating institutes take their traceability from a calculable capacitor and four
from the quantum Hall effect, it has been possible to compute an estimate of the difference between the
value of Rx measured from calculable capacitors and the CODATA-value of the von Klitzing constant R. This
difference has been found to be equal to (43 £ 23)x10-° (for k = 1), which is consistent with the difference
calculated at the last CODATA adjustment (2014).
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ANNEX 1: Participants
Contact
Institute Country RMO
Name Telephone Fax email
BIPM
Bureau International des Poids et | International NA Pierre Gournay +3314507 7007 +3314507 70 07 | pierre.gournay@bipm.org
Mesures
METAS . . .
. Switzerland EURAMET | Fréderic Overney | +4158 387 02 96 frederic.overney@metas.ch
Federal Institute of Metrology
NIM . China APMP Yan Yang +86 10 6452 4512 +86 10 6421 8629 | yangyan@nim.ac.cn
National Institute of Metrology
NIST .
. . United State . . .
National Institute of Standards . SIM Yicheng Wang +1 3019754278 +1 301926 3972 | yicheng.wang@nist.gov
of America

and Technology
NMIA
National Metrology Institute of Australia APMP Leigh Johnson +61 2 8467 3529 +61 2 8467 3752 Heather.Johnson@measurement.gov.au
Australia
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ANNEX 2: Initial time schedule of the comparison

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Beginning date End date Duration
Measurement by Institutes 27" February 2017 31" March 2017 5 weeks
Transport 1% April 2017 21" April 2017 3 weeks
Standards stabilization 22" April 2017 30" April 2017 1 week
Measurement by BIPM 1* May 2017 23" June 2017 8 weeks
Transport 24" June 2017 14™ July 2017 3 weeks
Standards stabilization 15" July 2017 23" July 2017 1 week
Measurement by Institutes 24" July 2017 1% September 2017 6 weeks
Measurement report of Institutes 2" September 2017 13" October 2017 6 weeks
Comparison report (draft A) 14™ October 2017 11" December 2017 8 weeks
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ANNEX 3: Principles of capacitance measurements

A3-1 Principle of measurement at the BIPM

The BIPM maintains a reference group of four fused silica 10 pF capacitors (one of the NBS type and three
of the GR 1408-A type). The four capacitors are placed in a temperature-controlled oil bath at a nominal
temperature of 25.00 °C. A platinum resistance thermometer of nominal value 25 Q is permanently placed
in the central well of each of the three GR 1408-A capacitors and the NBS one is equipped with a built-in
platinum resistance thermometer, also of nominal value 25 Q. The capacitance of each capacitor is by
definition referred to a fixed conventional value of the corresponding thermometer resistance chosen to
be close to the thermometer resistance at 25 °C. A correction is applied to the capacitance value at the
time of measurement to take into account the difference between the measured thermometer resistance
and the corresponding conventional value. This correction is calculated from the known temperature
coefficients of each of the four capacitors.

Each capacitor of the group is equipped with two coaxial cables without current equalizer by which it is
connected to a capacitance comparison bridge. Their capacitance is defined as the two terminal-pair
capacitance at the end of the cables.

Since 2001, the mean value of the group has been measured very regularly using a measurement chain
linking the 10 pF capacitances to the recommended value of the von Klitzing constant Rk
90 = 25 812.807 Q. The chain includes,

- atwo terminal-pair capacitance bridge with ratio 10/1, figure A-1,

- amulti-frequency quadrature bridge described on figure A-2,

- an ac-dc coaxial resistor with calculable frequency dependence of resistance allowing the
calibration of the frequency coefficient of the pair of ac-resistors of the quadrature bridge using
the four terminal-pair bridge of figure A-3,

- aquantum Hall device operated at 1 Hz, see references [A1, A2].

The relative drift rate of the mean value of the reference group is about 3.5 parts in 108 per year, figure A-
4,

In the present CCEM-K4.2017 comparison, the mean value of the reference group of capacitors has been
calibrated against the quantum Hall resistance before and after the series of measurements performed at
the BIPM. The travelling standards of the participating institutes were measured against the mean 10 pF
capacitance of the group, directly on the 10:-1 ratio bridge for the standards of 100 pF value, and via
substitution measurement (i.e. two 10:1 steps against a 100 pF buffer) in the case of the 10 pF standards.

The 10:-1 standard inductive voltage divider used in the two and four-terminal pair bridges were
calibrated before and after the comparison measurements using the step-up method schematized on
figure A-5. It consists in comparing successively the voltage at the secondary winding of an 11:1 ratio
calibration transformer with the voltages across the 11 sections of the standard inductive divider.
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Figure A-1: Two terminal-pair capacitance bridge with ratio 10:-1 configured for 100 pF:10 pF
measurements

*

Figure A-2: Multi-frequency quadrature bridge. Resistors R1 and R2 have a value of 51.625 kQ. The value
of C1 and C2 is 2000 pF for measurements at 1541 Hz.
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Figure A-3: Four terminal-pair bridge, in a 10:-1 configuration, for the comparison of an ac-resistor of

12906 Q against a frequency-independent Haddad resistor of value 1290.6 Q. The same bridge, in a
configuration 4:-1; is used for determination of the frequency dependence of the two 51625 Q resistors of
the quadrature bridge (against the 12906 Q standard). Injection loads 10:-1 voltages and are
compensated by having an unused identical injector and exchange of arms. For measurement of the lowest
impedances and at the lowest frequencies, active current equalizers are used.
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Figure A-4: Variation with time of the mean capacitance of the group of 10 pF reference standard
capacitors of the BIPM since 2001 (measured from periodic quadrature transfer against the quantum Hall
resistance standard of the BIPM). Each measurement has a combined uncertainty of 37 ppb. The size of
the dots corresponds to about the range covered by the uncertainty bars (in 1c).
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Figure A-5: Scheme of the circuit used for the calibration of the 10:-1 standard IVD used in the two and
four-terminals impedance comparison bridges.

A3-2 Principle of measurement at METAS

The measurement procedure used at METAS to calibrate capacitance standards in terms of the quantum
Hall effect and the conventional value of the von Klitzing constant Rk.9 is described below. First an
overview of different steps of the measurement chain is given, followed by a brief description of the
different coaxial ac bridges it involves and by the timing of the different steps of the measurement chain.

(Ryan) cce

D1 D2 bC
[129060] [12906 0]
Q Quadbridge Figure A-6: Measuring chain for the calibration of
| 10nF | | 10 nF 1233 Hz capacitance standards at METAS. In blue are the
n LI standards that are measured at DC and in green
S1 82 are the standards that are measured in ac.
1 nF
S3 10 to 1 bridge
S4

10 pF

A3-2.1 Measurement chain

Figure A-6 shows the measuring chain for the calibration of capacitance standards at METAS. The starting
point is a 100 Q secondary resistance standard that is regularly compared to the quantum Hall resistance
at DC. The DC value of the two calculable quadrifilar resistance standards used in the quadrature bridge
are then calibrated by a direct comparison (D1 and D2) to the 100 Q2 secondary resistance standard using
a direct cryogenic current comparator (CCC).

The values of the quadrifilar resistance standards at 1233 Hz are then calculated using their known
frequency dependence.
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A quadrature bridge is then used to compare a couple of 10 nF capacitance standards to the couple of
quadrifilar resistance standards (comparison Q).

The 10 nF capacitance standards are compared ($1 and $2) to a 1 nF capacitance standard using a four-
terminal pair bridge.

The 1 nF capacitance standard is compared (53) to a 100-pF capacitance standard using the same four-
terminal pair bridge.

Finally, the 100 pF capacitance standard is compared (54) to the 10 pF capacitance standard using a three-
terminal pair bridge.

A3-2.2 Quadrature bridge

Figure A-7 shows the quadrature bridge used to compare a couple of 10 nF capacitance standards to a
couple of 12.906 kQ resistance standards. It is a manual four terminal-pair comparison bridge.

The reference transformer has two secondary windings, the first is supplying the current and the second
is making the 1 to -1 voltage ratio. This actual ratio slightly differs for the exact 1 to -1 ratio and therefore
the bridge is balanced twice. A first time with the transformer in its forward position and a second time
with the transformer in its reverse position. In such a way, the residual error of the 1 to -1 ratio is
eliminated and the in-phase balance of the quadrature bridge is given by:

Nom

Where @ and ' are the fraction of the reference voltage applied to the injection capacitor C, in the

forward and reverse position respectively. C is the nominal value of the 10 nF capacitance standard.

Nom
Av is the deviation of the frequency from its nominal value v .

Fat
[
A"

12906 kQ

; c— : 1
B %i |":!ng"|
; JE ———C ) £ h_l_ I 1
[ = L |
e (0
[ — .:!_'.
"‘ o 12906 kQ || ‘
N (=Sr 1

Figure A-7: Schematic of the quadrature bridge used to compare a couple of 10 nF capacitance standards
to a couple of 12906.4035 Q resistance standards at a frequency of 1233.1471 Hz.
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A3-2.3 10 to -1 ratio bridge

Figure A-8 shows the 10 to -1 ratio bridges used to scale down the capacitance from 10 nF to 10 pF. On the
left is the four terminal-pair bridge used for the 10 nF to 1 nF and 1 nF to 100 pF steps and on the right is
the three terminal-pair bridge used for the 10 pF to 10 pF step.

These two bridges are computer controlled and the balance procedure is automated making the repetition
of the comparisons easier.

L _ b_ t
The balance equation is given by, a. =a,,. +a -, +a, —,

Where «a. and ¢, are relative deviations of the capacitance from the nominal value of the top and
bottom capacitance standards respectively. « is the fraction of the reference voltage injected to balance
the bridge. ¢, is the error of the reference transformer from the 10 to -1 ratio and aé and af are the

cable corrections to apply to the top and bottom capacitance standards respectively.

Figure A-8: Schematic of the 10 to -1 bridges used to scale down the capacitance from 10 nF to 10 pF. On
the left is the four terminal-pair version and on the right is the three terminal-pair version used for the
last 100 pF to 10 pF step.

A3-2.4 Timing of the measurement chain.

The realization of the whole measuring chain is a time consuming task requiring a good short term
stability of the standards. To be independent of the linear drift of the standards, each step of the chain is
repeated two times according to the time schedule represented in Figure A-9. From these measurements,

the different bridge parameters (ag,, g, Qg and ¢g,_,) can be calculated for a common reference

time.
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Figure A-9: Time schedule of the different measurements of the whole R-C chain.

A3-3 Principle of measurement at NIM

The assembling of the new NIM’s calculable capacitor was completed in late 2013. It initially linked the
capacitance unit to the SI unit of length with the relative standard uncertainty of 2.0 x 108 [A3]. A two
terminal-pair capacitance bridge [A4] is associated to this calculable capacitor to form the measuring
chain of capacitance at NIM, Figure A-10.

Since 2014, many improvements of this chain have been achieved. The laser wavelength stability has been
improved by using a homemade iodine-stabilized He-Ne laser, and a standard uncertainty of 5.4 x 10-°
over the range of 205mm is now obtained on the displacement measurement [A5]. By improving the
driving system of the movable guard electrode in the calculable capacitor and the dissemination method
of calculable capacitance, a type A uncertainty of reproducing 1 pF capacitance are reduced from 10 x 10-°
to better than 5 x 10-°.

| Length |

v

New Calculable
Capacitor
C=%Lm2 pF/m

@
2TP Capacitance Brige i
10:1 2TP Capacitance Brige i

10:1 2TP Capacitance Brige i

Figure A-10. The measuring chain realized at NIM
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A3-3.1 Travelling standards for comparison

Four thermo-regulated Andeen-Hagerling type AH11A capacitors were chosen as travelling standards for
both the key comparison and the optional comparison of CCEM-K4.2017 at 1592 Hz: (i) two 10 pF
capacitors with serial numbers 01606 and 01682 and two 100 pF capacitors with serial numbers 01596
and 02090.

The travelling standards are assembled into the same AH1100 chassis. The chassis is cased into a custom-
made portable instrument box which makes it possible for air travel by individuals carrying. The
travelling standards were safely sent to BIPM at 12t April, 2017 and taken back to NIM at 8t July, 2017 by
NIM'’s staffs.

The ambient temperature and relative humidity of the NIM’s calculable capacitor laboratory are
(20 £ 0.5)°C and (50 + 10)% respectively. The ambient temperature is then deviated from recommended
value of (23 £ 1)°C.

However, the chassis used for the comparison was stacked in between two other powered chassis in NIM’s
lab. This situation induced a change in the normal heat dissipation condition of this chassis resulting in an
increase of its local temperature. In fact, the temperature readings of the chassis mainly varied between
31.2 °C and 31.5 °C which correspond almost to the same readings as for an ambient temperature of 23 °C.
The drift (ppm) readings are also similar. Therefore, it is no longer needed to compensate for the
difference between the actual measurement temperature (20°C) and the recommended temperature
(23°C).

The possible equivalent temperature deviation to the recommended value of 23 °C can be estimated
roughly within + 0.5 °C. Placing the chassis into a temperature controlled air chamber (MI 9300A) and
measuring capacitance values of the standards when the temperature of the chamber is varied from 20°C
to 23°C showed a relative capacitance change within 3.0 x 108 for all the travelling standards.
Considering a normal distribution for the temperature coefficient, a corresponding standard uncertainty
of 3 x 102 has been added to the uncertainty budget of each travelling standard.

A3-3.2 The measuring bridge and transfer standards

The new NIM’s calculable capacitor provides capacitance values of 0.6 pF and 0.2 pF, when the movable
guard electrode locates at its upper and lower positions, respectively.

To transfer the calculable capacitance to a 1 pF standard capacitor at 1592 Hz, a two terminal-pair
capacitance bridge with fixed ratio is used, Figure A-11. The transformer’s taps “10”, “4” and “-1” are used.
The calculable capacitor Celc is connected to “10”, the 1 pF capacitor Cx to “4”, and a 6 pF reference
capacitor Cr to “-1”. When the movable guard electrode locates at the upper or lower position, the low port
of Cy is switched to ground or to the detector port respectively to make the bridge balance. Through two
measurements, the 1 pF capacitance can be traced to the 0.4 pF nominal value of the calculable
capacitance.

The 1 pF transfer standards are all AH11A capacitors. The two 1 pF AH11A capacitors (serial number
01603 and 01604) are never displaced and powered with an uninterrupted power supply.

When the bridge is used to transfer 1 pF to 100 pF by 10:1 comparison method, the standard C is
removed from tap “4”, and only taps “10” and “-1” are used.
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Supply

::| Ccalc.
(0.2pF-0.6pF)

Figure A-11. The two terminal-pair capacitance bridge of NIM.

The bridge is designed to work at a maximum voltage of 275 V and normally at 110 V with the 10:1 ratio.
As shown in Figure A-11, it has two transformers (T1 and T;) mounted in the same case and having the
same ratio. Both transformers are designed with two-stage structure and 11 twisted ratio windings.
Differing from using enameled wire as ratio windings of T», the ratio windings of T1 are coaxial cables with
outer conductor cut at the middle and the guard potentials supplied from the corresponding taps of the
auxiliary transformer T,. So the ratio windings of T; are fully guarded by equal potential to achieve high
precision voltage ratio in audio frequency.

An improved bootstrap method (see Figure A-12) with equal potential guard is adopted to calibrate the
main transformer’s ratio. The floating reference ratio winding is winded with a triaxial cable. The inner
and outer screens are cut into two equal lengths in the middle of the triaxial cable. The guard potential are
provided from the auxiliary transformer T at the two ends of the triaxial cable. The injector and detector
is also designed with a triaxial and symmetric leakage structure. During the calibration, the area between
two triaxial cables should be minimized to restrain stray coupling.

i
g
-
=

10 0 Case Case

9 9

8 :>> 8

7 _> 7 To tap |

6 6 "4" of T,

s K 5 L !

4 K 4l W !

3 + é‘l'i B “'- l"- l

: :>> 75k | 2 ,ll 7

1 l—ml = |

o [L, B

S (@ SR
i Auxiliary Ratio ‘ ! Reference
i Transformer Transformer ! 1 Transformer

.........................................................

Figure A-12. Schematic diagram of the improved bootstrap method
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A3-3.3 Measurement procedure

During the comparison, one measurement of the travelling standards follows the procedure shown in the
Figure A-13. The travelling standards are drawn in the green frame. The other four AH11A standards
drawn in the gray frame are assembled in another chassis AND are used as transfer and reference
standards.

For each measurement, the 1 pF (AH#1603) value is first directly traced to the calculable capacitance.
Then the 1 pF (AH#1604) can be calculated out by substitution method, and the 1 pF values can be
transferred to 10 pF and 100 pF by 10:1 comparison using the two terminal-pair capacitance bridge. To
guarantee the right transfer value of each capacitor, there are at least two paths for each capacitor in the
measurement chain.

The chassis temperature and drift (ppm) of the AH11A capacitance standards are recorded during each
measurement period. It was found that the heat dissipation of the lighted LED display on the chassis front
panel lead to an increase of chassis temperature reading. So all readings are inconspicuous in normal
conditions.

At last, the lead correction is carried out for each travelling standard to get its value of two-port on the
panel.

The travelling

standards 10 pF .| 100 pF
AH#1682 ¥ AH#2090

10 pF A 100 pF
AH#1606 | AH#1596

N

~

/
L2 1 pF / / 10 pF \g 100 pF

Cirlloulllle "| AH#1603 % AH#1605 "l AH#1599
capacitor
1 pF

AH#1604

N\

Figure A-13. Measurement procedure at NIM

A3-3.4 Operating voltage and voltage coefficient

In the measurement chain implemented at NIM, the 10 pF value can only be measured at 10 Vims and
100 pF value can be only measured at 1 Vs without considering voltage coefficient of capacitance
standards. To carry out 10 pF measurement at 100 Vs and 100 pF measurement at 10 Vi, a
corresponding voltage coefficient uncertainty has been evaluated and added to the uncertainty budget of
each travelling standard.

A3-4 Principle of measurement at NIST

At NIST, the capacitance unit is traceable to a calculable capacitor and is described in the references listed
below [A6-A8]. The primary maintenance standard for NIST capacitance calibrations consists of a bank of
four 10 pF fused-silica standards (referred to as the Farad Bank) which are maintained in an oil bath at
25°C. The Farad Bank is very stable, drifting linearly about 0.02x10¢ per year. The standards are
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calibrated twice a year indirectly against the calculable capacitor at a frequency of 1592 Hz, using a 10 pF
transportable fused-silica capacitor, C112.

The travelling standards were compared with the Farad Bank at NIST, using a coaxial bridge for two
terminal-pair capacitances with a calibrated 10/1 ratio. The measurements were made at a nominal
frequency of 1592 Hz and nominal voltage of 100 V for 10 pF standards and 10 V for 100 pF standards.

The four travelling standards are Andeen-Hagerling model AH11A capacitance modules mounted in a
model AH1100 frame; two of the capacitance standards have nominal values of 10 pF while the other two
have nominal values of 100 pF. Measurements were carried out in a lab with a nominal ambient
temperature of 22 °C. Drifts of the capacitance values due to ambient temperature fluctuations were less
than 2 parts in 10°. No temperature corrections have been applied to the results. The effects of normal
variations in atmospheric pressure and humidity are also negligible, and no corrections have been
applied. The AH1100 frame was shipped between NIST and BIPM by standard air freight.

A3-5 Principle of measurement at NMIA

A3-5.1 Measurement set-up and traceability scheme

The NMIA derives its capacitance standard from a Thompson-Lampard calculable capacitor [A9-A12]
traceable to the SI via NMIA’s length standard.

LENGTH
via calibrated polarisation-stabilised He-Ne laser

CALCULABLE
CAPACITOR

| Capacitance Bridge / \-
y

| 1/6pF | | HE;pFl | 1/6pF |

3x 1/6 pF = 0.5pF
(Parallel connection)

(" 10:1 Ratio Bridge A

| 5pF | | 5pF |

N/

2x5pF=10pF
(Parallel connection)

(" 10:1 Ratio Bridge /\

[ 10pF | [ 100pF |

Figure A-14: Schematic diagram of NMIA measurement chain

1 1
The calculable capacitor (A pF) is compared to three A pF fixed capacitors using a two-terminal pair
transformer ratio bridge (Figure A-15) and the substitution method. The calculable capacitor is in the top
arm of the bridge and the stable, fixed capacitors of equivalent value in the lower arm of the bridge.
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Capacitance and conductance balances are provided via additional windings on the main bridge
transformer.

Initially, the cross-capacitance between bars 1 and 3 of the calculable capacitor, with the guard bar in the
upper position, is compared with a ballast capacitance (refer to Figure A-15Figure (a)). The guard bar is
then lowered, and the 1/6 pF reference capacitor to be measured is connected in parallel with the
calculable capacitor. The bridge is rebalanced to compare this parallel connection with the ballast
capacitance (refer to Figure A-15(b)). These measurements are then repeated with bars 2 and 4 of the
calculable capacitor.

The same transformer substitution bridge is also used to compare the 1/6 pF reference capacitor with two
further 1/6 pF reference capacitors, see Figure A-15(c).

(2)
—Cl12 :J-CIB
(l)) —]
Calculable
H Capacitor
,V‘ > Cll ==CI12 Ci3
a0
0.05 pF

(©)

M
[EM]

—Cll ==CI2 C13

Ty

=]
I
I__

——1/6pF

Figure A-15: Capacitance bridge to compare calculable capacitor to 1/6 pF reference capacitor, C11:
calculable capacitor guard bar in (a) upper position and (b) lower position. (c) Capacitance bridge
reconfigured to measure two further 1/6 pF reference capacitors, C12 and C13, with respect to C11.
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The three Vs pF capacitors are then connected in parallel to constitute a reference of known value,
nominally 0.5 pF. This 0.5 pF reference is used to measure a 5 pF Invar reference capacitor (referred to as
5I) using a two-terminal pair 10:1 transformer ratio bridge (shown in Figure A-16), and the direct
comparison method. The 10:1 ratio bridge is based on a three-winding voltage transformer. The main
winding of the transformer has taps at n/11, where n =0, 1,...11 which may be used to supply a precise
10:1 voltage ratio. Additional windings are used as the voltage input to a multi-dial ratio transformer to
give an adjustable voltage of (+ 500 * 10j) uV/V relative to one step on the main winding with a resolution
of 0.01 pv/V.

Another 5 pF reference capacitor (Andeen-Hagerling AH11A capacitance standard, SN 02190, housed in
an Andeen-Hagerling 1100 frame SN 00200194), is measured against 51 using the same 10:1 transformer
ratio bridge, and the substitution method. The two 5 pF reference capacitors are then connected in
parallel to constitute a reference of known value, nominally 10 pF.

The comparison artefacts were measured relative to the 10 pF reference using the same 10:1 transformer
ratio bridge and either the substitution method (for the 10 pF comparison artefacts) or the direct
comparison method (for the 100 pF comparison artefacts).

<£ Bridge
] Supply
11x10T C.BB
v e

T T

: SEE
Coaxial =
Choke

100T

——C2

CB6

Coaxial =
Choke

In-Phase

M djustment|

A
Coaxial
Choke ‘
+T3
10 1

4 p!
!

o) A

\WM
cm8 K

Figure A-16: 10:1 Ratio Bridge

A3-5.2 Measurement procedure

Measurements of each comparison artefact on each measurement date were made using the following
procedure:

1. Measurements were made from the calculable capacitor to determine the value of the 5 pF
reference capacitor, 51.

2. The linear interpolated value of 51 was used as reference to measure the value of the second 5 pF
reference capacitor SN 02190.
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3. Each of the four comparison artefacts was measured in turn relative to the parallel combination
of the two 5 pF reference capacitors, 51 and SN 02190.

A total of fourteen measurements of the capacitance of each comparison artefact were made between the
28th February 2017 and 31st March 2017. A further fourteen measurements were made between 31st
July 2017 and 1st September 2017.

A3-6 Principle of measurement at NPL

A3-6.1 Traceability chain

At NPL the traceability for capacitance is to the von Klitzing constant, Rk using the latest CODATA value of
25812.807 4555 Q + 2.3 x 10-10 through a quantum Hall resistance device.

The measurement chain starts with a 200 Q resistor measured annually against the quantum Hall effect
using a cryogenic current comparator bridge (CCC). The value of a 1000 Q buffer resistor is determined
from the 200 Q using a CCC. Next a 1:1 DC ratio measurement determines the value of a 1000 Q
Quadrifilar resistor (S/N QB1000). The frequency dependence of the Quadrifilar resistor is calculated to
be at most a few parts in 10° from DC to the AC bridge frequency of 1592 Hz.

Next a series of coaxial four terminal-pair AC bridges are used starting with a 100:1 equal-power
resistance bridge which determines the values of two 100 kQ resistors in terms of the Quadrifilar resistor
(QB1000). Next a quadrature bridge determines from these 100 kQ resistors the product of two 1nF
capacitors (S/N QC1 and S/N QC2) from which the mean capacitance can be calculated. Finally a 10:1
capacitance bridge determines in succession the value of 100 pF capacitor (S/N 143) and from this the
NPL primary 10 pF capacitor S/N NBS117, although the 10 pF primary capacitor played no direct role in
the comparison measurements.

A3-6.2 Travelling capacitance standards

The two travelling capacitors were Andeen-Hagerling (AH) type 11A standards housed in a temperature
controlled frame. As these capacitors have BPO connectors two BPO to BNC adaptors were supplied.

e Serial Number: 01101, Nominal Value 10 pF
e Serial Number: 01100, Nominal Value 100 pF

A3-6.3 Measuring bridges and transfer standards

e 100:1 equal-power resistance bridge.

e Quadrature bridge.

e 10:1 capacitance bridge.

e 1000 Q Quadrifilar Resistor

o Two 100 k(Q Resistors ( RESA & RESB)

e Two 1 nF Capacitors (QC1 & QC2).

e S/N:143 -100 pF capacitor.

e S/N:NBS117 NPL Primary 10 pF Capacitor.

A3.6.4 Measurement procedure

The two travelling capacitors were measured during the cycles of the comparison using the 10:1
capacitance bridge. The 100 pF was measured in terms of the values of the two 1 nF capacitors (QC1 and
QC2) and the 10 pF from the value of the 100 pF (143). Also during the measurement cycles, a total of 6
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traceability measurements were carried out to re-establish the values of the two 1 nF capacitors (QC1 &
QC2), 100 pF (143) and 10 pF (NBS117).

A3.6.5 Measurement results

The results for the two travelling capacitors have been reported as instructed by the protocol document.
As the measurements were carried out at an ambient temperature of 20 °C rather than 23°C a correction
of =0.015 ppm has been applied. This correction was estimated, with reference to the EURAMET.EM-S31
comparison, as the mean temperature coefficient value between 0.0 and -0.03 ppm/°C.

A3-7 Principle of measurement at PTB

A3-7.1 General Principle

At PTB, the unit of capacitance is traced to the ac quantum Hall resistance, as schematically shown in
Figure A-17, described in Ref. [A13], and declared in the CMC list. In that, PTB is the first, and the only,
national metrology institute. As the first step, two 10 nF capacitance standards are linked to two ac
quantum Hall resistances using a four-terminal-pair quadrature bridge. Then, using a four-terminal-pair
10:1 ratio bridge, three 10:1 steps are carried out from the 10 nF standards via a 1 nF capacitance
standard to the 100 pF and 10 pF capacitance standards under calibration.

The quadrature bridge can be operated either with two 10 nF standards at a frequency of 1233 Hz or with
two 5 nF standards at a frequency of 2466 Hz. The two 5 nF standards can be connected in parallel to yield
a decade value of 10 nF from which the measuring chain is continued to 100 pF and 10 pF. Thereby, all
capacitance standards can be measured at the two frequencies stated above. Finally, the 10:1 transformer
of the ratio bridge is calibrated by a straddling bridge.

A bank of capacitance standards is located within each of the connecting cables of the 10:1 ratio bridge
and the quadrature bridge. It comprises

e two SMD-based 10 nF standards,

e two SMD-based 5 nF standards,

e three 1 nF General Radio standards,

e one 100 pF General Radio standard,

e up to three Andeen Hagerling frames each with four fused-silica standards.

10:1 bridge

10:1 bridge

10:1 calibration I

Figure A-17: The impedance chain realised at PTB.
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All these standards are temperature-controlled and we have a history of about 8 years. The measuring
bridges exhibit a very low level of noise and the main and auxiliary balances of the measuring bridges
require at maximum only one iteration. Therefore, the whole bank of capacitance standards can be linked
to the ac QHR within one day. However, the effort is considerable and can be reduced as follows: At about
half of the measurement days (ideally every second measurement day), a 1 nF capacitance standard is
used as the starting point of the capacitance chain. The 1 nF standard has a small, stable and predictable
long-term drift and no significant short-term fluctuation. Therefore, it is possible to interpolate its actual
numerical value without a significant increase of the uncertainty.

A3-7.2 Measuring bridges

A3-7.2.1 AC quantum Hall quadrature bridge

The quadrature bridge realises a link between two four-terminal-pair 10 nF capacitance standards, C1 and
C2, and two ac quantum Hall resistances, R1 and R2 (see Figure A-18 and Ref. [A13]). The ac quantum Hall
resistances are double-shielded GaAs devices operated at the i = 2 plateau and are connected in a triple-
series scheme. This connection scheme constitutes a two-terminal-pair resistance at two star points
outside of the cryomagnetic system, but eliminates the effect of lead and contact resistances like a four-
terminal-pair component and can be combined with the four-terminal-pair capacitance standards without
the need of Kelvin networks. T2 is a 1:1 ratio transformer; it is built into the same case as the supply
transformer, but is shielded in such a way that it does not electromagnetically couple to the supply
transformer. Its 1:1 deviation is eliminated by reversing the high and low input leads (which for this
purpose are led through the case) as well as the high and low output leads at the zero-current detectors
T5 and T9.
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Figure A-18: Four-terminal-pair quadrature bridge with two ac quantum Hall resistances, R1 and R2, and
two capacitance standards, C1 and C2, at a nominal value of either 5 nF or 10 nF.

The real and imaginary part of the main balance is accomplished by a current injection through two 10 pF
capacitance standards, C4 and C3, supplied by the adjustable output voltages of two decade IVDs, T4 and
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T3. T15 constitutes a Wagner arm. The components C6 and R6 provide the 90° phase-shifted voltage and
R12, C12, R14 and C14 constitute a twin-T combining network. Resistor R12 is a fixed value resistor in
series with an adjustable low-value room-temperature resistor (typically set to 6 Q). R14 and the fixed-
value part of R12 are mounted in a liquid-helium dewar because they are the only resistors in the bridge
network whose thermal noise at room-temperature would limit the signal-to-noise ratio. The ac quantum
Hall resistances R1 and R2 are operated in a 3He cryo-magnet system at a temperature of 0.3 K; therefore,
their thermal noise voltage is very small (0.5 nV/\Hz).

The null detector is a lock-in amplifier set up with an ultra-low-noise preamplifier at an equivalent input
noise voltage of 0.5nV/VHz. A bridge voltage of 100 mV,ys is chosen so that the measuring chain
(Figure A-17) ends at 10 pF at the desired 100 Vims, without need for a voltage step at any of the standards
involved (and thus without need of an elaborate correction). At this bridge voltage and averaging the
detector signal for 120 s, the resulting relative statistical uncertainty is 2:10-°.

As already mentioned above, the quadrature bridge can be operated either with two 10 nF standards at a
frequency of 1233 Hz or with two 5 nF standards at a frequency of 2466 Hz. The two 5 nF standards can
be connected in parallel to yield a decade value of 10 nF. For this purpose, the star points of the transition
from the internally two-terminal-pair SMD element to the four-terminal-pair front panel are realised
directly at the freely accessible rear side of the front panel so that the two 5nF standards can be
connected in parallel at the rear side of the front panel without changing the length of the internal cables
or affecting the thermostat of the standards.

The sinewave generator is a home-made low-distortion precision generator linked to PTB’s 10 MHz
reference frequency. The sinewave is synthesized of digital steps triggered by the reference signal,
without use of a phase-locked loop. The advantage is a low distortion and a relative precision better than
10-11, As a disadvantage, the frequency cannot be set to any value, but only to some discrete values; in our
case, we can choose either f=1233.14699112 Hz or twice this value. According to the quadrature bridge
equation (see Sect. A3-7.2.4), the nominal frequencies are f=1/(2n-Rk.90 /2-10 nF ) =1233.14712028 Hz
and twice this value. This means that the actual generator frequencies differ from nominal by a relative
amount of 1.047-107 and this is taken into account as a precisely known, and highly stable, correction. The
actual frequency is monitored by a counter, even though it did never show any significant change. (Due to
the principle of construction, a change is only possible in the case of a damage.) Due to a harmonic filter
built into the generator output, the harmonic content at the bridge output is so small that no complicated
harmonic filter at the detector input is needed, which is very convenient.

A3-7.2.2 Four-terminal-pair bridge

A four-terminal-pair ratio bridge (Figure A-19) is used to measure the capacitance ratios 10 nF:1 nF,
1 nF:100 pF, and 100 pF:10 pF. For the 100 pF:10 pF ratio, a two-terminal-pair bridge would be sufficient,
but frequently altering the bridge between a four-terminal-pair and a two-terminal-pair configuration is
too laborious and error-prone, and having an extra two-terminal-pair bridge ready is too labour-intensive,
whereas using the same four-terminal-pair bridge for all capacitance ratios has no disadvantage at all. To
meet the four-terminal-pair defining conditions of the ratio bridge, two current sources, a Kelvin arm, and
a Wagner arm are used.

The main balance is achieved by injecting an in-phase and a 90° phase-shifted voltage. The 90° injection
system is realised in a two-staged manner to achieve a better long-term stability of the phase angle, which
is very important to avoid frequent re-calibrations of the phase-shifter.

Due to a proper arrangement of the equalisers and the absence of any high ohmic resistor generating
thermal noise, the total detector noise is quite small. (Since the thermal noise of the resistor in the Kelvin
network fully contributes to the detector noise, a resistor with a low value of 50 € is chosen.) As a result, a
relative statistical uncertainty of (1 to 2)-10° can be achieved for each capacitance ratio by using an
averaging time ranging from 120 s (for 10 nF:1 nF) to 30 s (for 100 pF:10 pF).
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Figure A-19: Four-terminal-pair ratio bridge comparing two impedances Zx and Zz.

A3-7.2.3 Straddling bridge

The 10:1 deviation of the ratio transformer of the capacitance bridge is calibrated by the straddling
method (see Figure A-20 and Ref. [A14]). This method makes use of the fact that a 10:1 ratio can be traced
to four 1:1 ratios of a reference transformer whose 1:1 deviation can be eliminated by a reversal
measurement. Indeed, the design of the 1:1 reference transformer requires some extra effort because its
middle tap and the inner case are at an elevated potential which differs for each configuration. The
measuring lead is a triaxial lead whose guard potential is set corresponding to the respective sub-
configuration.

Usually, a straddling bridge uses three triaxial leads simultaneously, whereas we use only one triaxial lead
sequentially. The high- and low-measurements are balanced by two auxiliary IVDs (KST-11 and KST-12)
whereas the middle-point measurement is balanced by the main injection IVD. This allows a direct reading
of the 1:1 deviation at the main injection IVD. Since a straddling bridge does not include any high ohmic
resistor generating thermal noise, it has a very low noise level, corresponding to a statistical uncertainty
of less than 1:10- (with respect to the output ratio) using an averaging time of 10 s.
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Figure A-20: Straddling bridge for calibration of a 10:1 ratio transformer T2.

A3-7.2.4 Quantitative analysis at a frequency of 1233 Hz

The bridge equation of the ac quantum Hall quadrature bridge (Figure A-18) is written here as
2D 2
o' R;CC,=1+A,

Ry is the ac quantum Hall resistance at the i = 2 plateau, i.e., Ry = Rk-90 /2 with Rk.99 being the conventional
value of the von Klitzing constant. C; and C; are the capacitance values of two standards at a nominal value
of 10 nF. Aq is a small deviation of the quadrature bridge balance from the nominal value 1 and is
determined by balancing the bridge injection system. Usually, the frequency quoted in the quadrature
bridge equation is the actual angular frequency, whereas here, for practical reasons, @ denotes the
nominal angular frequency defined as @=1/(Rk-90 /2:10 nF ) and Aq includes a correction for the relative
deviation of the actual frequency from nominal (see also Section A3-7.2.1).

The bridge equations of the ratio measurements according to Figure A-17 and Figure A-19 are written

as

CCI =10-(1+5+A)) (1a)
1 nF

' _10145+4) (1b)
ClnF

C
M _10-(1+5+A,) (2)
ClOOpF
C
0 _10-(1+5 +A,) 3)
10 pF

with Ci nr, Cio00 pr, and Cio pr being the capacitance values of the respective standards. A1 to A4 are the
respective readings of the bridge injection system and include cable corrections. 3 is the relative deviation
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of the transformer ratio from the nominal ratio 10:1. It is defined here by writing the output voltages of
the ratio transformer as 10U(1 + 6) and -U, and is measured by the straddling bridge (Section A3-7.2.3).

From the above equations, the capacitance values of the 100 pF and 10 pF standards are expressed as:

Ag—A A
Croonp = ———— 1—25—A3+7( o4 ~4) (4)
" T 100aR, 2
Ay —A —A
CIOF:¥' 1—3§—A3—A4+M (5)
"~ 1000aR, 2

with the pre-factors being exactly equal to 100 pF and 10 pF, respectively (according to the definition of
the angular frequency @ as given above).

We like to point out that the 10:1 deviations & in equations (1) to (3) refer to different voltage levels,
namely 1V, 10V and 100V (each referring to 10U), even though for the sake of simplicity, the same
symbol is used. It would be a large effort to always carry out three straddling measurements and
particularly the measurement at 1 V would suffer from a low sensitivity. This can be avoided as follows. A
possible voltage dependence of 6 (if significant at all) is always linear, very weak, stable in time, and
measured one-time. All regular straddling calibrations are carried out at a voltage level of 37 V, which is
(1V+10V+100YV)/3. Consequently, equation (5) does not require a correction even if the linear voltage
dependence of the 10:1 deviation would not be zero. The 10:1 deviation in equation (4) refers to (1V +
10 V)/2 =5.5 V. This means that when the value of the 10:1 deviation measured at 37 V is used (instead of
carrying out an additional straddling measurement at 5.5 V), it is necessary either to correct the 100 pF
values for a non-zero linear voltage dependence of the 10:1 deviation or to take an uncertainty
contribution into account within which it is known that the voltage dependence of the 10:1 deviation is
Zero.

All capacitance values of PTB and the associated uncertainties are calculated according to the bridge
equations stated above. All capacitance values reported to the pilot have been converted from farad-90 to
the SI-farad by subtracting a relative amount of (17.6 + 0.2)-10-° according to the 2014 CODATA value of
the von Klitzing constant Rx = 25 812.807 4555 Q.

A3-8 Principle of measurement at VNIIM

Since 1980 the VNIIM capacitance unit is realized by means of the vertical cross-capacitor RKMP-2 (CC) of
traditional design scheme with two shielding electrodes. The upper shielding electrode has two fixed
positions at a distance of 102 mm along CC axis. The distance between the shielding electrodes is adjusted
by means of a mechanism for displacement and tilting the lower electrode. The actual value of the distance
between the electrodes is measured by a Fabry-Perot interferometer (FPI) with respect to the length of
the second FPI defined by the length of fused silica tube (nominal distance is 102 mm). Second FPI is
calibrated against the primary standard of length. This method of measurement of the CC effective length
allows avoiding a counting of fringe numbers and an error at reversal movement of the upper shielding
electrode.

The CC main electrodes (diameter of 50 mm, length of 450 mm) are made of non-magnetic stainless steel.

The studies and improvements carried out in the period of 1998-2003 allow to substantially increasing
the accuracy of the CC. As the result, the VNIIM capacitance unit was corrected (approximately to 0.2 ppm)
on March 2003.

The CC capacitance is measured by a transformer bridge-comparator (TMK) with a measurement range of
0.1 to 10 pF and voltage ratios of 1:1, 1:5, and 1:10. TMK comprises additional circuits for compensation of
load currents and inter-turn capacitive currents in the ratio transformer (RT), internal double-screened
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winding to create reference EMF for self-calibration of the RT. The RT contains several magnetic cores
strung on a short ratio winding made of a wire of a large cross-section.

Principle of load current compensation in TMK is presented at figure A-21 (CT - auxiliary current
transformer; C; - tare capacitor; R1-Rz, C1 - compensating RC-circuit).
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Figure A-21: Principle of load current compensation in TMK.

The CC capacitance of 0.2 pF is transferred in a ratio of 1:5 to the sum of the capacitances of two toroidal
cross-capacitors (TCC1 and TCC2) of 0.5 pF each.

The sealed TCC1 is filled with dry nitrogen gas, TCC2 is evacuated. Capacitance value of TCC2 is
determined by mutual comparison of TCC1 and TCC2. The TCC2 capacitance remains unchanged within
0.05 ppm if a residual pressure is less than 5 Pa.

The capacitances of TCC1 and TCC2 are transferred in a ratio of 1:10 to the group of 10 pF capacitance
standards that maintains the VNIIM unit of capacitance.

The group consists of five fused silica capacitors of different shape of capacitive elements - disc (like NBS
type) and hollow cylinder. The capacitors were produced many years ago, so their capacitance value is
well stabilized. Four capacitors are placed in a liquid bath at a temperature of 20 °C controlled by 25 Q
and 100 Q platinum resistance thermometers (PRTs). The temperature inside the capacitors is monitored
by 20 kQ thermistor thermometers. Uncertainty on the temperature measurement does not exceed 0.003
K. The fifth capacitor is supplied with its own thermo-regulated air bath which temperature stability is
better than 0.006 K. Relative instability of its mean value is estimated to 0.01 ppm/year taking in account
temperature corrections.

Capacitance measurements are carried out by means of a transformer bridge based on a ratio transformer
with minimal value of stray impedance (0.81 pH and 0.032 Q for bridge arm ‘10’). The ratio transformer
construction corresponds to the one described in [A15].
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In-phase correction of the 10:1 ratio is 0.34 ppm. The maximal voltage value on tap ‘10’ should not exceed
98 V in order to exclude possible nonlinear distortions of measured signal. The bridge has taps ‘1’, 2’, ‘3’,
‘4’ and ‘10’ in both arms. This allows calibrating the 10:1 ratio through cycling exchange of only four
capacitors with the same nominal value. The bridge is balanced by means of variable capacitor of 0.001 pF
with scale division of 1.24x 107 pF.

The measured values of 10 pF and 100 pF are determined as two-port capacitance on coaxial connectors
of capacitors.
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ANNEX 4: Individual measurements of the participating NMlIs

A4-1 BIPM Measurements

a) Measurement of standards from METAS

| METAS Measurement frequency: 1591.55 Hz
Ambient conditions Temperature of standards Deviation from nominal value (pF/F)
Date Relative | Atmospheric [ AH frame Drift Drift Drift Drift Standard # Standard # Standard # Standard #
Temperature| Humidity Pressure | Temperature [ #1191 | #1300 | #1188 | #1189 1191 1300 1188 1189
yyyy/mm/dd (°0) (%) (hPa) (°Q) (ppm) | (ppm) | (ppm) | (ppm) |10 pF /100V |10 pF /100V | 100 pF /10V | 100 pF /10V

1 02/05/2017 23.4 46 1008.8 33.4 0.057 0.200 | -0.016 | 0.012 -2.111 1.273 -3.283 -2.784

2 03/05/2017 23.3 48 1010.1 33.2 0.056 0.201 = = -2.105 1.277 - -
3 05/05/2017 23.3 48 1011.1 33.3 0.057 0.200 | -0.017 0.012 -2.123 (%298 -3.278 -2.782
4 09/05/2017 23.4 45 1011.0 33.3 0.057 0.200 | -0.017 0.012 -2.120 1.303 530271" -2.775
5 10/05/2017 23.4 47 1000.7 33.3 0.057 0.200 | -0.017 0.012 -2.106 1.298 -3.270 -2.777
6 12/05/2017 23.4 48 992.8 33.3 0.057 0.200 | -0.017 0.012 -2.125 1.295 -3.272 -2.774
7 15/05/2017 23.4 48 1020.6 33.0 0.056 0.201 -0.018 0.013 -2.127 1.306 531272 -2.776
8 16/05/2017 23.4 51 1018.6 33.2 0.057 0.200 | -0.018 0.012 -2.144 1.299 -3.273 -2.773
9 17/05/2017 23.4 49 1011.4 33.2 0.057 0.201 -0.018 0.012 -2.129 1.280 -3.270 -2.775
10 18/05/2017 23.3 49 1005.5 32.5 0.055 0.203 -0.022 0.013 -2.122 1.304 -3.265 -2.767
11 19/05/2017 23.3 47 1007.2 33.6 0.056 0.200 | -0.016 | 0.012 -2.141 1.287 -3.269 -2.752
12 22/05/2017 23.3 46 1009.1 33.7 0.057 0.199 | -0.015 0.012 -2.118 %298 -3.274 -2.761
13 23/05/2017 23.3 48 1013.3 33.0 0.056 0.201 -0.019 0.013 -2.120 1.286 -3.266 -2.747
14 24/05/2017 23.4 49 1018.5 33.4 0.057 0.200 | -0.017 0.012 -2.115 1.284 -3.263 -2.772
15 29/05/2017 23.2 56 1004.7 33.0 0.056 0.201 -0.019 0.013 -2.114 1.296 -3.267 -2.787
16 30/05/2017 23.3 50 1010.3 32.8 0.056 0.202 -0.019 0.013 -2.139 1.286 -3.268 -2.786
17 01/06/2017 23.4 51 1013.3 33.4 0.057 0.200 | -0.016 | 0.013 -2.097 1.291 -3.255 -2.785

18 02/06/2017 23.3 51 1009.0 32.7 0.055 - ° = -2.121 - - -
19 06/06/2017 23.4 49 996.2 33.3 0.057 0.200 | -0.017 0.013 -2.114 1.299 -3.264 -2.793
20 07/06/2017 23.4 47 1011.2 33.1 0.056 0.201 | -0.018 0.013 -2.119 1.282 -3.265 -2.790
21 09/06/2017 23.4 49 1006.8 33.4 0.057 0.200 | -0.017 0.012 -2.108 1.288 -3.265 -2.792
22 12/06/2017 23.4 47 1013.2 33.0 0.056 0.201 -0.018 0.013 -2.125 1.287 -3.264 -2.790
23 13/06/2017 23.3 47 1012.9 33.2 0.056 0.201 | -0.017 0.013 -2.091 1.289 -3.263 -2.793
24 14/06/2017 23.3 51 1008.9 33.1 0.056 0.201 -0.018 0.013 -2.095 1.288 -3.261 -2.788
25 16/06/2017 23.3 48 1016.9 33.2 0.057 0.2 -0.018 0.012 -2.120 1.288 -3.260 -2.788
26 19/06/2017 23.2 5% 1010.7 33.2 0.057 0.2 -0.017 0.013 -2.116 1.290 -3.261 -2.787
27 21/06/2017 23.2 56 1007.3 33.0 0.056 0.201 -0.018 0.013 -2.092 %298 -3.259 -2.786
28 23/06/2017 23.2 53 1013.1 32.5 0.055 0.202 -0.021 0.014 -2.141 1.292 -3.254 -2.778
29 26/06/2017 23.3 51 1006.3 32.9 0.056 0.201 | -0.018 0.013 -2.087 1.292 -3.256 -2.782
30 29/06/2017 23.3 41 991.1 B89 0.056 0.201 -0.019 0.013 -2.097 1.291 -3.258 -2.786
31 30/06/2017 23.3 52 996.0 33.1 0.056 0.201 -0.018 0.013 -2.096 1.293 -3.258 -2.789
32 04/07/2017 23.3 53 1010.8 32.4 0.055 0.203 | -0.022 0.014 -2.141 1.294 -3.249 -2.774
33 05/07/2017 23.3 51 1010.6 B89 0.056 0.201 -0.01 0.013 -2.095 1.292 -3.255 -2.783
Mean | 01/06/2017 233 49.1 1008.7 331 0.056 | 0.201 | -0.018 | 0.013 -2.116 1.291 -3.265 -2.780

Capacitance (pF) [ 9.99997884 | 10.00001291 | 99.9996735 | 99.9997220

Type A uncertainty (uF/F) 0.016 0.007 0.008 0.011
Type B uncertainty (uF/F) 0.037 0.037 0.036 0.036
Standard combined uncertainty (uF/F) 0.040 0.038 0.037 0.038
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

b) Measurement of standards from NIM

| NIM Measurement frequency: 1591.55 Hz
Ambient conditions Temperature of standards Deviation from nominal value (pF/F)
Date Relative | Atmospheric | AH frame Drift Drift Drift Drift Standard # Standard # Standard # Standard #
Temperature| Humidity Pressure | Temperature | #1606 | #1682 [ #1596 | #2090 1606 1682 1596 2090
yyyy/mm/dd (°C) (%) (hPa) (°Q) (ppm) | (ppm) | (ppm) | (ppm) |10 pF /100 V|10 pF /100 V|100 pF /10V|100 pF /10V
1 02/05/2017 233 44.7 1009.4 30.7 -0.013 - -0.002 | -0.011 0.076 = 0.067 0.199
2 05/05/2017 23.4 47.7 1008.1 30.8 -0.012 - -0.002 | -0.012 0.081 - 0.063 0.192
3 09/05/2017 23.3 45.1 1013.7 30.6 -0.011 - -0.002 | -0.010 0.080 = 0.075 0.204
4 12/05/2017 23.4 48.7 993.1 30.3 -0.012 - -0.001 | -0.010 0.086 = 0.068 0.200
5 15/05/2017 23.4 48.8 1021.0 31.0 -0.012 - -0.002 | -0.010 0.087 = 0.072 0.200
6 16/05/2017 23.4 49.8 1019.7 30.7 -0.012 - -0.001 | -0.010 0.092 - 0.072 0.198
7 17/05/2017 23.4 49.6 1010.9 30.4 -0.012 - -0.001 | -0.010 0.077 = 0.078 0.214
8 19/05/2017 233 45.7 1007.1 30.3 -0.012 - -0.001 | -0.010 0.073 = 0.068 0.204
9 22/05/2017 23.3 45.7 1009.1 30.5 -0.012 - -0.001 | -0.010 0.084 - 0.070 0.204
10 24/05/2017 23.3 49.0 1018.5 30.5 -0.013 - -0.001 | -0.010 0.075 = 0.075 0.207
11 29/05/2017 23.3 55.0 1005.2 30.7 -0.012 = -0.003 | -0.010 0.095 = 0.071 0.204
12 01/06/2017 23.3 50.3 1014.0 30.6 -0.013 - -0.001 | -0.010 0.084 = 0.069 0.199
13 06/06/2017 23.3 47.3 997.5 30.3 -0.013 - -0.001 | -0.010 0.092 - 0.069 0.204
14 08/06/2017 23.4 49.9 1005.5 30.8 -0.013 - -0.001 | -0.010 0.080 = 0.070 0.197
15 09/06/2017 23.4 49.5 1005.1 30.6 -0.013 - -0.001 | -0.010 0.080 = 0.069 0.197
16 12/06/2017 23.3 46.5 1013.5 30.5 -0.013 - -0.002 | -0.010 0.078 - 0.069 0.201
17 14/06/2017 23.3 50.0 1009.4 30.6 -0.014 - -0.001 | -0.010 0.081 = 0.068 0.197
18 16/06/2017 23.3 48.3 1017.6 30.5 -0.013 - -0.001 | -0.010 0.079 = 0.070 0.200
19 19/06/2017 23.2 51.0 1011.5 30.5 -0.013 - -0.002 | -0.010 0.083 = 0.072 0.202
20 21/06/2017 23.3 56.4 1007.5 30.3 -0.014 - -0.001 | -0.010 0.081 - 0.070 0.203
21 23/06/2017 23.3 53.0 1012.3 30.4 -0.013 - -0.001 | -0.010 0.080 = 0.069 0.202
22 26/06/2017 23.2 513 1006.2 30.2 -0.014 - -0.001 | -0.010 0.082 = 0.069 0.203
23 28/06/2017 23.4 54.0 989.5 30.3 -0.014 - -0.001 | -0.010 0.080 - 0.067 0.200
24 29/06/2017 23.3 42.5 990.8 30.4 -0.014 - -0.001 | -0.010 0.081 = 0.066 0.198
25 03/07/2017 23.4 50.9 1016.6 30.5 -0.015 - -0.001 | -0.010 0.081 = 0.070 0.200
26 05/07/2017 23.3 53.4 1010.2 30.0 -0.015 - -0.001 | -0.010 0.082 = 0.072 0.206
27 07/07/2017 23.5 59.7 1009.5 31.0 -0.014 - -0.001 | -0.010 0.079 - 0.068 0.193
28 10/07/2017 23.5 58.1 1004.1 30.9 -0.014 - -0.001 | -0.010 0.077 = 0.066 0.189
29 12/07/2017 23.5 55.9 1008.7 31.2 -0.014 - -0.001 | -0.010 0.077 - 0.065 0.187
30 13/07/2017 23.4 51.4 1014.1 31.1 -0.014 - -0.002 | -0.010 0.080 - 0.068 0.192
Mean | 09/06/2017 233 50.3 1008.6 30.6 -0.013 - -0.001 | -0.010 0.081 - 0.069 0.200
Capacitance (pF) | 10.00000081 - 100.0000069 | 100.0000200
Type A uncertainty (uF/F) 0.005 - 0.0032 0.0056
Type B uncertainty (uF/F) 0.037 - 0.036 0.036
Standard combined uncertainty (uF/F) 0.037 - 0.036 0.036
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

c) Measurement of standards from NIST

| NIST Measurement frequency: 1591.55 Hz
Ambient conditions Temperature of standards Deviation from nominal value (pF/F)
Date Relative | Atmospheric | AH frame Drift Drift Drift Drift Standard # Standard # Standard # Standard #
Temperature| Humidity Pressure | Temperature | #1423 | #1424 | #1442 | #1452 1423 1424 1442 1452
yyyy/mm/dd (°Q) (%) (hPa) (°CQ) (ppm) | (ppm) | (ppm) | (ppm) |10 pF/100V |10 pF /100V | 100 pF /10V | 100 pF /10V
1 02/05/2017 23.4 46.2 1008.9 30.7 -0.020 | -0.036 | -0.030 | 0.023 -4.809 -4.734 -4.650 -4.298
2 05/05/2017 23.3 47.5 1011.2 30.8 -0.020 | -0.035 | -0.030 | 0.023 -4.808 -4.744 -4.650 -4.301
3 09/05/2017 23.4 45.3 1011.1 30.8 -0.020 | -0.035 | -0.030 [ 0.023 -4.816 -4.724 -4.647 -4.295
4 12/05/2017 23.4 47.7 992.7 30.7 -0.020 | -0.035 | -0.031 | 0.023 -4.784 -4.716 -4.651 -4.300
5 15/05/2017 23.4 47.6 1020.6 30.6 -0.019 | -0.036 | -0.031 | 0.024 -4.784 -4.725 -4.643 -4.291
6 17/05/2017 23.4 49.0 1011.7 30.4 -0.019 | -0.037 | -0.031 0.024 -4.805 -4.721 -4.645 -4.296
7 19/05/2017 23.3 449 1007.3 30.8 -0.020 | -0.036 | -0.030 | 0.023 -4.794 -4.716 -4.647 -4.299
8 22/05/2017 23.3 45.1 1009.3 30.8 -0.020 | -0.035 | -0.030 | 0.023 -4.800 -4.739 -4.646 -4.294
9 24/05/2017 23.4 49.4 1018.6 30.8 -0.020 | -0.036 | -0.030 | 0.023 -4.791 -4.710 -4.645 -4.293
10 29/05/2017 23.3 56.0 1004.6 30.2 -0.018 | -0.037 | -0.031 | 0.024 -4.787 -4.729 -4.646 -4.297
11 01/06/2017 23.3 50.8 1013.5 Silil -0.020 | -0.036 | -0.031 | 0.023 -4.800 -4.720 -4.646 -4.297
12 06/06/2017 23.3 47.3 994.7 30.8 -0.020 | -0.036 | -0.030 | 0.022 -4.795 -4.736 -4.652 -4.302
13 09/06/2017 23.4 49.7 1006.6 30.9 -0.020 | -0.036 | -0.030 | 0.022 -4.806 -4.738 -4.651 -4.302
14 12/06/2017 23.3 47.3 1013.1 30.7 -0.019 | -0.036 | -0.030 | 0.022 -4.803 -4.735 -4.651 -4.300
15 14/06/2017 23.3 50.8 1009.3 30.7 -0.020 | -0.036 | -0.030 | 0.022 -4.804 -4.738 -4.650 -4.300
16 16/06/2017 23.3 48.1 1017.4 30.9 -0.020 | -0.036 | -0.030 | 0.023 -4.803 -4.737 -4.650 -4.299
17 19/06/2017 23.2 51.4 1010.0 30.9 -0.020 | -0.036 | -0.030 | 0.023 -4.802 -4.735 -4.650 -4.299
18 20/06/2017 23.3 55.9 1009.0 30.9 -0.020 | -0.036 | -0.030 | 0.023 -4.800 -4.735 -4.650 -4.301
19 23/06/2017 23.3 52.5 1013.3 30.6 -0.019 | -0.037 | -0.030 | 0.023 -4.801 -4.735 -4.649 -4.300
20 26/06/2017 23.2 51.2 1006.3 30.6 -0.019 | -0.037 | -0.030 | 0.024 -4.799 -4.731 -4.650 -4.301
21 30/06/2017 23.3 51.2 995.9 30.4 -0.019 | -0.037 | -0.030 | 0.023 -4.802 -4.735 -4.650 -4.302
22 03/07/2017 23.3 51.2 1012.5 30.4 -0.019 | -0.037 | -0.030 | 0.024 -4.801 -4.734 -4.647 -4.297
23 05/07/2017 23.3 56.1 1009.0 31.0 -0.021 | -0.035 -0.03 0.023 -4.799 -4.735 -4.649 -4.300
Mean | 03/06/2017 23.3 49.7 1008.9 30.7 -0.020 | -0.036 | -0.030 | 0.023 -4.800 -4.731 -4.649 -4.298
Capacitance (pF) | 9.99995200 | 9.99995269 | 99.99953515 | 99.99957016
Type A uncertainty (uF/F) 0.008 0.009 0.002 0.003
Type B uncertainty (uF/F) 0.037 0.037 0.036 0.036
Standard combined uncertainty (puF/F) 0.038 0.038 0.036 0.036
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

d) Measurement of standards from NMIA

| NMIA Measurement frequency: 1591.55 Hz
Ambient conditions Temperature of standards Deviation from nominal value (pF/F)
Date Relative | Atmospheric | AH frame Drift Drift Drift Drift Standard # Standard # Standard # Standard #
Temperature| Humidity Pressure | Temperature [ #1416 | #1479 | #1677 | #1459 1416 1479 1677 1459
yyyy/mm/dd (°Q) (%) (hPa) (°CQ) (ppm) | (ppm) | (ppm) | (ppm) |10 pF/100V |10 pF /100V | 100 pF /10V | 100 pF /10V
1 02/05/2017 23.3 44.7 1009.3 30.8 -0.017 | -0.018 | 0.010 0.054 -12.980 -4.343 -5.216 -4.833
2 05/05/2017 23.3 46.7 1007.6 31.0 -0.017 | -0.019 | 0.010 0.053 -12.982 -4.354 -5.225 -4.846
3 09/05/2017 23.3 46.7 1007.6 31.1 -0.017 | -0.019 | 0.011 0.053 -12.977 -4.347 -5.209 -4.831
4 12/05/2017 23.4 48.7 993.2 30.8 -0.017 | -0.018 | 0.011 0.053 -12.966 -4.343 -5.213 -4.835
5 15/05/2017 23.3 49.2 1020.7 31.3 -0.017 | -0.020 | 0.010 0.051 -12.959 -4.329 -5.215 -4.838
6 17/05/2017 23.4 49.2 1010.3 30.7 -0.017 | -0.019 | 0.011 0.053 -12.960 -4.335 -5.211 -4.822
7 19/05/2017 23.3 45.7 1006.9 30.6 -0.017 | -0.018 | 0.011 0.053 -12.970 -4.336 -5.209 -4.818
8 22/05/2017 23.3 46.0 1008.7 31.2 -0.017 | -0.020 | 0.011 0.052 -12.974 -4.346 -5.211 -4.825
9 24/05/2017 23.4 49.2 1017.6 30.9 -0.017 | -0.019 | 0.011 0.053 SIW2LE/il -4.342 -5.209 -4.822
10 29/05/2017 23.3 53.5 1005.5 30.8 -0.017 | -0.019 | 0.011 0.053 -12.981 -4.350 -5.204 -4.819
11 01/06/2017 23.3 50.1 1014.0 31.0 -0.017 | -0.020 | 0.010 0.052 -12.973 -4.342 -5.211 -4.824
12 06/06/2017 23.4 48.2 998.2 30.8 -0.017 | -0.019 | 0.011 0.053 -12.975 -4.353 -5.210 -4.824
13 08/06/2017 23.4 49.6 1006.3 31.1 -0.017 | -0.020 | 0.011 0.052 -12.974 -4.346 -5.211 -4.828
14 09/06/2017 23.4 49.7 1004.7 30.9 -0.017 | -0.019 | 0.011 0.052 -12.976 -4.347 -5.211 -4.825
15 12/06/2017 23.3 46.2 1013.4 30.8 -0.017 | -0.019 | 0.011 0.053 -12.973 -4.344 -5.208 -4.823
16 14/06/2017 23.3 49.5 1009.0 30.9 -0.017 | -0.019 | 0.011 0.052 -12.972 -4.344 -5.209 -4.826
17 16/06/2017 23.3 49.8 1017.7 30.8 -0.017 | -0.020 | 0.011 0.053 -12.972 -4.337 -5.208 -4.824
18 19/06/2017 23.2 50.2 1011.4 30.9 -0.017 | -0.019 | 0.011 0.052 -12.970 -4.339 -5.205 -4.822
19 20/06/2017 23.2 58.3 1008.1 30.9 -0.017 | -0.019 | 0.011 0.053 -12.969 -4.339 -5.205 -4.820
20 23/06/2017 23.3 52.1 1012.5 30.8 -0.017 | -0.019 | 0.011 0.053 -12.974 -4.343 -5.209 -4.825
21 26/06/2017 23.2 5il-3 1006.0 30.6 -0.017 | -0.019 | 0.011 0.053 -12.973 -4.342 -5.209 -4.822
22 30/06/2017 23.3 50.8 995.5 30.8 -0.017 | -0.019 | 0.011 0.053 -12.968 -4.342 -5.208 -4.821
23 04/07/2017 23.4 52.0 1011.8 30.5 -0.017 | -0.019 | 0.011 0.053 -12.972 -4.344 -5.203 -4.818
Mean | 02/06/2017 23.3 49.5 1008.5 30.9 -0.017 | -0.019 | 0.011 | 0.053 -12.972 -4.343 -5.210 -4.826
Capacitance (pF) | 9.99987028 | 9.99995657 | 99.9994790 | 99.9995174
Type A uncertainty (uF/F) 0.006 0.006 0.004 0.007
Type B uncertainty (puF/F) 0.037 0.037 0.036 0.036
Standard combined uncertainty (uF/F) 0.037 0.037 0.036 0.037
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e)

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Measurement of standards from NPL

NPL Measurement frequency: 1591.55 Hz
Ambient conditions Temperature of standards Deviation from nominal value (pF/F)
Date Relative | Atmospheric | AH frame Drift Drift Drift Drift Standard # Standard # Standard # Standard #
Temperature| Humidity Pressure | Temperature | #1101 | #1186 | #1100 | #1185 1101 1186 1100 1185
yyyy/mm/dd (°Q) (%) (hPa) (°CQ) (ppm) | (ppm) | (ppm) | (ppm) |10 pF/100V |10 pF /100V | 100 pF /10V | 100 pF /10V
1 02/05/2017 23.4 45 1009.0 31.3 0.006 o -0.024 o -4.216 -3.145 -
2 03/05/2017 23.3 48 1010.1 31.0 0.006 - © = -4.217 - -
3 05/05/2017 23.3 48 1011.1 31.1 0.006 o -0.025 o -4.218 -3.126 -
4 09/05/2017 23.3 48 1011.1 31.1 0.006 o -0.025 o -4.201 -3.128 -
5 11/05/2017 23.4 48 988.5 31.3 0.006 = -0.024 o -4.217 -3.134 -
6 12/05/2017 23.4 48 993.2 31.2 0.006 o -0.025 o -4.224 -3.139 -
7 15/05/2017 23.4 48 1020.8 31.2 0.006 o -0.025 o -4.213 -3.130 -
8 17/05/2017 23.4 50 1021.2 31.2 0.006 = -0.025 o -4.212 -3.124 -
9 19/05/2017 23.3 47 1007.0 31.1 0.006 - -0.025 - -4.215 -3.123 =
10 22/05/2017 23.3 46 1009.2 31.3 0.006 o -0.024 o -4.213 -3.122 -
11 24/05/2017 23.4 48 1018.3 31.1 0.006 = -0.025 o -4.210 -3.124 -
12 29/05/2017 23.3 56 1004.9 30.9 0.006 - -0.026 - -4.216 -3.139 =
13 01/06/2017 23.4 51 1012.0 30.7 0.007 o -0.026 o -4.212 -3.114 -
14 06/06/2017 23.4 47 996.8 31.0 0.006 = -0.025 o -4.214 -3.138 -
15 08/06/2017 23.4 48 1008.2 31.1 0.006 - -0.025 - -4.214 -3.122 =
16 09/06/2017 23.4 49 1007.2 31.2 0.006 o -0.024 o -4.214 -3.144 -
17 12/06/2017 23.3 47 1013.4 31.0 0.006 o -0.025 o -4.212 -3.144 -
18 14/06/2017 23.3 50 1008.5 31.0 0.006 - -0.025 - -4.212 -3.148 =
19 16/06/2017 23.3 47 1016.8 31.1 0.006 o -0.025 o -4.210 -3.147 -
20 19/06/2017 23.2 51 1011.3 30.8 0.007 - -0.026 o -4.208 -3.140 -
21 20/06/2017 23.1 58 1007.3 30.4 0.007 - -0.028 - -4.210 -3.141 =
22 21/06/2017 23.1 60 1006.9 30.7 0.007 - -0.026 o -4.209 -3.138 -
23 22/06/2017 23.1 59 1005.7 30.8 0.007 - -0.026 o -4.208 -3.147 -
Mean | 28/05/2017 23.3 49.9 1008.6 31.0 0.006 - -0.025 - -4.213 - -3.134 -
Capacitance (pF) | 9.99995787 - 99.9996866 -
Type A uncertainty (uF/F) 0.004 - 0.010 -
Type B uncertainty (puF/F) 0.037 - 0.036 -
Standard combined uncertainty (uF/F) 0.037 - 0.037 -
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

f) Measurement of standards from PTB

Final report - November 2018

PTB Measurement frequency: 1591.55 Hz
Ambient conditions Temperature of standards Deviation from nominal value (uF/F)
Date Relative | Atmospheric [ AH frame Drift Drift Drift Drift Standard # Standard # Standard # Standard #
Temperature| Humidity Pressure | Temperature [ #1257 | #1258 | #1256 | #1157 1257 1258 1256 1157
yyyy/mm/dd (°Q) (%) (hPa) (°Q) (ppm) | (ppm) | (ppm) | (ppm) |10 pF /100V |10 pF /100V | 100 pF /10V | 100 pF /10V

1 02/05/2017 23.3 44.7 1009.0 33.3 0.009 0.000 0.005 | -0.103 1.572 0.975 1.880 -5.841
2 04/05/2017 23.2 46.9 1009.1 32.8 0.009 0.000 0.007 | -0.105 1.587 0.986 1.885 -5.829
3 05/05/2017 23.3 47.5 1007.2 33.3 0.008 0.000 0.005 | -0.102 1.573 0.976 1.882 -5.836
4 09/05/2017 23.3 44.9 1012.6 33.3 0.009 0.000 0.005 | -0.102 1.574 0.985 1.890 -5.836
5 10/05/2017 23.4 47.4 997.4 33.5 0.008 0.000 0.004 | -0.101 1.580 0.976 1.887 -5.829
6 12/05/2017 23.4 48.8 993.3 33.4 0.008 0.000 0.004 | -0.102 1.583 0.982 1.890 -5.819
7 15/05/2017 23.4 48.1 1021.5 33.3 0.008 0.000 0.004 | -0.102 1.579 0.981 1.894 -5.832
8 16/05/2017 23.4 49.2 1019.5 33.5 0.008 0.000 0.004 | -0.102 1.578 0.986 1.892 -5.831
9 17/05/2017 23.4 49.4 1009.3 33.3 0.008 0.000 0.005 | -0.103 1.586 0.987 1.896 -5.826
10 18/05/2017 23.3 48.9 1005.0 33.0 0.009 0.000 0.007 | -0.105 1.589 0.984 1.900 -5.818
11 19/05/2017 23.4 45.7 1006.8 33.1 0.008 0.000 0.006 | -0.103 1.578 0.978 1.896 -5.824
12 22/05/2017 23.3 46.1 1009.0 33.5 0.007 0.000 0.005 | -0.103 1.576 0.976 1.893 -5.833
13 23/05/2017 23.3 47.7 1012.5 33.3 0.009 0.000 0.005 | -0.102 1.587 0.983 1.892 -5.831
14 24/05/2017 23.3 49.2 1018.5 33.2 0.009 0.000 0.005 | -0.103 1.593 0.986 1.895 -5.826
15 29/05/2017 23.2 55.8 1005.5 33.4 0.008 0.000 0.006 | -0.103 1.581 0.978 1.904 -5.802
16 30/05/2017 23.3 49.7 1009.3 32.8 0.010 0.000 0.007 | -0.106 1.593 0.993 1.909 -5.807
17 01/06/2017 23.4 50.7 1014.0 33.4 0.008 0.000 0.005 | -0.103 1.563 0.972 1.899 -5.825
18 02/06/2017 23.3 51.2 1009.0 33.1 0.008 0.000 0.006 | -0.103 1.591 0.996 1.897 -5.821

19 06/06/2017 23.4 48.1 999.1 33.2 0.009 - = = 1.591 - - -
20 07/06/2017 23.4 46.2 1008.4 33.4 0.009 0.000 0.005 | -0.102 1.586 0.986 1.894 -5.828
21 09/06/2017 23.3 49.4 1003.9 33.2 0.009 0.000 0.005 | -0.103 1.587 0.987 1.900 -5.817
22 12/06/2017 23.3 47.0 1013.6 33.3 0.009 0.000 0.005 | -0.103 1.582 0.983 1.897 -5.822
23 13/06/2017 23.3 45.8 1012.5 33.0 0.008 0.000 0.006 | -0.104 1.581 0.982 1.902 -5.824
24 14/06/2017 23.3 49.1 1009.0 33.3 0.009 0.000 0.005 | -0.103 1.582 0.983 1.896 -5.820
25 16/06/2017 23.3 48.9 1018.1 33.5 0.009 0.000 0.004 | -0.101 1.582 0.983 1.898 -5.825
26 19/06/2017 23.2 50.6 1011.4 33.3 0.009 0.000 0.005 | -0.102 1.591 0.991 1.905 -5.810
27 20/06/2017 23.3 55.6 1008.8 33.0 0.009 0.000 0.007 | -0.104 1.596 0.992 1.908 -5.807
28 22/06/2017 23.1 59.3 1006.0 33.0 0.009 0.000 0.007 | -0.105 1.605 1.002 1.914 -5.791
29 23/06/2017 23.3 52.9 1012.6 33.3 0.009 0.000 0.005 | -0.102 1.596 0.994 1.910 -5.807
30 26/06/2017 23.2 51.7 1005.6 33.1 0.009 0.000 0.006 | -0.103 1.591 0.990 1.911 -5.806
31 29/06/2017 23.3 42.8 991.0 33.2 0.009 0.000 0.006 | -0.103 1.589 0.992 1.911 -5.803
32 03/07/2017 23.4 51.2 1016.4 33.3 0.009 0.000 0.005 | -0.103 1.588 0.988 1.908 -5.814
33 04/07/2017 23.4 50.8 1014.1 33.0 0.009 0.000 0.006 | -0.104 1.591 0.990 1.913 -5.807
Mean | 01/06/2017 233 49.1 1009.0 33.2 0.009 | 0.000 | 0.005 | -0.103 1.585 0.985 1.898 -5.820

Capacitance (pF) | 10.00001585 | 10.00000985 | 100.0001898 | 99.9994180

Type A uncertainty (uF/F) 0.008 0.007 0.009 0.012
Type B uncertainty (uF/F) 0.037 0.037 0.036 0.036
Standard combined uncertainty (uF/F) 0.038 0.038 0.037 0.038
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

g) Measurement of standards from VNIIM
| VNIIM Measurement frequency: 1591.55 Hz
Ambient conditions Temperature of standards Deviation from nominal value (pF/F)
Date Relative | Atmospheric [ AH frame Drift Drift Drift Drift Standard # Standard # Standard # Standard #
Temperature| Humidity Pressure | Temperature | #2204 | #2205 | #2207 - 2204 2205 2207 -
yyyy/mm/dd (°C) (%) (hPa) (°C) (ppm) | (ppm) | (ppm) | (ppm) |10 pF/100V |10 pF /100V | 100 pF /10V [ 100 pF /10V
1 31/05/2017 23.3 44.7 1009.0 29.9 -0.018 | 0.009 | -0.013 - -4.687 -5.111 -4.409 -
2 01/06/2017 23.4 51.0 1011.8 30.3 -0.017 | 0.011 -0.012 - -4.675 -5.114 -4.415 -
3 06/06/2017 23.3 47.3 994.7 30.1 -0.019 0.013 -0.011 - -4.682 -5.145 -4.415 =
4 08/06/2017 23.4 47.6 1009.0 29.9 -0.021 0.013 -0.010 - -4.691 -5.140 -4.409 -
5 09/06/2017 23.4 49.4 1005.8 29.9 -0.022 0.013 -0.010 - -4.688 -5.131 -4.407 -
6 12/06/2017 23.3 47.1 1013.1 29.8 -0.024 | 0.013 -0.010 - -4.684 -5.124 -4.407 =
7 14/06/2017 23.3 50.1 1009.4 29.8 -0.024 | 0.012 -0.010 - -4.682 -5.129 -4.405 -
8 16/06/2017 23.4 48.1 1017.6 30.0 -0.023 0.012 -0.008 - -4.684 -5.123 -4.409 -
9 19/06/2017 23.3 50.8 1011.5 29.7 -0.028 | 0.011 -0.008 - -4.674 -5.121 -4.400 =
10 21/06/2017 23.2 56.4 1007.3 29.9 -0.027 | 0.012 -0.007 - -4.675 -5.120 -4.401 -
11 23/06/2017 23.2 52.5 1013.3 29.9 -0.027 | 0.012 -0.007 - -4.673 -5.113 -4.401 -
12 26/06/2017 23.2 51.1 1006.7 29.4 -0.030 0.011 -0.007 - -4.667 -5.119 -4.393 -
13 28/06/2017 23.4 53.8 989.4 29.2 -0.033 0.010 | -0.007 - -4.662 -5.126 -4.389 -
14 30/06/2017 23.3 51.2 995.6 28.9 -0.035 0.010 | -0.008 - -4.656 -5.120 -4.379 -
15 03/07/2017 23.4 50.2 1016.1 29.4 -0.029 0.012 -0.004 - -4.661 -5.111 -4.385 -
16 05/07/2017 23.3 52.8 1010.6 29.3 -0.033 0.011 | -0.003 - -4.658 -5.113 -4.380 -
17 07/07/2017 23.5 58.9 1009.3 29.2 -0.033 0.010 | -0.002 - -4.657 -5.107 -4.381 -
18 10/07/2017 23.4 57.0 1003.5 29.3 -0.034 | 0.010 0.001 - -4.657 -5.112 -4.380 -
19 12/07/2017 23.5 55.7 1008.6 29.5 -0.029 0.011 0.004 - -4.664 -5.117 -4.384 -
20 13/07/2017 23.3 53.5 1012.3 28.8 -0.034 | 0.009 0.003 = -4.652 -5.108 -4.365 -
21 17/07/2017 23.2 51.1 1014.5 29.0 -0.035 0.009 0.005 - -4.650 -5.106 -4.363 -
22 18/07/2017 23.0 62.5 1003.4 29.1 -0.033 0.010 0.006 - -4.646 -5.110 -4.366 -
23 19/07/2017 23.1 60.2 1001.6 28.9 -0.036 | 0.009 0.006 = -4.645 -5.108 -4.360 =
24 20/07/2017 23.3 52.2 1005.7 29.3 -0.034 0.01 0.007 - -4.651 -5.110 -4.373 -
25 21/07/2017 23.0 50.9 1003.3 29.2 -0.032 0.01 0.007 - -4.649 -5.114 -4.369 -
26 24/07/2017 23.1 51.7 1005.4 29.4 -0.034 0.01 0.009 = -4.650 -5.117 -4.371 =
27 26/07/2017 23.1 51.1 1004.3 29.5 -0.035 0.01 0.01 - -4.647 -5.116 -4.371 -
28 28/07/2017 23.1 50.0 1006.9 29.5 -0.035 0.011 0.011 - -4.647 -5.115 -4.371 -
29 31/07/2017 23.1 50.3 1007.1 29.4 -0.036 [ 0.011 0.011 = -4.642 -5.113 -4.369 =
30 02/08/2017 23.1 51.2 1010.6 29.5 -0.035 0.011 0.012 - -4.642 -5.111 -4.369 -
31 04/08/2017 23.1 52.5 1008.1 29.5 -0.036 | 0.011 0.013 - -4.637 -5.111 -4.366 -
32 07/08/2017 23.1 47.0 1012.4 29.4 -0.036 [ 0.011 0.013 = -4.633 -5.110 -4.363 =
Mean | 04/07/2017 233 51.9 1007.4 29.5 -0.030 | 0.011 | -0.001 - -4.662 -5.117 -4.385 -
Capacitance (pF) [ 9.99995338 | 9.99994883 | 99.9995615 -
Type A uncertainty (uF/F) 0.017 0.009 0.018 -
Type B uncertainty (uF/F) 0.037 0.037 0.036 -
Standard combined uncertainty (puF/F) 0.041 0.038 0.040 -
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

h) Measurement of standards from BIPM

| BIPM 10 pF standards #1227 and 1310 Measurement frequency: 1591.55 Hz
Ambient conditions Temperature of standard Deviation from nominal (uF/F)
Date Relative | Atmospheric AH frame Drift Drift Standard # Standard #
Temperature| Humidity Pressure Temperature | Std #1227 Std #1310 1227 1310
yyyy/mm/dd Q) (%) (hPa) (°0) (ppm) (ppm) 10 pF /100 V 10 pF /100 V
1 03/02/2017 23.5 46 1008.0 gl 0.047 -0.064 1.588 -0.068
2 06/02/2017 234 44 1004.8 B5¥ 0.046 -0.066 1.583 -0.054
3 17/02/2017 23.5 43 1005.3 35.6 0.046 -0.067 1.608 -0.053
4 21/02/2017 23.5 48 1001.2 35.0 0.047 -0.064 1.607 -0.053
5 24/02/2017 23.2 46 998.0 34.3 0.047 -0.060 1.599 -0.053
6 27/02/2017 23.2 46 990.0 34.4 0.047 -0.060 1.599 -0.060
7 01/03/2017 23.2 45 995.2 34.5 0.048 -0.060 1.589 -0.060
8 03/03/2017 23.1 44 992.7 35.3 0.047 -0.065 1.590 -0.050
9 06/03/2017 23.0 45 1008.5 34.5 0.048 -0.060 1.588 -0.062
10 10/03/2017 23.1 45 1016.3 35.4 0.047 -0.061 1.605 -0.052
11 13/03/2017 23.2 45 1017.0 34.5 0.048 -0.066 1.601 -0.048
12 15/03/2017 23.1 45 1023.4 34.5 0.047 -0.060 1.617 -0.049
13 17/03/2017 23.1 45 1011.0 35.1 0.047 -0.060 1.610 -0.033
14 20/03/2017 23.1 45 1004.0 34.5 0.047 -0.064 1.602 -0.051
15 22/03/2017 23.1 45 998.5 34.6 0.047 -0.064 1.597 -0.053
16 24/03/2017 23.1 46 1012.6 34.4 0.048 -0.061 1.600 -0.060
17 27/03/2017 23.2 46 1009.0 34.6 0.047 -0.060 1.605 -0.046
18 29/03/2017 23.1 46 1016.3 34.7 0.047 -0.061 1.611 -0.050
19 31/03/2017 23.1 46 1004.3 34.3 0.047 -0.062 1.608 -0.045
20 03/04/2017 23.0 45 1017.1 34.3 0.048 -0.060 1.606 -0.053
21 05/04/2017 23.2 46 1019.0 34.5 0.048 -0.059 1.607 -0.043
Mean | 10/03/2017 23.2 45.3 1007.2 34.7 0.047 -0.062 1.601 -0.052
Standard deviation (uF/F) 0.009 0.008
22 02/05/2017 23.3 46 1006.9 35.2 0.047 -0.061 1.586 -0.047
23 03/05/2017 23.2 48 1008.4 34.3 0.048 -0.066 1.599 -0.053
24 05/05/2017 23.3 47 1009.0 34.3 0.048 -0.06 1.594 -0.059
25 09/05/2017 23.3 45 1012.5 343 0.048 -0.06 1.601 -0.072
26 10/05/2017 23.4 48 994.8 34.6 0.048 -0.06 1.619 -0.050
27 12/05/2017 23.4 48 991.0 34.4 0.048 -0.061 1.596 -0.054
28 15/05/2017 234 48 1019.3 34.6 0.048 -0.06 1.614 -0.058
29 16/05/2017 23.4 49 1018.0 34.3 0.048 -0.061 1.623 -0.041
30 17/05/2017 23.4 51 1004.7 34.3 0.048 -0.061 1.603 -0.040
Bil} 18/05/2017 23.3 46 1004.6 34.2 0.049 -0.059 1.596 -0.033
32 22/05/2017 23.3 47 1006.5 35.1 0.047 -0.059 1.613 -0.045
2B 23/05/2017 ZELE 48 1012.5 34.2 0.049 -0.064 1.609 -0.048
34 24/05/2017 23.4 49 1015.6 34.4 0.049 -0.059 1.611 -0.035
35 29/05/2017 23.3 55] 1003.2 34.2 0.049 -0.06 1.610 -0.031
36 30/05/2017 233 50 1009.0 34.2 0.049 -0.059 1.598 -0.051
37 01/06/2017 233 50 1012.1 34.8 0.047 -0.059 1.619 -0.028
38 06/06/2017 23.4 47 998.9 34.2 0.049 -0.062 1.619 -0.043
39 07/06/2017 234 47 1009.5 34.2 0.049 -0.059 1.603 -0.038
40 09/06/2017 234 49 1005.5 34.7 0.047 -0.059 1.604 -0.036
41 12/06/2017 23.3 47 1011.8 34.3 0.049 -0.064 1.609 -0.057
42 14/06/2017 23.2 51 1005.6 34.6 0.048 -0.0593 1.609 -0.052
43 16/06/2017 233 48 1015.9 34.3 0.049 -0.061 1.611 -0.057
44 19/06/2017 23.2 53 1007.9 34.5 0.048 -0.059 1.618 -0.049
45 21/06/2017 23.2 59 1005.6 34.0 0.049 -0.06 1.616 -0.051
46 23/06/2017 23.3 53 1011.3 34.2 0.049 -0.057 1.619 -0.051
47 26/06/2017 ZE2 52 1002.9 34.3 0.049 -0.059 1.617 -0.048
48 28/06/2017 ZEY 54 988.0 34.3 0.049 -0.06 1.610 -0.055
49 30/06/2017 283 51 994.5 34.5 0.048 -0.06 1.604 -0.067
Mean | 30/05/2017 233 49.4 1006.6 344 0.048 -0.060 1.608 -0.048
Standard deviation (uF/F) 0.009 0.010
50 24/07/2017 23.1 52 1003.8 34.4 0.049 -0.061 1.623 -0.065
51 26/07/2017 23.2 51 1002.7 34.5 0.049 -0.06 1.620 -0.056
52 28/07/2017 23.1 50 1005.6 34.4 0.049 -0.061 1.619 -0.059
53] 31/07/2017 23.1 51 1005.4 34.5 0.049 -0.06 1.618 -0.055
54 02/08/2017 23.1 51 1009.0 34.4 0.049 -0.061 1.619 -0.057
55 04/08/2017 23.1 52 1006.4 34.6 0.049 -0.06 1.619 -0.054
56 07/08/2017 23.1 48 1010.7 344 0.049 -0.061 1.624 -0.057
57 09/08/2017 23.1 50 1006.3 34.4 0.049 -0.06 1.618 -0.051
58 11/08/2017 23.1 50 1010.9 34.4 0.048 -0.06 1.618 -0.056
59 16/08/2017 23.1 52 1010.7 34.5 0.049 -0.061 1.619 -0.055
60 18/08/2017 23.1 53 1005.3 34.5 0.048 -0.061 1.618 -0.055
61 21/08/2017 23.1 52 1012.4 34.5 0.049 -0.061 1.623 -0.058
62 23/08/2017 23.1 55 1005.4 343 0.049 -0.061 1.622 -0.054
63 25/08/2017 23.1 52 1006.5 34.4 0.049 -0.06 1.622 -0.056
64 28/08/2017 23.0 54 1008.8 34.2 0.049 -0.06 1.624 -0.055
65 30/08/2017 232 57 1006.6 34.4 0.048 -0.059 1.620 -0.053
66 01/09/2017 23.1 49 1011.3 34.1 0.049 -0.061 1.627 -0.062
67 04/09/2017 2B 51 1005.4 34.4 0.049 -0.059 1.624 -0.050
68 06/09/2017 233 48 1013.0 34.4 0.049 -0.061 1.624 -0.058
69 08/09/2017 23.3 51 997.0 34.5 0.049 -0.061 1.623 -0.053
Mean | 16/08/2017 23.1 51.3 1007.2 34.4 0.049 -0.060 1.621 -0.056
Standard deviation (uF/F) 0.003 0.003
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BIPM 100 pF standards #1225 and 1642 Measurement frequency: 1591.55 Hz

Ambient conditions Temperature of standard Deviation from nominal (pF/F)

Date Relative | Atmospheric AH frame Drift Drift Standard # Standard #

Temperature| Humidity Pressure Temperature | Std #1225 Std #1642 1225 1642

yyyy/mm/dd (°0) (%) (hPa) (°CQ) (ppm) (ppm) 100 pF / 10V 100 pF / 10V
1 03/02/2017 23.5 46 1008.0 35.1 -0.030 0.017 5.132 0.643
2 06/02/2017 23.4 44 1004.8 35.2 -0.029 0.018 5.129 0.646
3 17/02/2017 2815 43 1005.3 35.6 -0.031 0.019 5.128 0.647
4 21/02/2017 23.5 48 1001.2 35.0 -0.034 0.018 5.135 0.647
5 24/02/2017 23.2 46 998.0 34.3 -0.034 0.016 5.143 0.646
6 27/02/2017 23.2 46 990.0 34.4 -0.034 0.017 5.141 0.650
7 01/03/2017 23.2 45 995.2 34.5 -0.030 0.017 5.146 0.649
8 03/03/2017 23.1 44 992.7 Bo -0.034 0.019 5.129 0.653
9 06/03/2017 23.0 45 1008.5 34.5 -0.033 0.017 5.146 0.651
10 10/03/2017 23.1 45 1016.3 35.4 -0.030 0.017 5.132 0.642
11 13/03/2017 23.2 45 1017.0 34.5 -0.034 0.019 5.131 0.648
12 15/03/2017 23.1 45 1023.4 34.5 -0.034 0.017 5.140 0.642
13 17/03/2017 23.1 45 1011.0 35.1 -0.032 0.018 5.132 0.650
14 20/03/2017 23.1 45 1004.0 34.5 -0.034 0.019 5.138 0.651
15 22/03/2017 23.1 45 998.5 34.6 -0.033 0.017 5.141 0.652
16 24/03/2017 23.1 46 1012.6 34.4 -0.034 0.017 5.139 0.650
17 27/03/2017 23.2 46 1009.0 34.6 -0.034 0.017 5.134 0.646
18 29/03/2017 23.1 46 1016.3 34.7 -0.033 0.018 5.142 0.653
19 31/03/2017 23.1 46 1004.3 34.3 -0.035 0.018 5.127 0.649
20 03/04/2017 23.0 45 1017.1 34.3 -0.035 0.017 5.130 0.645
21 05/04/2017 RSY 46 1019.0 34.5 -0.034 0.018 5.133 0.646
Mean | 10/03/2017 23.2 45.3 1007.2 34.7 -0.033 0.018 5.136 0.648
Standard deviation (uF/F) 0.006 0.003
22 02/05/2017 23.3 46 1006.9 BHY) -0.032 0.019 5.133 0.647
23 03/05/2017 232 48 1008.4 34.3 -0.036 0.021 5.123 0.646
24 05/05/2017 23.3 47 1009.0 34.3 -0.036 0.019 5.131 0.646
25 09/05/2017 233 45 1012.5 34.3 -0.035 0.019 5.129 0.646
26 10/05/2017 23.4 48 994.8 34.6 -0.034 0.019 5.132 0.645
27 | 12/05/2017 23.4 48 991.0 34.4 -0.035 0.02 5.132 0.650
28 15/05/2017 23.4 48 1019.3 34.6 -0.034 0.019 5.132 0.653
29 16/05/2017 23.4 49 1018.0 34.3 -0.036 0.02 5.131 0.653
30 17/05/2017 23.4 51 1004.7 34.3 -0.036 0.02 5.140 0.652
31 18/05/2017 23.3 46 1004.6 34.2 -0.036 0.019 5.138 0.655
32 22/05/2017 23.3 47 1006.5 35.1 -0.033 0.02 5.136 0.648
33 23/05/2017 23.3 48 1012.5 34.2 -0.036 0.021 5.146 0.658
34 24/05/2017 23.4 49 1015.6 344 -0.035 0.019 5.147 0.654
35 29/05/2017 23.3 55 1003.2 34.2 -0.037 0.02 5.139 0.650
36 30/05/2017 23.3 50 1009.0 34.2 -0.036 0.019 5.145 0.655
37 01/06/2017 23.3 50 1012.1 34.8 -0.035 0.02 5.142 0.655
38 06/06/2017 234 47 998.9 34.2 -0.036 0.021 51145 0.653
39 07/06/2017 234 A7 1009.5 34.2 -0.036 0.02 5.137 0.653
40 09/06/2017 234 49 1005.5 34.7 -0.033 0.02 5.130 0.648
41 12/06/2017 233 A7) 1011.8 34.3 -0.036 0.022 5.131 0.654
42 14/06/2017 23.2 51 1005.6 34.6 -0.035 0.021 5§85 0.654
43 16/06/2017 23.3 48 1015.9 34.3 -0.036 0.021 5.133 0.654
44 | 19/06/2017 23.2 53 1007.9 34.5 -0.036 0.021 5.137 0.655
45 21/06/2017 23.2 59 1005.6 34.0 -0.038 0.021 5.140 0.658
46 23/06/2017 23.3 53 1011.3 34.2 -0.037 0.02 5.142 0.655
47 26/06/2017 23.2 52 1002.9 34.3 -0.036 0.021 5.142 0.656
48 28/06/2017 23.3 54 988.0 34.3 -0.036 0.021 5.142 0.655
49 30/06/2017 RS 51 994.5 34.5 -0.036 0.021 5.141 0.652
Mean | 06/06/2017 233 49.4 1006.6 344 -0.035 0.020 5.137 0.652
Standard deviation (uF/F) 0.006 0.004
50 24/07/2017 23.1 52 1003.8 34.4 -0.036 0.022 5.139 0.653
51 26/07/2017 23.2 51 1002.7 34.5 -0.036 0.022 5.132 0.655
52 28/07/2017 23.1 50 1005.6 34.4 -0.036 0.022 5.130 0.653
53 31/07/2017 Zgil 51 1005.4 34.5 -0.036 0.022 5.134 0.655
54 02/08/2017 23.1 51 1009.0 34.4 -0.037 0.022 5.133 0.655
59) 04/08/2017 Zgil 5% 1006.4 34.6 -0.036 0.022 5.138 0.656
56 07/08/2017 23.1 48 1010.7 34.4 -0.037 0.022 5.138 0.657
57 09/08/2017 23.1 50 1006.3 34.4 -0.037 0.022 5.143 0.659
58 11/08/2017 23.1 50 1010.9 34.4 -0.036 0.022 5.142 0.657
59 16/08/2017 23.1 52 1010.7 34.5 -0.036 0.022 5.142 0.655
60 18/08/2017 23.1 53 1005.3 34.5 -0.036 0.022 5.143 0.657
61 21/08/2017 23.1 52 1012.4 34.5 -0.036 0.022 5.153 0.656
62 23/08/2017 23.1 55 1005.4 34.3 -0.037 0.022 5.137 0.657
63 25/08/2017 23.1 52 1006.5 34.4 -0.036 0.022 5.140 0.658
64 28/08/2017 23.0 54 1008.8 34.2 -0.037 0.022 5.149 0.658
65 30/08/2017 232 57 1006.6 34.4 -0.037 0.022 5.148 0.658
66 01/09/2017 231 49 10113 34.1 -0.038 0.022 5.131 0.654
67 04/09/2017 23.3 51 1005.4 34.4 -0.037 0.022 5.140 0.657
68 06/09/2017 23.3 48 1013.0 34.4 -0.037 0.022 5.130 0.657
69 08/09/2017 38 51 997.0 34.5 -0.037 0.022 5.130 0.657
Mean | 27/05/2017 23.1 51.3 1007.2 34.4 -0.037 0.022 5.139 0.656
Standard deviation (uF/F) 0.007 0.002
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A4-2 METAS

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Serial number of the standard capacitor: 01191 (C10B)
Nominal value: 10 pF Measurement frequency: 1233.15 Hz Applied voltage: 100V
Date
(yyyyg:zn/dd) Ambient conditions Temperature of the standard
Time
(hh:mm) Temperature Relative Atmospheric Chassis Drift Deviatic.)n from
Temperature nominal
Humidity Pressure (°C) (MF/F)
(°c) (%) (hPa) (ppm)
1 2017/03/06 10:57 23.2 38.3 943.0 36.8 0.063 -2.013
2 2017/03/13 14:08 23.0 37.6 958.3 32.7 0.064 -1.998
3 2017/03/14 12:54 23.2 37.4 966.6 32.5 0.055 -2.010
4 2017/03/16 09:46 23.2 37.1 961.5 31.9 0.055 -2.150
5 2017/03/2013:19 23.1 38.5 949.8 32.0 0.055 -2.050
6 2017/03/23 11:16 23.1 38.7 948.3 32.0 0.054 -2.191
7 2017/03/27 13:03 23.1 39.2 957.8 32.0 0.054 -1.999
8 2017/03/28 11:17 23.2 39.6 960.8 32.1 0.055 -2.028
9 2017/03/3011:17 23.4 38.4 962.3 32.1 0.054 -2.052
10 2017/04/03 11:35 23.3 39.0 958.5 32.1 0.054 -2.047
11 2017/04/07 11:41 23.2 38.3 959.6 32.0 0.054 -2.026
12 2017/08/02 16:58 23.7 46.9 956.1 33.0 0.056 -2.001
13 2017/08/04 11:47 23.6 47.1 953.7 33.1 0.055 -2.041
14 2017/08/08 08:55 23.5 40.8 950.9 32.1 0.055 -2.016
15 2017/08/10 14:40 23.5 40.1 957.2 32.1 0.055 -2.058
16 2017/08/15 10:11 23.5 41.9 956.9 32.1 0.055 -2.067
17 2017/08/17 08:49 23.6 42.1 957.4 32.1 0.055 -2.061
18 2017/08/21 15:22 23.7 40.2 959.3 32.5 0.055 -2.061
19 2017/08/31 10:48 23.5 43.0 953.8 32.0 0.055 -2.067
20 2017/09/04 10:34 23.3 39.1 953.3 32.0 0.055 -2.062
21 2017/09/07 08:23 23.2 39.0 955.7 32.0 0.055 -2.091
Mean deviation from nominal (uF/F) -2.052
Type A Uncertainty (uF/F) 0.010
Type B Uncertainty (uF/F) 0.078
Combined Uncertainty (pF/F) 0.079
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Serial number of the standard capacitor: 01300 (C10C)
Nominal value: 10 pF Measurement frequency: 1233.15 Hz Applied voltage: 100V
Date
(yyyyg:zn/dd) Ambient conditions Temperature of the standard
Time
(hh:mm) Temperature Relative Atmospheric Chassis Drift Deviatic.)n from
Temperature nominal
Humidity Pressure (°C) (MF/F)
(°c) (%) (hPa) (ppm)
1 2017/03/06 10:57 23.2 38.3 943.0 36.8 0.188 1.308
2 2017/03/13 14:08 23.0 37.6 958.3 32.7 0.203 1.363
3 2017/03/14 12:54 23.2 37.4 966.6 32.5 0.204 1.385
4 2017/03/16 09:46 23.2 37.1 961.5 31.9 0.204 1.268
5 2017/03/2013:19 23.1 38.5 949.8 32.0 0.204 1.317
6 2017/03/23 11:16 23.1 38.7 948.3 32.0 0.205 1.238
7 2017/03/27 13:03 23.1 39.2 957.8 32.0 0.204 1.410
8 2017/03/28 11:17 23.2 39.6 960.8 32.1 0.204 1.371
9 2017/03/3011:17 23.4 38.4 962.3 32.1 0.204 1.366
10 2017/04/03 11:35 23.3 39.0 958.5 32.1 0.204 1.350
11 2017/04/07 11:41 23.2 38.3 959.6 32.0 0.204 1.374
12 2017/08/02 16:35 23.7 46.9 956.1 33.0 0.205 1.333
13 2017/08/04 15:41 23.7 47.2 953.0 33.1 0.208 1.304
14 2017/08/08 08:01 23.5 40.8 950.9 32.1 0.208 1.304
15 2017/08/1011:14 23.5 40.0 956.6 32.1 0.208 1.305
16 2017/08/15 09:45 23.5 41.4 957.0 32.1 0.208 1.293
17 2017/08/17 09:07 23.6 42.1 957.5 32.1 0.208 1.290
18 2017/08/21 14:52 23.7 39.7 959.6 32.5 0.208 1.297
19 2017/08/31 10:25 23.5 43.0 953.8 32.0 0.208 1.274
20 2017/09/04 09:52 23.3 39.0 952.8 32.0 0.208 1.279
21 2017/09/07 08:56 23.3 39.0 955.7 32.0 0.208 1.279
Mean deviation from nominal (uF/F) 1.319
Type A Uncertainty (uF/F) 0.010
Type B Uncertainty (uF/F) 0.078
Combined Uncertainty (pF/F) 0.079
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Serial number of the standard capacitor: 01188 (C100A)
Nominal value: 100 pF Measurement frequency: 1233.15 Hz Applied voltage: 10V
Date
(yyyyg:zn/dd) Ambient conditions Temperature of the standard
Time
(hh:mm) Temperature Relative Atmospheric Chassis Drift Deviatic.)n from
Temperature nominal
Humidity Pressure (°C) (MF/F)
(°c) (%) (hPa) (ppm)

1 2017/03/06 10:57 23.2 38.3 943.0 36.8 0.003 -3.231
2 2017/03/13 14:08 23.0 37.6 958.3 32.7 -0.022 -3.149
3 2017/03/14 12:54 23.2 37.4 966.6 32.5 -0.024 -3.118
4 2017/03/16 09:46 23.2 37.1 961.5 31.9 -0.023 -3.237
5 2017/03/2013:19 23.1 38.5 949.8 32.0 -0.025 -3.181
6 2017/03/23 11:16 23.1 38.7 948.3 32.0 -0.025 -3.281
7 2017/03/27 13:03 23.1 39.2 957.8 32.0 -0.024 -3.169
8 2017/03/28 11:17 23.2 39.6 960.8 32.1 -0.024 -3.211
9 2017/03/3011:17 23.4 38.4 962.3 32.1 -0.024 -3.211
10 2017/04/03 11:35 23.3 39.0 958.5 32.1 -0.024 -3.228
11 2017/04/07 11:41 23.2 38.3 959.6 32.0 -0.025 -3.200
12 2017/08/02 15:50 23.6 46.7 956.6 33.0 -0.024 -3.207
13 2017/08/04 13:21 23.6 47.7 953.4 33.1 -0.023 -3.207
14 2017/08/08 11:06 23.6 41.1 950.5 32.1 -0.024 -3.200
15 2017/08/10 08:14 23.4 40.4 955.9 32.1 -0.024 -3.190
16 2017/08/15 08:25 23.5 41.3 956.8 32.1 -0.023 -3.204
17 2017/08/17 10:45 23.6 42.3 957.4 32.1 -0.024 -3.201
18 2017/08/21 14:14 23.7 39.7 959.6 32.5 -0.024 -3.200
19 2017/08/31 09:07 23.5 42.9 954.9 32.0 -0.023 -3.201
20 2017/09/04 08:46 23.2 38.9 952.3 32.0 -0.024 -3.207
21 2017/09/07 10:09 23.3 39.1 955.7 32.0 -0.025 -3.210
Mean deviation from nominal (uF/F) -3.202

Type A Uncertainty (uF/F) 0.007

Type B Uncertainty (uF/F) 0.064

Combined Uncertainty (pF/F) 0.064
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Serial number of the standard capacitor: 01189 (C100B)
Nominal value: 100 pF Measurement frequency: 1233.15 Hz Applied voltage: 10V
Date
(yyyyg:zn/dd) Ambient conditions Temperature of the standard
Time
(hh:mm) Temperature Relative Atmospheric Chassis Drift Deviatic.)n from
Temperature nominal
Humidity Pressure (°C) (MF/F)
(°c) (%) (hPa) (ppm)
1 2017/03/06 10:57 23.2 38.3 943.0 36.8 0.006 -2.679
2 2017/03/13 14:08 23.0 37.6 958.3 32.7 0.012 -2.529
3 2017/03/14 12:54 23.2 37.4 966.6 32.5 0.014 -2.525
4 2017/03/16 09:46 23.2 37.1 961.5 31.9 0.012 -2.620
5 2017/03/2013:19 23.1 38.5 949.8 32.0 0.015 -2.631
6 2017/03/23 11:16 23.1 38.7 948.3 32.0 0.015 -2.608
7 2017/03/27 13:03 23.1 39.2 957.8 32.0 0.014 -2.505
8 2017/03/28 11:17 23.2 39.6 960.8 32.1 0.015 -2.583
9 2017/03/3011:17 23.4 38.4 962.3 32.1 0.014 -2.591
10 2017/04/03 11:35 23.3 39.0 958.5 32.1 0.014 -2.539
11 2017/04/07 11:41 23.2 38.3 959.6 32.0 0.014 -2.524
12 2017/08/02 16:13 23.7 46.9 956.1 33.0 0.013 -2.629
13 2017/08/04 12:42 23.6 47.1 953.7 33.1 0.015 -2.625
14 2017/08/08 10:07 23.5 41.3 949.7 32.1 0.015 -2.621
15 2017/08/10 10:06 23.5 40.2 956.2 32.1 0.015 -2.614
16 2017/08/15 08:46 23.5 41.3 956.8 32.1 0.015 -2.630
17 2017/08/17 10:25 23.6 42.3 957.4 32.1 0.015 -2.620
18 2017/08/21 14:32 23.7 39.7 959.6 32.5 0.015 -2.618
19 2017/08/31 10:00 23.5 42.9 953.8 32.0 0.013 -2.625
20 2017/09/04 09:13 23.2 39.0 952.8 32.0 0.015 -2.601
21 2017/09/07 09:46 23.3 39.0 955.8 32.0 0.015 -2.613
Mean deviation from nominal (uF/F) -2.597
Type A Uncertainty (uF/F) 0.010
Type B Uncertainty (uF/F) 0.064
Combined Uncertainty (pF/F) 0.065
Final report - November 2018 Page 100



A4-3 NIM

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial and return series 10 pF #01606

Serial number of the standard capacitor:

AH#1606

Final report - November 2018

Nominal value: __10pF Measurement frequency: __1592Hz Applied voltage:
100V
Date Ambient conditions Temperature of the
(yyyy/mm/dd) standard
and Time Temperature Relative |Atmospheric Terfw}:naesr:itZre Drift Dev;zi?:zjlrom
(hh:mm) Humidity Pressure (°C) (UF/F)
(°C) (%) (hPa) (ppm)
1 2017/3/2 11:50 19.8 48.3 1007 315 -0.012 0.100
2 2017/3/7 17:00 19.8 51.2 1001 314 -0.012 0.102
3 2017/3/9 10:00 20.5 54.1 1004 314 -0.012 0.093
4 |2017/3/10 15:00 19.8 49.7 1002 313 -0.012 0.092
5 2017/3/14 11:30 19.9 52.1 1015 315 -0.013 0.095
6 |2017/3/16 15:35 19.8 51.9 1005 313 -0.013 0.099
7 2017/3/17 9:30 20.0 52.6 1009 31.4 -0.011 0.097
8 |2017/3/27 14:30 19.7 56.1 1008 315 -0.013 0.098
9 2017/3/29 9:50 19.9 49.7 1008 31.3 -0.013 0.094
10 |2017/3/31 11:50 19.9 49.0 1014 31.4 -0.013 0.093
Mean deviation from nominal (uF/F) 0.096
Type A uncertainty (uF/F) 0.0035
Type B uncertainty (uF/F) 0.0178
Combined standard uncertainty (uF/F) 0.018
Serial number of the standard capacitor: AH#1606
Nominal value: __10pF Measurement frequency: ___1592Hz Applied voltage:
100V
Date Ambient conditions Temperature of the
(yyyy/mm/dd) standard
and Time Temperature Relative | Atmospheric Ter?*u:isr:itz re Drift Dev;itr;?g;rom
(hh:mm) Humidity Pressure (°C) (UF/F)
(°C) (%) (hPa) (ppm)
1 2017/8/1 10:20 19.8 50.8 1007 32.0 -0.014 0.069
2 2017/8/3 6:30 19.8 50.8 1014 324 -0.014 0.071
3 12017/8/11 11:50 19.9 51.0 1011 31.2 -0.014 0.071
4 | 2017/8/14 8:35 20.0 52.0 1005 31.2 -0.015 0.065
5 12017/8/16 11:40 19.9 50.1 1014 31.2 -0.015 0.079
6 |2017/8/18 11:20 20.0 49.8 1009 31.3 -0.015 0.067
7 |2017/8/23 16:15 20.0 49.5 1003 313 -0.016 0.070
8 2017/8/25 8:50 19.8 53.4 1001 314 -0.015 0.065
9 |2017/8/28 15:21 19.8 49.4 1013 313 -0.016 0.067
10 | 2017/8/30 9:03 19.9 51.0 1012 31.5 -0.016 0.073
Mean deviation from nominal (uF/F) 0.070
Type A uncertainty (uF/F) 0.0042
Type B uncertainty (uF/F) 0.0178
Combined standard uncertainty (uF/F) 0.018

Page 101



Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial and return series 10 pF #01682

Final report - November 2018

Serial number of the standard capacitor: AH#1682
Nominal value: __10pF Measurement frequency: __ 1592Hz Applied voltage:
100V
Date Ambient conditions Temperature of the
(yyyy/mm/dd) standard
and Time Temperature Relative | Atmospheric Ter(i\r;naesr:[cst.lre Drift Dev;zt;?::[om
(hh:mm) Humidity Pressure (°C) (UF/F)
(°C) (%) (hPa) (ppm)
1 | 2017/3/2 11:50 19.8 48.3 1007 315 0.025 0.377
2 | 2017/3/7 17:00 19.8 51.2 1001 314 0.025 0.379
3 | 2017/3/9 10:00 20.5 54.1 1004 314 0.027 0.368
4 12017/3/10 15:00 19.8 49.7 1002 31.3 0.036 0.441
5 12017/3/14 11:30 19.9 52.1 1015 315 0.032 0.423
6 [2017/3/16 15:35 19.8 51.9 1005 31.3 0.032 0.426
7 | 2017/3/17 9:30 20.0 52.6 1009 314 0.029 0.368
8 |2017/3/27 14:30 19.7 56.1 1008 315 0.030 0.383
9 | 2017/3/29 9:50 19.9 49.7 1008 31.3 0.030 0.379
10 |2017/3/31 11:50 19.9 49.0 1014 31.4 0.031 0.409
Mean deviation from nominal (uF/F) 0.395
Type A uncertainty (uF/F) 0.027
Type B uncertainty (uF/F) 0.0178
Combined standard uncertainty (uF/F) 0.032
Serial number of the standard capacitor: AH#1682
Nominal value: __10pF Measurement frequency: __ 1592Hz Applied voltage:
100V
Date Ambient conditions Temperature of the
(yyyy/mm/dd) standard
and Time Temperature Relative | Atmospheric Te:;)aei:itsure Drift DeVrilaotr;Oi:::'om
(hh:mm) Humidity Pressure (°C) (UF/F)
(°C) (%) (hPa) (ppm)
1 | 2017/8/1 10:20 19.8 50.8 1007 32.0 0.032 0.373
2 2017/8/3 6:30 19.8 50.8 1014 324 0.033 0.374
3 ]2017/8/11 11:50 19.9 51.0 1011 31.2 0.029 0.374
4 | 2017/8/14 8:35 20.0 52.0 1005 31.2 0.030 0.367
5 12017/8/16 11:40 19.9 50.1 1014 31.2 0.029 0.382
6 [2017/8/18 11:20 20.0 49.8 1009 31.3 0.029 0.368
7 12017/8/23 16:15 20.0 49.5 1003 31.3 0.030 0.372
8 | 2017/8/25 8:50 19.8 534 1001 314 0.029 0.370
9 ]2017/8/28 15:21 19.8 494 1013 313 0.029 0.369
10 | 2017/8/30 9:03 19.9 51.0 1012 31.5 0.030 0.376
Mean deviation from nominal (uF/F) 0.372
Type A uncertainty (uF/F) 0.0044
Type B uncertainty (uF/F) 0.0178
Combined standard uncertainty (uF/F) 0.018
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial and return series 100 pF #01596

Serial number of the standard capacitor: AH#1596
Nominal value: __ 100 pF Measurement frequency: __ 1592Hz Applied voltage:
10V
Date Ambient conditions Temperature of the
(vyvy/mm/dd) standard
and Time Temperature Relative | Atmospheric Ter?l:)ii:itsure Drift Devri]:;':in(?:::’om
(hh:mm) Humidity Pressure (°C) (UF/F)
(°C) (%) (hPa) (ppm)
1 | 2017/3/2 11:50 19.8 48.3 1007 315 0.000 0.070
2 | 2017/3/7 17:00 19.8 51.2 1001 31.4 0.000 0.069
3 | 2017/3/9 10:00 20.5 54.1 1004 314 -0.001 0.062
4 |2017/3/10 15:00 19.8 49.7 1002 31.3 0.000 0.054
5 ]2017/3/14 11:30 19.9 52.1 1015 315 0.000 0.061
6 |2017/3/16 15:35 19.8 51.9 1005 313 0.000 0.061
7 | 2017/3/17 9:30 20.0 52.6 1009 314 0.001 0.066
8 |2017/3/27 14:30 19.7 56.1 1008 315 0.001 0.066
9 | 2017/3/29 9:50 19.9 49.7 1008 313 0.000 0.061
102017/3/31 11:50 19.9 49.0 1014 314 0.001 0.066
Mean deviation from nominal (uF/F) 0.064
Type A uncertainty (uF/F) 0.0047
Type B uncertainty (puF/F) 0.021
Combined standard uncertainty (uF/F) 0.021
Serial number of the standard capacitor: AH#1596
Nominal value: __100pF Measurement frequency: __1592Hz Applied voltage:
10V
(yyyy?fntri/dd) Ambient conditions Temp:t;ar::;i;f the
and Time Temperature Relative | Atmospheric Te:;)aei:itsure Drift DeVrilaotr;Oi:::'om
(hh:mm) Humidity Pressure (°C) (UF/F)
(°C) (%) (hPa) (ppm)
1 | 2017/8/1 10:20 19.8 50.8 1007 32.0 -0.002 0.027
2 2017/8/3 6:30 19.8 50.8 1014 324 -0.002 0.027
3 ]2017/8/11 11:50 19.9 51.0 1011 31.2 0.000 0.031
4 | 2017/8/14 8:35 20.0 52.0 1005 31.2 0.000 0.023
5 ]2017/8/16 11:40 19.9 50.1 1014 31.2 0.000 0.023
6 |2017/8/18 11:20 20.0 49.8 1009 31.3 -0.001 0.026
7 12017/8/23 16:15 20.0 49.5 1003 313 0.000 0.031
8 | 2017/8/25 8:50 19.8 534 1001 314 0.000 0.024
9 ]2017/8/28 15:21 19.8 494 1013 313 -0.001 0.026
10 | 2017/8/309:03 19.9 51.0 1012 31.5 0.000 0.032
Mean deviation from nominal (uF/F) 0.027
Type A uncertainty (uF/F) 0.0034
Type B uncertainty (uF/F) 0.021
Combined standard uncertainty (uF/F) 0.021
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial and return series 100 pF #02090

Serial number of the standard capacitor:

AH#2090

Final report - November 2018

Nominal value: __ 100 pF Measurement frequency: __ 1592Hz Applied voltage:
10V
Date Ambient conditions Temperature of the
(vyyy/mm/dd) standard
and Time Relative |Atmospheric Chassis Drift Deviati(?n from
Temperature Temperature nominal
(hh:mm) Humidity Pressure (°C) (UF/F)
(°C) (%) (hPa) (ppm)
1 | 2017/3/2 11:50 19.8 48.3 1007 315 -0.007 0.188
2 | 2017/3/7 17:00 19.8 51.2 1001 314 -0.009 0.178
3 | 2017/3/9 10:00 20.5 54.1 1004 314 -0.009 0.165
4 |2017/3/10 15:00 19.8 49.7 1002 31.3 -0.009 0.155
5 |2017/3/14 11:30 19.9 52.1 1015 315 -0.009 0.163
6 |2017/3/16 15:35 19.8 51.9 1005 313 -0.008 0.156
7 | 2017/3/17 9:30 20.0 52.6 1009 314 -0.009 0.178
8 |2017/3/27 14:30 19.7 56.1 1008 315 -0.008 0.175
9 | 2017/3/29 9:50 19.9 49.7 1008 313 -0.009 0.171
102017/3/31 11:50 19.9 49.0 1014 314 -0.006 0.175
Mean deviation from nominal (uF/F) 0.170
Type A uncertainty (uF/F) 0.011
Type B uncertainty (puF/F) 0.021
Combined standard uncertainty (uF/F) 0.023
Serial number of the standard capacitor: AH#2090
Nominal value: __100 pF Measurement frequency: __ 1592Hz Applied voltage:
10V
Date Ambient conditions Temperature of the
(yyyy/mm/dd) standard
and Time Temperature Relative | Atmospheric Terfl:)aesr:itTJre Drift Dev:]i:;ci!:::’om
(hh:mm) Humidity Pressure (°C) (UF/F)
(°C) (%) (hPa) (ppm)
1 | 2017/8/110:20 19.8 50.8 1007 32.0 -0.011 0.144
2 2017/8/3 6:30 19.8 50.8 1014 32.4 -0.011 0.145
3 |2017/8/11 11:50 19.9 51.0 1011 31.2 -0.010 0.149
4 | 2017/8/14 8:35 20.0 52.0 1005 31.2 -0.010 0.148
5 |2017/8/16 11:40 19.9 50.1 1014 31.2 -0.010 0.154
6 |2017/8/18 11:20 20.0 49.8 1009 31.3 -0.011 0.151
7 |2017/8/23 16:15 20.0 49.5 1003 31.3 -0.010 0.152
8 | 2017/8/25 8:50 19.8 53.4 1001 314 -0.010 0.148
9 |2017/8/28 15:21 19.8 49.4 1013 313 -0.010 0.150
10 | 2017/8/309:03 19.9 51.0 1012 31.5 -0.010 0.157
Mean deviation from nominal (uF/F) 0.150
Type A uncertainty (uF/F) 0.004
Type B uncertainty (uF/F) 0.021
Combined standard uncertainty (uF/F) 0.021
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

A4-4 NIST
Initial and return measurements 10 pF #01423
Serial number of the standard capacitor: AH1423 (C143)
Nominal value: 10 pF Measurement frequency: 1592 Hz Applied voltage: __ 100V
Ambient conditions Temperature of the
Date standard
(vyyy/mim/dd) Relative
a_nd Temperature Humidit Atmospheric Chassis Drift Deviation from
Time y Pressure Temperature nominal
(hh:mm) (°0) (kPa) Q) (ppm) (HF/F)
(%)
1 2017/3/1 21.7 44 99 28.2 -0.013 -4.86
2 2017/3/3 21.6 38 101 28.1 -0.012 -4.866
3 2017/3/7 21.6 47 101 28.2 -0.013 -4.863
4 2017/3/10 21.6 38 100 28.3 -0.012 -4.863
5 2017/3/15 21.6 38 100 28.2 -0.013 -4.863
6 2017/3/17 21.6 32 101 28.1 -0.012 -4.865
7 2017/3/21 21.7 44 100 27.7 -0.011 -4.863
8 2017/3/24 21.6 43 101 28.2 -0.013 -4.865
9 2017/3/28 21.6 43 100 28.3 -0.013 -4.864
10 2017/3/31 21.7 44 101 28.3 -0.013 -4.864
Mean deviation from nominal (pF/F) -4.864
Type A Uncertainty (uF/F) 0.001
Type B Uncertainty (uF/F) 0.020
Combined Uncertainty (pF/F) 0.020
Serial number of the standard capacitor: AH1423 (C143)
Nominal value: __10 pF Measurement frequency: 1592 Hz Applied voltage: __ 100V
Ambient conditions Temperature of the
Date standard
(yyyy/mm/dd) .
alnd Temperature }?1?31?;[(11‘1/; Atmospheric Chassis Drift Deviation from
Time Pressure Temperature nominal
(bh:mm) (°C) %) (kPa) (°C) (ppm) (WF/F)
1 2017/7/25 22.4 48 101 27.8 -0.011 -4.863
2 2017/7/28 22.6 48 100 27.9 -0.012 -4.864
3 2017/8/1 22.6 48 101 28.0 -0.012 -4.865
4 2017/8/9 22.1 48 101 27.8 -0.011 -4.866
5 2017/8/11 22.3 49 100 27.7 -0.011 -4.864
6 2017/8/15 22.1 49 100 27.5 -0.011 -4.867
7 2017/8/18 22.2 49 99 28.0 -0.012 -4.864
8 2017/8/24 22.1 48 100 27.8 -0.011 -4.864
9 2017/8/25 22.1 49 101 28.1 -0.012 -4.865
10 2017/8/30 22.2 49 100 27.9 -0.011 -4.865
11 2017/9/1 22.1 46 101 27.5 -0.011 -4.867
Mean deviation from nominal (pF/F) -4.865
Type A Uncertainty (uF/F) 0.001
Type B Uncertainty (uF/F) 0.020
Combined Uncertainty (pF/F) 0.020
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial and return measurements 10 pF #01424

Serial number of the standard capacitor: AH1424 (C144)
Nominal value: 10 pF Measurement frequency: 1592 Hz Applied voltage: __ 100V
Ambient conditions Temperature of the
Date standard
(yyy/mim/dd) Relative
alnd Temperature Humidity Atmospheric Chassis Drift Deviatiqn from
Time Pressure Temperature nominal
(hh:mm) O (%) (kPa) Q) (ppm) (HF/F)
1 2017/3/1 21.7 44 99 28.2 -0.046 -4.77
2 2017/3/3 21.6 38 101 28.1 -0.046 -4.776
3 2017/3/7 21.6 47 101 28.2 -0.046 -4.773
4 2017/3/10 21.6 38 100 28.3 -0.047 -4.773
5 2017/3/15 21.6 38 100 28.2 -0.046 -4.773
6 2017/3/17 21.6 32 101 28.1 -0.046 -4.774
7 2017/3/21 21.7 44 100 27.7 -0.048 -4.771
8 2017/3/24 21.6 43 101 28.2 -0.046 -4.777
9 2017/3/28 21.6 43 100 28.3 -0.047 -4.777
10 2017/3/31 21.7 44 101 28.3 -0.046 -4.777
Mean deviation from nominal (pF/F) -4.774
Type A Uncertainty (uF/F) 0.001
Type B Uncertainty (uF/F) 0.020
Combined Uncertainty (_uF/F) 0.020
Serial number of the standard capacitor: AH1424 (C144)
Nominal value: __10 pF Measurement frequency: __1592 Hz Applied voltage: _ 100V
Ambient conditions Temperature of the
Date standard
(vyyy/min/dd) Relative
a.nd Temperature Humidity Atmospheric Chassis Drift Deviatiqn from
Time Pressure Temperature nominal
(hh:mm) Y (kPa) 49 (ppm) (HF/F)
(%)
1 2017/7/25 22.4 48 101 27.8 -.0.043 -4.784
2 2017/7/28 22.6 48 100 27.9 -.0.043 -4.786
3 2017/8/1 22.6 48 101 28.0 -.0.043 -4.787
4 2017/8/9 22.1 48 101 27.8 -.0.044 -4.787
5 2017/8/11 22.3 49 100 27.7 -.0.044 -4.786
6 2017/8/15 22.1 49 100 27.5 -.0.044 -4.783
7 2017/8/18 22.2 49 99 28.0 -.0.043 -4.788
8 2017/8/24 22.1 48 100 27.8 -.0.045 -4.786
9 2017/8/25 22.1 49 101 28.1 -.0.044 -4.789
10 2017/8/30 22.2 49 100 27.9 -.0.045 -4.786
11 2017/9/1 22.1 46 101 27.5 -.0.045 -4.785
Mean deviation from nominal (pF/F) -4.786
Type A Uncertainty (uF/F) 0.001
Type B Uncertainty (uF/F) 0.020
Combined Uncertainty (_uF/F) 0.020
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Initial and return measurements 10 pF #01442

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Serial number of the standard capacitor:

AH1442 (C219)

Nominal value: 100 pF Measurement frequency: 1592 Hz Applied voltage: _ 10V
Date Ambient conditions Tempse;z;t(lgf dOf the
(vyyy/mim/dd) Relative
a.nd Temperature Humidit Atmospheric Chassis Drift Deviation from
Time y Pressure Temperature nominal
(hh:mm) 0) (kPa) 0) (ppm) (HF/F)
(%)
1 2017/3/1 21.7 44 99 28.2 -0.034 -4.714
2 2017/3/3 21.6 38 101 28.1 -0.033 -4.72
3 2017/3/7 21.6 47 101 28.2 -0.033 -4.719
4 2017/3/10 21.6 38 100 28.3 -0.034 -4.724
5 2017/3/15 21.6 38 100 28.2 -0.033 -4.722
6 2017/3/17 21.6 32 101 28.1 -0.033 -4.721
7 2017/3/21 21.7 44 100 27.7 -0.034 -4.721
8 2017/3/24 21.6 43 101 28.2 -0.033 -4.724
9 2017/3/28 21.6 43 100 28.3 -0.033 -4.723
10 2017/3/31 21.7 44 101 28.3 -0.033 -4.727
Mean deviation from nominal (pF/F) -4.722
Type A Uncertainty (uF/F) 0.001
Type B Uncertainty (uF/F) 0.020
Combined Uncertainty (pF/F) 0.020
Serial number of the standard capacitor: AH1442 (C219)
Nominal value: __100 pF Measurement frequency: 1592 Hz Applied voltage: __ 10V
Ambient conditions Temperature of the
Date standard
(vyyy/mim/dd) Relative
alnd Temperature Humidity Atmospheric Chassis Drift Deviatiqn from
Time Pressure Temperature nominal
(hh:mm) @Y (kPa) Q) (ppm) (HF/F)
(%)
1 2017/7/25 224 48 101 27.8 -0.033 -4.726
2 2017/7/28 22.6 48 100 27.9 -0.033 -4.724
3 2017/8/1 22.6 48 101 28.0 -0.033 -4.726
4 2017/8/9 22.1 48 101 27.8 -0.034 -4.725
5 2017/8/11 22.3 49 100 27.7 -0.034 -4.726
6 2017/8/15 22.1 49 100 27.5 -0.033 -4.717
7 2017/8/18 22.2 49 99 28.0 -0.033 -4.726
8 2017/8/24 22.1 48 100 27.8 -0.034 -4.73
9 2017/8/25 22.1 49 101 28.1 -0.033 -4.731
10 2017/8/30 22.2 49 100 27.9 -0.034 -4.73
11 2017/9/1 22.1 46 101 27.5 -0.033 -4.725
Mean deviation from nominal (pF/F) -4.726
Type A Uncertainty (uF/F) 0.001
Type B Uncertainty (uF/F) 0.020
Combined Uncertainty (_uF/F) 0.020
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Initial and return measurements 10 pF #01452

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Serial number of the standard capacitor:

Nominal value: 100 pF

AH1452 (C218)

Measurement frequency:

1592 Hz

Applied voltage: 10V

Ambient conditions

Temperature of the

Date standard
(vyyy/mim/dd) Relative
a.nd Temperature Humidit Atmospheric Chassis Drift Deviation from
Time y Pressure Temperature nominal
(hh:mm) (°0) (kPa) Q) (ppm) (HF/F)
(%)
1 2017/3/1 21.7 44 99 28.2 0.027 -4.365
2 2017/3/3 21.6 38 101 28.1 0.029 -4.368
3 2017/3/7 21.6 47 101 28.2 0.028 -4.37
4 2017/3/10 21.6 38 100 28.3 0.027 -4.374
5 2017/3/15 21.6 38 100 28.2 0.027 -4.373
6 2017/3/17 21.6 32 101 28.1 0.028 -4.372
7 2017/3/21 21.7 44 100 27.7 0.028 -4.372
8 2017/3/24 21.6 43 101 28.2 0.028 -4.374
9 2017/3/28 21.6 43 100 28.3 0.027 -4.376
10 2017/3/31 21.7 44 101 28.3 0.027 -4.377
Mean deviation from nominal (pF/F) -4.372
Type A Uncertainty (uF/F) 0.001
Type B Uncertainty (uF/F) 0.020
Combined Uncertainty (pF/F) 0.020
Serial number of the standard capacitor: AH1452 (C218)
Nominal value: __100 pF Measurement frequency: 1592 Hz Applied voltage: 10V
Ambient conditions Temperature of the
Date standard
(yyy/mim/dd) Relative
a.nd Temperature Humidity Atmospheric Chassis Drift Deviatiqn from
Time Pressure Temperature nominal
(hh:mm) (°0) (kPa) Q) (ppm) (HF/F)
(%)
1 2017/7/25 22.4 48 101 27.8 0.028 -4.367
2 2017/7/28 22.6 48 100 27.9 0.028 -4.369
3 2017/8/1 22.6 48 101 28.0 0.028 -4.369
4 2017/8/9 22.1 48 101 27.8 0.028 -4.37
5 2017/8/11 22.3 49 100 27.7 0.028 -4.372
6 2017/8/15 22.1 49 100 27.5 0.029 -4.364
7 2017/8/18 22.2 49 99 28.0 0.028 -4.373
8 2017/8/24 22.1 48 100 27.8 0.028 -4.375
9 2017/8/25 22.1 49 101 28.1 0.028 -4.376
10 2017/8/30 22.2 49 100 27.9 0.028 -4.376
11 2017/9/1 22.1 46 101 27.5 0.029 -4.374
Mean deviation from nominal (pF/F) -4.371
Type A Uncertainty (uF/F) 0.001
Type B Uncertainty (uF/F) 0.020
Combined Uncertainty (uF/F) 0.020
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A4-5 NMIA

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial and return measurements 10 pF #01416

Measurement recordings

Serial number of the standard capacitor: 01416

Nominal value: 10 pF

Measurement frequency: 1592 Hz

Temperature coefficient:

0.0040 pF/F/°C

Applied voltage: 100 V

Ambient conditions

Temperature of standard

Measurement results

Date
(yyyy/mm/dd) -
and Relative Atmospheric Chassis . Dewatlo.n Type A Type B Combined
Time Temp:erature Humidity Pressure Temperature Drift from noznmal uncertainty uncertainty uncertainty
(hh:mm) € ) (Pa) co (pem) atasc (F/F) (WF/F) (WF/F)
(uF/F)
1 2017/03/08 12:00 20.2 53 101036 28.0 -0.014 -12.990 0.012 0.053 0.054
2 2017/03/09 12:00 20.2 52 100878 28.1 -0.014 -12.994
3 2017/03/10 12:00 20.1 54 100697 28.1 -0.014 -12.999
4 2017/03/13 12:00 20.2 54 100372 28.2 -0.014 -12.991
5 2017/03/14 12:00 20.1 53 101164 28.2 -0.014 -12.978
6 2017/03/15 12:00 20.0 53 101167 28.1 -0.014 -12.979
7 2017/03/20 12:00 20.0 53 100912 27.9 -0.014 -12.975
8 2017/03/21 12:00 20.0 53 100630 279 -0.014 -12.983
9 2017/03/22 12:00 20.0 54 100379 27.9 -0.014 -12.975
10 2017/03/23 12:00 20.2 52 101041 27.8 -0.014 -12.980
11 2017/03/24 12:00 20.2 52 101173 28.0 -0.014 -12.976
12 2017/03/28 12:00 20.2 51 100567 28.0 -0.014 -12.986
13 2017/03/30 12:00 20.2 52 100009 27.9 -0.014 -12.977
14 2017/03/31 12:00 20.1 54 100815 27.8 -0.014 -12.982
1 2017/07/31 12:00 19.9 53 100798 27.5 -0.012 -12.962
2 2017/08/01 12:00 19.9 52 101533 273 -0.012 -12.960
3 2017/08/02 12:00 19.9 52 101571 27.5 -0.012 -12.962
4 2017/08/03 12:00 19.9 53 100901 27.7 -0.012 -12.959
5 2017/08/04 12:00 19.8 53 100111 26.8 -0.011 -12.979
6 2017/08/08 12:00 19.6 52 100919 27.1 -0.012 -12.955
7 2017/08/09 12:00 19.6 52 101366 27.2 -0.012 -12.956
8 2017/08/10 12:00 19.6 53 100735 27.1 -0.012 -12.952
9 2017/08/11 12:00 19.5 54 100363 27.2 -0.012 -12.954
10 2017/08/14 12:00 19.6 53 100938 27.4 -0.012 -12.950
11 2017/08/16 12:00 19.6 54 99461 27.5 -0.012 -12.929
12 2017/08/18 12:00 19.4 54 99987 27.3 -0.012 -12.921
13 2017/08/21 12:00 19.7 54 100980 27.3 -0.012 -12.957
14 2017/08/22 12:00 19.5 54 101091 27.4 -0.012 -12.941
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial and return measurements 10 pF #01479

Measurement recordings

Serial number of the standard capacitor: 01479

Nominal value: 10 pF

Measurement frequency: 1592 Hz

Temperature coefficient:

-0.0023 pF/F/°C

Applied voltage: 100 V

Ambient conditions

Temperature of standard

Measurement results

Date
(yyyy/mm/dd) . . ) Deviation i
and Relative Atmospheric Chassis 5 ) Type A Type B Combined
Time Temp:ﬂ.rature Humidity Pressure Temperature rift from no:nlnal uncertainty uncertainty uncertainty
(hh:mm) o ) (Pa) o) (porm) Atz (WF/F) (WF/F) (F/F)
(WF/F)
1 2017/03/08 12:00 20.2 53 101036 28.0 -0.012 -4.379 0.009 0.053 0.054
2 2017/03/09 12:00 20.2 52 100878 28.1 -0.012 -4.382
3 2017/03/10 12:00 20.1 54 100697 28.1 -0.012 -4.387
4 2017/03/13 12:00 20.2 54 100372 28.2 -0.012 -4.379
5 2017/03/14 12:00 20.1 53 101164 28.2 -0.012 -4.367
6 2017/03/15 12:00 20.0 53 101167 28.1 -0.012 -4.368
7 2017/03/20 12:00 20.0 53 100912 27.9 -0.012 -4.364
8 2017/03/21 12:00 20.0 53 100630 27.9 -0.012 -4.372
9 2017/03/22 12:00 20.0 54 100379 27.9 -0.012 -4.364
10 2017/03/23 12:00 20.2 52 101041 27.8 -0.011 -4.368
11 2017/03/24 12:00 20.2 52 101173 28.0 -0.011 -4.363
12 2017/03/28 12:00 20.2 51 100567 28.0 -0.012 -4.374
13 2017/03/30 12:00 20.2 52 100009 27.9 -0.011 -4.365
14 | 2017/03/3112:00 20.1 54 100815 27.8 -0.011 -4.370
1 2017/07/31 12:00 19.9 53 100798 275 -0.014 -4.354
2 2017/08/01 12:00 19.9 52 101533 273 -0.014 -4.347
3 2017/08/02 12:00 19.9 52 101571 275 -0.015 -4.351
4 2017/08/03 12:00 19.9 53 100901 27.7 -0.014 -4.348
5 2017/08/04 12:00 19.8 53 100111 26.8 -0.013 -4.369
6 2017/08/08 12:00 19.6 52 100919 27.1 -0.014 -4.346
7 2017/08/09 12:00 19.6 52 101366 27.2 -0.015 -4.348
8 2017/08/10 12:00 19.6 53 100735 27.1 -0.014 -4.343
9 2017/08/11 12:00 19.5 54 100363 27.2 -0.014 -4.346
10 2017/08/14 12:00 19.6 53 100938 27.4 -0.015 -4.341
11 | 2017/08/16 12:00 19.6 54 99461 27.5 -0.015 -4.321
12 2017/08/18 12:00 19.4 54 99987 273 -0.015 -4.316
13 2017/08/21 12:00 19.7 54 100980 273 -0.016 -4.353
14 2017/08/22 12:00 19.5 54 101091 27.4 -0.016 -4.337
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial and return measurements 100 pF #01677

Measurement recordings

Serial number of the standard capacitor: 01677

Nominal value: 100 pF

Measurement frequency: 1592 Hz

Temperature coefficient:

0.0015 pF/F/°C

Applied voltage: 10 V

Ambient conditions

Temperature of standard

Measurement results

Date
{yyyy/mm/dd) . . . Deviation .
and Relative Atmospheric Chassis N . Type A Type B Combined
Time Temp:erature Humidity Pressure Temperature Drift from noznlnal uncertainty uncertainty uncertainty
(hh:mm) 9 ) (Pa) o) (borm) At (F/F) (uF/F) (WF/F)
(uF/F)
1 2017/03/08 12:00 20.2 53 101036 28.0 0.009 -5.229 0.004 0.053 0.053
2 2017/03/09 12:00 20.2 52 100878 28.1 0.009 -5.233
3 2017/03/10 12:00 20.1 54 100697 28.1 0.009 -5.237
4 2017/03/13 12:00 20.2 54 100372 28.2 0.009 -5.229
5 2017/03/14 12:00 20.1 53 101164 28.2 0.009 -5.217
6 2017/03/15 12:00 20.0 53 101167 28.1 0.009 -5.218
7 2017/03/20 12:00 20.0 53 100912 27.9 0.009 -5.214
8 2017/03/21 12:00 20.0 53 100630 27.9 0.009 -5.222
9 2017/03/22 12:00 20.0 54 100379 27.9 0.009 -5.214
10 2017/03/23 12:00 20.2 52 101041 27.8 0.009 -5.219
11 2017/03/24 12:00 20.2 52 101173 28.0 0.009 -5.214
12 2017/03/28 12:00 20.2 51 100567 28.0 0.010 -5.224
13 2017/03/30 12:00 20.2 52 100009 27.9 0.009 -5.216
14 2017/03/31 12:00 20.1 54 100815 27.8 0.009 -5.220
1 2017/07/31 12:00 19.9 53 100798 27.5 0.012 -5.218
2 2017/08/01 12:00 19.9 52 101533 273 0.012 -5.213
3 2017/08/02 12:00 19.9 52 101571 27.5 0.012 -5.210
4 2017/08/03 12:00 19.9 53 100901 27.7 0.012 -5.207
5 2017/08/04 12:00 19.8 53 100111 26.8 0.013 -5.225
6 2017/08/08 12:00 19.6 52 100919 27.1 0.013 -5.201
7 2017/08/09 12:00 19.6 52 101366 27.2 0.013 -5.203
8 2017/08/10 12:00 19.6 53 100735 27.1 0.013 -5.198
9 2017/08/11 12:00 19.5 54 100363 27.2 0.013 -5.200
10 2017/08/14 12:00 19.6 53 100938 27.4 0.013 -5.196
11 2017/08/16 12:00 19.6 54 99461 27.5 0.013 -5.176
12 2017/08/18 12:00 19.4 54 99987 273 0.013 -5.168
13 2017/08/21 12:00 19.7 54 100980 273 0.013 -5.198
14 2017/08/22 12:00 19.5 54 101091 27.4 0.013 -5.182
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial and return measurements 100 pF #01459

Measurement recordings

Serial number of the standard capacitor: 01459

Nominal value: 100 pF

Measurement frequency: 1592 Hz

Temperature coefficient:

-0.0064 pF/F/°C

Applied voltage: 10 V

Ambient conditions

Temperature of standard

Measurement results

Date
(yyyy/mm/dd) L
and Relative Atmospheric Chassis . DeV|at|9n Type A Type B Combined
Time Temp:erature Humidity Pressure Temperature rift from no:nmal uncertainty uncertainty uncertainty
(hh:mm) € ) (Pa) co) (pom) at s (WF/F) (F/F) (WF/F)
(WF/F)
1 2017/03/08 12:00 20.2 53 101036 28.0 0.060 -4.854 0.004 0.053 0.053
2 2017/03/09 12:00 20.2 52 100878 28.1 0.060 -4.856
3 2017/03/10 12:00 20.1 54 100697 28.1 0.059 -4.863
4 2017/03/13 12:00 20.2 54 100372 28.2 0.060 -4.852
5 2017/03/14 12:00 20.1 53 101164 28.2 0.059 -4.847
6 2017/03/15 12:00 20.0 53 101167 28.1 0.060 -4.845
7 2017/03/20 12:00 20.0 53 100912 27.9 0.060 -4.838
8 2017/03/21 12:00 20.0 53 100630 27.9 0.060 -4.848
9 2017/03/22 12:00 20.0 54 100379 27.9 0.060 -4.843
10 2017/03/23 12:00 20.2 52 101041 27.8 0.060 -4.842
11 2017/03/24 12:00 20.2 52 101173 28.0 0.059 -4.837
12 2017/03/28 12:00 20.2 51 100567 28.0 0.059 -4.847
13 2017/03/30 12:00 20.2 52 100009 27.9 0.060 -4.841
14 2017/03/31 12:00 20.1 54 100815 27.8 0.060 -4.844
1 2017/07/31 12:00 19.9 53 100798 275 0.060 -4.783
2 2017/08/01 12:00 19.9 52 101533 273 0.060 -4.780
3 2017/08/02 12:00 19.9 52 101571 275 0.060 -4.783
4 2017/08/03 12:00 19.9 53 100901 27.7 0.059 -4.773
5 2017/08/04 12:00 19.8 53 100111 26.8 0.061 -4.796
6 2017/08/08 12:00 19.6 52 100919 27.1 0.060 -4.769
7 2017/08/09 12:00 19.6 52 101366 27.2 0.060 -4.771
8 2017/08/10 12:00 19.6 53 100735 27.1 0.059 -4.759
9 2017/08/11 12:00 19.5 54 100363 27.2 0.060 -4.764
10 | 2017/08/14 12:00 19.6 53 100938 27.4 0.060 -4.783
11 2017/08/16 12:00 19.6 54 99461 275 0.060 -4.752
12 2017/08/18 12:00 19.4 54 99987 273 0.060 -4.753
13 2017/08/21 12:00 19.7 54 100980 273 0.060 -4.786
14 2017/08/22 12:00 19.5 54 101091 27.4 0.060 -4.772
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A4-6 NPL

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial and return measurements 10 pF #01101

Nominal value: 10 pF

Serial number of the standard capacitor: 01101

Measurement frequncy: 1592 Hz

Applied voltage: 100V

Relative | Atmospheric Chassis Drift Deviation
Date Time Temperature| Humidity Pressure | Temperature from nominal
(°c) (%) (hPa) (°Q) (ppm) (WF/F)
1 27/02/2017 14:00 20 40.4 984 28.7 0.014 -4.339
2 03/03/2017 10:00 20 413 998 28.8 0.014 -4.259
3 06/03/2017 14:00 20 27 1005 28.9 0.014 -4.289
4 09/03/2017 14:00 20 40 1020 29.3 0.013 -4.329
5 14/03/2017 14:00 20 45.3 1031 29.3 0.013 -4.279
6 17/03/2017 10:00 20 31.8 1020 28.9 0.014 -4.169
7 30/03/2017 10:00 20 46.3 1020 29.1 0.013 -4.289
8 31/03/2017 10:00 20 44.2 1009 29.1 0.014 -4.259
9 03/04/2017 10:30 20 41.8 1025 29 0.014 -4.189
10 05/04/2017 13:30 20 35.9 1030 29 0.014 -4.239
11 24/07/2017 14:00 20 47.5 1015 29.1 0.007 -4.199
12 27/07/2017 14:00 20 47.8 1005 29.3 0.007 -4.259
13 01/08/2017 14:00 20 48.1 1013 29 0.007 -4.229
14 04/08/2017 10:00 20 47.5 1010 29.1 0.007 -4.249
15 08/08/2017 14:00 20 47.5 1010 29.3 0.007 -4.239
16 11/08/2017 14:00 20 46.7 1017 29.1 0.007 -4.209
17 14/08/2017 14:00 20 47.8 1015 29.1 0.007 -4.199
18 17/08/2017 14:00 20 50.8 1010 29.7 0.007 -4.249
19 21/08/2017 10:00 20 47.3 1020 29.6 0.007 -4.229
20 23/08/2017 11:00 20 49.5 1012 29.6 0.007 -4.219
21 29/08/2017 09:00 20 47.5 1013 29 0.007 -4.209
22 31/08/2017 11:00 20 47.5 1017 29.3 0.007 -4.229
Mean deviation from nominal (F/F) -4.243
Type A uncertainty (uF/F) 0.101
Type B uncertainty (1F/F) 0.042
Combined uncertainty (uF/F) 0.110
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial and return measurements 100 pF #01100

Nominal value: 100 pF

Serial number of the standard capacitor: 01100

Measurement frequncy: 1592 Hz

Applied voltage: 10V

Relative | Atmospheric Chassis Drift Deviation
Date Time Temperature| Humidity Pressure | Temperature from nominal
(°c) (%) (hPa) (°Q) (ppm) (WF/F)
1 27/02/2017 14:00 20 40.4 984 28.7 -0.034 -3.220
2 03/03/2017 10:00 20 413 998 28.8 -0.034 -3.215
3 06/03/2017 14:00 20 27 1005 28.9 -0.034 -3.215
4 09/03/2017 14:00 20 40 1020 29.3 -0.032 -3.225
5 14/03/2017 14:00 20 453 1031 29.3 -0.032 -3.220
6 17/03/2017 10:00 20 31.8 1020 28.9 -0.034 -3.205
7 30/03/2017 10:00 20 46.3 1020 29.1 -0.033 -3.220
8 31/03/2017 10:00 20 44.2 1009 29.1 -0.034 -3.215
9 03/04/2017 10:30 20 41.8 1025 29 -0.034 -3.200
10 05/04/2017 13:30 20 35.9 1030 29 -0.034 -3.200
11 24/07/2017 14:00 20 47.5 1015 29.1 -0.033 -3.165
12 27/07/2017 14:00 20 47.8 1005 29.3 -0.033 -3.175
13 01/08/2017 14:00 20 48.1 1013 29 -0.033 -3.180
14 04/08/2017 10:00 20 47.5 1010 29.1 -0.033 -3.180
15 08/08/2017 14:00 20 47.5 1010 29.3 -0.033 -3.180
16 11/08/2017 14:00 20 46.7 1017 29.1 -0.033 -3.175
17 14/08/2017 14:00 20 47.8 1015 29.1 -0.033 -3.180
18 17/08/2017 14:00 20 50.8 1010 29.7 -0.031 -3.190
19 21/08/2017 10:00 20 47.3 1020 29.6 -0.034 -3.170
20 23/08/2017 11:00 20 49.5 1012 29.6 -0.031 -3.180
21 29/08/2017 09:00 20 47.5 1013 29 -0.033 -3.180
22 31/08/2017 11:00 20 47.5 1017 29.3 -0.033 -3.185
Mean deviation from nominal (F/F) -3.194
Type A uncertainty (uF/F) 0.082
Type B uncertainty (1F/F) 0.049
Combined uncertainty (uF/F) 0.096
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

A4-7 PTB
Initial measurements 100 pF #01256
Participant: PTB Serial number of the capacitance standard: AH #1256
Nominal value: 100 pF Measurement frequency: 1233.15 Hz Applied voltage: 10 V
e ) Ambient co.nditions . Temperz.:\ture of the standard | Deviation from nominal (uF/F)
~and Temperature Ejr':;‘('j‘l’; Atg;g:ggre;c Tercngzizlti o Drift Measured at | Interpolated to
Time (hh:mm) C) (%) (hPa) (°C) (ppm) 1233.15 Hz 1591.55 Hz
1 2017/02/27, 10:00 23.05 39.0 990.6 33.3 0.005 1.855 1.836
2 2017/02/28, 14:00 23.05 38.8 981.4 33.3 0.005 1.847 1.829
3 2017/03/02, 10:00 23.00 39.1 987.1 33.2 0.005 1.841 1.823
4 2017/03/06, 10:00 23.00 39.1 991.0 33.1 0.006 1.862 1.843
5 2017/03/08, 14:00 23.00 38.3 1005.6 33.1 0.005 1.882 1.864
6 2017/03/10, 10:00 23.00 39.5 1015.0 33.2 0.005 1.881 1.863
7 2017/03/13, 10:00 23.00 38.2 1015.5 33.1 0.006 1.881 1.863
8 2017/03/15, 14:00 23.00 40.6 1020.8 33.2 0.005 1.887 1.868
9 2017/03/17, 10:00 23.00 39.7 1002.9 33.2 0.006 1.864 1.846
10 2017/03/20, 10:00 23.00 41.5 997.9 33.1 0.006 1.858 1.840
11 2017/03/22, 10:00 23.00 41.5 997.9 33.1 0.006 1.874 1.856
12 2017/03/24, 10:00 23.00 38.3 1021.5 33.3 0.004 1.888 1.870
13 2017/03/27, 10:00 22.95 36.9 1017.6 33.1 0.006 1.863 1.845
14 2017/03/29, 10:00 22.95 40.1 1012.3 33.3 0.005 1.848 1.830
15 2017/03/31, 10:00 22.95 41.3 1007.3 33.2 0.004 1.864 1.845
Mean 2017/03/15 23.00+0.2 | 395+2.0| 1004.3+1.0| 33.2+01 0.005 + 0.001
Mean deviation from nominal (uF/F) 1.866 1.848
Type A uncertainty (uF/F) 0.015 0.015
Type B uncertainty (uF/F) 0.0068 0.019
Combined uncertainty (uF/F) 0.016 0.024

Final report - November 2018 Page 115



Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial measurements 100 pF #01157

Participant: PTB Serial number of the capacitance standard: AH #1157
Nominal value: 100 pF Measurement frequency: 1233.15 Hz Applied voltage: 10 V
it () Ambient co.nditions . Temper?ture of the standard | Deviation from nominal (uF/F)
~ and Temperature Ejrl:;[(';@ AtFr’r;::gLI:reerlc TerCnT)?aSrzltSure Drift Measured at | Interpolated to
Time (hh:mm) C) (%) (hPa) C) o) 1233.15 Hz 1591.55 Hz
1 2017/02/27, 10:30 23.05 39.0 990.6 33.3 -0.101 -5.894 -5.898
2 2017/02/28, 14:30 23.05 38.8 981.4 33.3 -0.101 -5.900 -5.904
3 2017/03/02, 10:30 23.00 39.1 987.1 33.2 -0.102 -5.906 -5.909
4 2017/03/06, 10:30 23.00 39.1 991.0 33.1 -0.102 -5.883 -5.887
5 2017/03/08, 14:30 23.00 38.3 1005.6 33.1 -0.102 -5.868 -5.871
6 2017/03/10, 10:30 23.00 39.5 1015.0 33.2 -0.102 -5.871 -5.875
7 2017/03/13, 10:30 23.00 38.2 1015.5 33.1 -0.102 -5.870 -5.873
8 2017/03/15, 14:30 23.00 40.6 1020.8 33.2 -0.102 -5.859 -5.863
9 2017/03/17, 10:30 23.00 39.7 1002.9 33.2 -0.102 -5.880 -5.884
10 2017/03/20, 10:30 23.00 41.5 997.9 33.1 -0.102 -5.884 -5.887
11 2017/03/22, 10:30 23.00 41.5 997.9 33.1 -0.102 -5.876 -5.880
12 2017/03/24, 10:30 23.00 38.3 1021.5 33.3 -0.101 -5.862 -5.865
13 2017/03/27, 10:30 22.95 36.9 1017.6 33.1 -0.103 -5.886 -5.889
14 2017/03/29, 10:30 22.95 40.1 1012.3 33.3 -0.101 -5.897 -5.900
15 2017/03/31, 10:30 22.95 41.3 1007.3 33.2 -0.101 -5.865 -5.869
Mean 2017/03/15 23.00+0.2 | 395+2.01004.3+£1.0] 33.2+0.1 -0.102 £ 0.001
Mean deviation from nominal (uF/F) -5.880 -5.884
Type A uncertainty (uF/F) 0.014 0.014
Type B uncertainty (uF/F) 0.0068 0.017
Combined uncertainty (uF/F) 0.016 0.022
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial measurements 10 pF #01257

Participant: PTB Serial number of the capacitance standard: AH #1257
Nominal value: 10 pF Measurement frequency: 1233.15 Hz Applied voltage: 100 V
it () Ambient cgnditions . Temper?ture of the standard | Deviation from nominal (uF/F)
~ and Temperature EEEIZ‘I’@ Atg;::gtl]reenc Te?nf;?asrz'ti o Drift Measured at | Interpolated to
Time (hh:mm) (°C) (%) (hPa) C) o) 1233.15 Hz 1591.55 Hz
1 2017/02/27, 11:00 23.05 39.0 990.6 33.3 0.009 1.585 1.551
2 2017/02/28, 15:00 23.05 38.8 981.4 33.3 0.009 1.591 1.557
3 2017/03/02, 11:00 23.00 39.1 987.1 33.2 0.009 1.585 1.551
4 2017/03/06, 11:00 23.00 39.1 991.0 33.1 0.009 1.600 1.566
5 2017/03/08, 15:00 23.00 38.3 1005.6 33.1 0.009 1.606 1.572
6 2017/03/10, 11:00 23.00 39.5 1015.0 33.2 0.009 1.604 1.570
7 2017/03/13, 11:00 23.00 38.2 1015.5 33.1 0.009 1.606 1.572
8 2017/03/15, 15:00 23.00 40.6 1020.8 33.2 0.009 1.612 1.578
9 2017/03/17, 11:00 23.00 39.7 1002.9 33.2 0.009 1.591 1.557
10 2017/03/20, 11:00 23.00 41.5 997.9 33.1 0.009 1.597 1.563
11 2017/03/22, 11:00 23.00 41.5 997.9 33.1 0.009 1.604 1.570
12 2017/03/24, 11:00 23.00 38.3 1021.5 33.3 0.009 1.610 1.576
13 2017/03/27, 11:00 22.95 36.9 1017.6 33.1 0.009 1.601 1.567
14 2017/03/29, 11:00 22.95 40.1 1012.3 33.3 0.008 1.588 1.554
15 2017/03/31, 11:00 22.95 41.3 1007.3 33.2 0.009 1.592 1.558
Mean 2017/03/15 23.00+£0.2 [ 39.5+2.0|1004.3+1.0] 33.2+0.1 0.009 + 0.001
Mean deviation from nominal (uF/F) 1.598 1.564
Type A uncertainty (uF/F) 0.009 0.009
Type B uncertainty (uF/F) 0.0089 0.022
Combined uncertainty (uF/F) 0.012 0.023
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial measurements 10 pF #01258

Participant: PTB Serial number of the capacitance standard: AH #1258
Nominal value: 10 pF Measurement frequency: 1233.15 Hz Applied voltage: 100 V
it () Ambient co.nditions . Tempergture of the standard | Deviation from nominal (uF/F)
~ and Temperature Ejrl:;[(';@ AtFr’r;::gLI:reerlc Te?nr:)e:-:‘srzltire Drift Measured at | Interpolated to
Time (hh:mm) (°C) (%) (hPa) °C) o) 1233.15 Hz 1591.55 Hz
1 2017/02/27, 11:30 23.05 39.0 990.6 33.3 0.000 1.007 0.969
2 2017/02/28, 15:30 23.05 38.8 981.4 33.3 0.000 1.008 0.970
3 2017/03/02, 11:30 23.00 39.1 987.1 33.2 0.000 1.004 0.967
4 2017/03/06, 11:30 23.00 39.1 991.0 33.1 0.000 1.018 0.980
5 2017/03/08, 15:30 23.00 38.3 1005.6 33.1 0.000 1.023 0.986
6 2017/03/10, 11:30 23.00 39.5 1015.0 33.2 0.000 1.011 0.973
7 2017/03/13, 11:30 23.00 38.2 1015.5 33.1 0.000 1.019 0.982
8 2017/03/15, 15:30 23.00 40.6 1020.8 33.2 0.000 1.030 0.992
9 2017/03/17, 11:30 23.00 39.7 1002.9 33.2 0.000 1.006 0.968
10 2017/03/20, 11:30 23.00 41.5 997.9 33.1 0.000 1.009 0.971
11 2017/03/22, 11:30 23.00 41.5 997.9 33.1 0.000 1.017 0.979
12 2017/03/24, 11:30 23.00 38.3 1021.5 33.3 0.000 1.024 0.987
13 2017/03/27, 11:30 22.95 36.9 1017.6 33.1 0.000 1.013 0.975
14 2017/03/29, 11:30 22.95 40.1 1012.3 33.3 0.000 1.003 0.965
15 2017/03/31, 11:30 22.95 41.3 1007.3 33.2 0.000 1.004 0.966
Mean 2017/03/15 23.00£0.2 |(395+20|1004.3+1.0] 33.2%0.1 0.000 £ 0.001
Mean deviation from nominal (uF/F) 1.013 0.975
Type A uncertainty (uF/F) 0.008 0.008
Type B uncertainty (uF/F) 0.0089 0.022
Combined uncertainty (uF/F) 0.012 0.023
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Return measurements 100 pF #01256

Participant: PTB Serial number of the capacitance standard: AH #1256
Nominal value: 100 pF Measurement frequency: 1233.15 Hz Applied voltage: 10 V
et (i) Ambient cgnditions . Temper:.ﬂture of the standard | Deviation from nominal (uF/F)
~and Temperature Ejrl:}cli\llti/ Atg;g:ggglc Te(r:nr;srzltire Drift Measured at | Interpolated to
Time (hh:mm) (°C) (%) (hPa) °C) (ppm) 1233.15 Hz 1591.55 Hz
1 2017/07/24, 10:00 22.90 46.3 1000.9 33.0 0.007 1.935 1.917
2 2017/07/26, 10:00 22.85 46.8 994.6 33.1 0.006 1.926 1.908
3 2017/07/28, 10:00 22.85 46.3 999.9 33.1 0.006 1.926 1.908
4 2017/07/31, 10:00 22.80 48.0 1004.3 33.0 0.007 1.935 1.916
5 2017/08/02, 10:00 22.85 48.5 1008.8 33.0 0.007 1.943 1.925
6 2017/08/04, 8:00 22.90 47.5 1001.6 33.1 0.006 1.935 1.917
7 2017/08/07, 10:00 22.85 45.6 10131 33.1 0.006 1.943 1.925
8 2017/08/09, 8:00 22.85 47.0 1004.2 33.1 0.006 1.934 1.916
9 2017/08/11, 10:00 22.85 46.3 1006.1 33.1 0.006 1.937 1.918
10 2017/08/14, 8:00 22.85 46.0 1014.5 33.1 0.006 1.942 1.924
11 2017/08/16, 8:00 22.80 49.0 1010.5 33.0 0.007 1.946 1.928
12 2017/08/18, 8:00 22.85 48.9 1004.9 33.1 0.006 1.934 1.916
13 2017/08/21, 8:00 22.80 46.2 1013.0 33.1 0.006 1.944 1.925
14 2017/08/23, 8:00 22.80 41.9 1010.6 33.1 0.006 1.937 1.919
15 2017/08/25, 10:00 22.85 46.6 1009.0 33.1 0.006 1.935 1.917
16 2017/08/28, 8:00 22.85 46.0 1011.7 33.0 0.007 1.938 1.920
17 2017/08/30, 10:00 22.80 47.7 1001.4 33.0 0.007 1.928 1.909
18 2017/09/01, 8:00 22.80 46.1 1012.3 33.1 0.006 1.943 1.925
Mean 2017/08/12 2284+0.2 | 46.7+2.0 | 1006.7+1.0] 33.1%0.1 0.006 + 0.001
Mean deviation from nominal (uF/F) 1.937 1.919
Type A uncertainty (uF/F) 0.006 0.006
Type B uncertainty (uF/F) 0.0068 0.019
Combined uncertainty (uF/F) 0.009 0.020
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Return measurements 100 pF #01157

Participant: PTB Serial number of the capacitance standard: AH #1157
Nominal value: 100 pF Measurement frequency: 1233.15 Hz Applied voltage: 10 V
et (i) Ambient cgnditions . Temper:.ﬂture of the standard | Deviation from nominal (uF/F)
~and Temperature Ejrl:}cli\llti/ Atg;g:ggglc Te(r:nr;srzltire Drift Measured at | Interpolated to
Time (hh:mm) (°C) (%) (hPa) °C) (ppm) 1233.15 Hz 1591.55 Hz
1 2017/07/24, 10:15 22.90 46.3 1000.9 33.0 -0.104 -5.804 -5.807
2 2017/07/26, 10:15 22.85 46.8 994.6 33.1 -0.104 -5.814 -5.818
3 2017/07/28, 10:15 22.85 46.3 999.9 33.1 -0.104 -5.811 -5.814
4 2017/07/31, 10:15 22.80 48.0 1004.3 33.0 -0.105 -5.796 -5.800
5 2017/08/02, 10:15 22.85 48.5 1008.8 33.0 -0.105 -5.789 -5.792
6 2017/08/04, 8:15 22.90 47.5 1001.6 33.1 -0.104 -5.800 -5.804
7 2017/08/07, 10:15 22.85 45.6 10131 33.1 -0.104 -5.799 -5.802
8 2017/08/09, 8:15 22.85 47.0 1004.2 33.1 -0.104 -5.801 -5.804
9 2017/08/11, 10:15 22.85 46.3 1006.1 33.1 -0.104 -5.799 -5.803
10 2017/08/14, 8:15 22.85 46.0 1014.5 33.1 -0.104 -5.794 -5.797
11 2017/08/16, 8:15 22.80 49.0 1010.5 33.0 -0.105 -5.782 -5.785
12 2017/08/18, 8:15 22.85 48.9 1004.9 33.1 -0.104 -5.793 -5.796
13 2017/08/21, 8:15 22.80 46.2 1013.0 33.1 -0.104 -5.791 -5.795
14 2017/08/23, 8:15 22.80 41.9 1010.6 33.1 -0.104 -5.798 -5.802
15 2017/08/25, 10:15 22.85 46.6 1009.0 33.1 -0.104 -5.794 -5.797
16 2017/08/28, 8:15 22.85 46.0 1011.7 33.0 -0.104 -5.792 -5.795
17 2017/08/30, 10:15 22.80 47.7 1001.4 33.0 -0.104 -5.796 -5.800
18 2017/09/01, 8:15 22.80 46.1 1012.3 33.1 -0.104 -5.789 -5.792
Mean 2017/08/12 22.84+0.2 | 46.7£2.0 | 1006.7+1.0] 33.1%0.1 -0.104 £ 0.001
Mean deviation from nominal (uF/F) -5.797 -5.800
Type A uncertainty (uF/F) 0.008 0.008
Type B uncertainty (uF/F) 0.0068 0.017
Combined uncertainty (uF/F) 0.010 0.019
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Return measurements 10 pF #01257

Participant: PTB Serial number of the capacitance standard: AH #1257
Nominal value: 10 pF Measurement frequency: 1233.15 Hz Applied voltage: 100 V
et (i) Ambient cgnditions . Tempergture of the standard | Deviation from nominal (uF/F)
~and Temperature Ejrl:}cli\llti/ Atg;g:ggglc Te(r:nr;srzltire Drift Measured at | Interpolated to
Time (hh:mm) (°C) (%) (hPa) °C) (ppm) 1233.15 Hz 1591.55 Hz
1 2017/07/24, 11:00 22.90 46.3 1000.9 33.0 0.010 1.670 1.636
2 2017/07/26, 11:00 22.85 46.8 994.6 33.1 0.010 1.653 1.619
3 2017/07/28, 11:00 22.85 46.3 999.9 33.1 0.010 1.661 1.627
4 2017/07/31, 11:00 22.80 48.0 1004.3 33.0 0.010 1.666 1.632
5 2017/08/02, 11:00 22.85 48.5 1008.8 33.0 0.010 1.679 1.645
6 2017/08/04, 8:45 22.90 47.5 1001.6 33.1 0.010 1.671 1.637
7 2017/08/07, 11:00 22.85 45.6 10131 33.1 0.010 1.669 1.635
8 2017/08/09, 8:45 22.85 47.0 1004.2 33.1 0.010 1.671 1.637
9 2017/08/11, 11:00 22.85 46.3 1006.1 33.1 0.010 1.672 1.638
10 2017/08/14, 8:45 22.85 46.0 1014.5 33.1 0.010 1.677 1.643
11 2017/08/16, 8:45 22.80 49.0 1010.5 33.0 0.010 1.684 1.650
12 2017/08/18, 8:45 22.85 48.9 1004.9 33.1 0.010 1.673 1.639
13 2017/08/21, 8:45 22.80 46.2 1013.0 33.1 0.010 1.682 1.648
14 2017/08/23, 8:45 22.80 41.9 1010.6 33.1 0.009 1.672 1.638
15 2017/08/25, 11:00 22.85 46.6 1009.0 33.1 0.009 1.675 1.641
16 2017/08/28, 8:45 22.85 46.0 1011.7 33.0 0.010 1.682 1.648
17 2017/08/30, 11:00 22.80 47.7 1001.4 33.0 0.010 1.671 1.637
18 2017/09/01, 8:45 22.80 46.1 1012.3 33.1 0.010 1.676 1.642
Mean 2017/08/12 2284+0.2 | 46.7+2.0 | 1006.7+1.0] 33.1%0.1 0.010 + 0.001
Mean deviation from nominal (uF/F) 1.672 1.638
Type A uncertainty (uF/F) 0.007 0.007
Type B uncertainty (uF/F) 0.0089 0.022
Combined uncertainty (uF/F) 0.012 0.023
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Return measurements 10 pF #01258

Participant: PTB Serial number of the capacitance standard: AH #1258
Nominal value: 10 pF Measurement frequency: 1233.15 Hz Applied voltage: 100 V
et (i) Ambient cgnditions . Tempergture of the standard | Deviation from nominal (uF/F)
~and Temperature Ejrl:}cli\llti/ Atg;g:ggglc Te(r:nr;srzltire Drift Measured at | Interpolated to
Time (hh:mm) (°C) (%) (hPa) °C) (ppm) 1233.15 Hz 1591.55 Hz
1 2017/07/24, 11:30 22.90 46.3 1000.9 33.0 0.000 1.070 1.032
2 2017/07/26, 11:30 22.85 46.8 994.6 33.1 0.000 1.056 1.019
3 2017/07/28, 11:30 22.85 46.3 999.9 33.1 0.000 1.060 1.022
4 2017/07/31, 11:30 22.80 48.0 1004.3 33.0 0.000 1.068 1.031
5 2017/08/02, 11:30 22.85 48.5 1008.8 33.0 0.000 1.074 1.036
6 2017/08/04, 9:00 22.90 47.5 1001.6 33.1 0.000 1.067 1.029
7 2017/08/07, 11:30 22.85 45.6 10131 33.1 0.000 1.069 1.031
8 2017/08/09, 9:00 22.85 47.0 1004.2 33.1 0.000 1.069 1.031
9 2017/08/11, 11:30 22.85 46.3 1006.1 33.1 0.000 1.072 1.035
10 2017/08/14, 9:00 22.85 46.0 1014.5 33.1 0.000 1.077 1.039
11 2017/08/16, 9:00 22.80 49.0 1010.5 33.0 0.000 1.083 1.045
12 2017/08/18, 9:00 22.85 48.9 1004.9 33.1 0.000 1.075 1.037
13 2017/08/21, 9:00 22.80 46.2 1013.0 33.1 0.000 1.080 1.043
14 2017/08/23, 9:00 22.80 41.9 1010.6 33.1 0.000 1.072 1.034
15 2017/08/25, 11:30 22.85 46.6 1009.0 33.1 0.000 1.069 1.031
16 2017/08/28, 9:00 22.85 46.0 1011.7 33.0 0.000 1.081 1.043
17 2017/08/30, 11:30 22.80 47.7 1001.4 33.0 0.000 1.071 1.034
18 2017/09/01, 9:00 22.80 46.1 1012.3 33.1 0.000 1.076 1.038
Mean 2017/08/12 2284+0.2 | 46.7+2.0 | 1006.7+1.0] 33.1%0.1 0.000 + 0.001
Mean deviation from nominal (uF/F) 1.072 1.034
Type A uncertainty (uF/F) 0.007 0.007
Type B uncertainty (uF/F) 0.0089 0.022
Combined uncertainty (uF/F) 0.011 0.022
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A4-8 VNIIM

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial measurements 10 pF #02204

Nominal value: 10 pF

Serial number of the standard capacitor: 02204 Initial set of measurements at VNIIM

Measurement frequency: 1592 Hz

Applied voltage: 98 V

Ambient conditions Temperature of the standard Measurement results

Date (yyyy/mm/dd) Relative Atmospheric Chassis . Deviation Type A Type B Combined
and Temperature Lo Drift from . . .

Time (hh:mm) C) Humidity Pressure Temp;erature (ppm) nominal uncertainty uncertainty uncertainty
(%) (Pa) °O (UF/F) (UE/F) (LE/F) (LE/F)
1 2017/03/14 17:00 20.30 25.80 102300 30.9 0.002 4.72 0.016 0.092 0.093
2 2017/03/18 12:30 20.00 24.50 99300 30.9 0.000 4.71 0.013 0.092 0.093
3 2017/03/23 12:30 20.50 23.20 101200 29.6 -0.007 4.70 0.015 0.092 0.093
4 2017/03/27 14:00 20.20 22.80 100400 29.8 -0.007 4.69 0.012 0.092 0.093
5 2017/03/29 14:00 20.20 23.50 101300 29.3 -0.008 4.72 0.015 0.092 0.093
6 2017/04/04 12:00 20.40 25.10 102500 28.8 -0.015 4.66 0.017 0.092 0.094
7 2017/04/11 13:30 20.10 29.30 99300 29.1 -0.014 4.68 0.013 0.092 0.093
8 2017/04/20 11:00 20.40 29.40 103100 29.4 -0.015 4.69 0.012 0.092 0.093
9 2017/05/07 15:00 20.40 35.30 101190 29.8 -0.016 4.63 0.028 0.092 0.096
10 2017/05/11 15:00 20.50 36.30 100700 30.1 -0.015 4.67 0.018 0.092 0.094
11 2017/05/15 11:30 19.70 32.40 101900 30.7 -0.016 4.69 0.016 0.092 0.093
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Return measurements 10 pF #02204

Nominal value: 10 pF

Serial number of the standard capacitor: 02204 Return set of measurements at VNIIM

Measurement frequency: 1592 Hz

Applied voltage: 98 V

Ambient conditions Temperature of the standard Measurement results
Date (yy;lll}zi/mm/dd) T Relative Atmospheric Chassis . Deviation Type A Type B Combined
emperature Lo Drift from . . .
Time (hh:mm) C) Humidity Pressure Temp;erature (ppm) nominal uncertainty uncertainty uncertainty

(%) (Pa) (°C) WE/F) (LF/F) (LF/F) (LF/F)

1 2017/08/25 16:20 20.40 36.00 100520 29.6 -0.023 4.50 0.016 0.092 0.093
2 2017/08/28 15:00 20.10 36.90 101320 29.2 -0.028 4.53 0.014 0.092 0.093
3 2017/09/05 11:20 19.50 39.10 102400 28.7 -0.033 4.52 0.015 0.092 0.093
4 2017/09/06 17:30 19.70 38.40 101500 29.1 -0.032 4.49 0.013 0.092 0.093
5 2017/09/11 12:00 19.70 37.20 100390 29.2 -0.031 4.48 0.013 0.092 0.093
6 2017/09/15 13:30 19.50 35.90 99060 29.1 -0.033 4.47 0.014 0.092 0.093
7 2017/09/18 17:00 19.80 39.00 101060 28.6 -0.038 4.47 0.012 0.092 0.093
8 2017/09/22 16:20 20.10 36.80 102920 29.6 -0.032 4.48 0.013 0.092 0.093
9 2017/09/29 16:00 19.90 36.60 103600 29.0 -0.039 4.47 0.014 0.092 0.093
10 2017/10/10 18:00 19.90 38.90 99990 29.3 -0.037 4.49 0.015 0.092 0.093
11 2017/10/13 12:00 20.10 39.10 99990 29.3 -0.037 4.51 0.013 0.092 0.093
12 2017/10/17 14:00 19.90 35.10 100920 29.1 -0.040 4.47 0.014 0.092 0.093
13 2017/10/18 12:00 19.90 33.10 99590 29.1 -0.037 4.49 0.013 0.092 0.093
14 2017/10/19 16:00 20.10 39.60 101100 29.4 -0.040 4.49 0.014 0.092 0.093
15 2017/10/26 13:00 20.20 35.30 101100 29.7 -0.041 4.47 0.01 0.092 0.093
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial measurements 10 pF #02205

Serial number of the standard capacitor: 02205 Initial set of measurements at VNIIM
Nominal value: 10 pF Measurement frequency: 1592 Hz Applied voltage: 98 V
Ambient conditions Temperature of the standard Measurement results
Date (yyyy/mm/dd) Relative Atmospheric Chassis . Deviation Type A Type B Combined
and Temperature L Drift from : . ;
Time (hh:mm) C) Humidity Pressure Temp;erature (ppm) nominal uncertainty uncertainty uncertainty
(%) (Pa) °O (UF/F) (LE/F) (UE/F) (LE/F)
1 2017/03/14 17:00 20.30 25.80 102300 30.9 0.018 5.18 0.015 0.092 0.093
2 2017/03/18 12:30 20.00 24.50 99300 30.9 0.018 5.18 0.014 0.092 0.093
3 2017/03/23 12:30 20.50 23.20 101200 29.6 0.015 5.18 0.014 0.092 0.093
4 2017/03/27 14:00 20.20 22.80 100400 29.8 0.014 5.18 0.013 0.092 0.093
5 2017/03/29 14:00 20.20 23.50 101300 29.3 0.013 5.18 0.016 0.092 0.093
6 2017/04/04 12:00 20.40 25.10 102500 28.8 0.012 5.16 0.015 0.092 0.093
7 2017/04/11 13:30 20.10 29.30 99300 29.1 0.010 5.18 0.014 0.092 0.093
8 2017/04/20 11:00 20.40 29.40 103100 29.4 0.012 5.19 0.016 0.092 0.093
9 2017/05/07 15:00 20.40 35.30 101190 29.8 0.010 5.12 0.027 0.092 0.096
10 2017/05/11 15:00 20.50 36.30 100700 30.1 0.013 5.18 0.017 0.092 0.094
11 2017/05/15 11:30 19.70 32.40 101900 30.7 0.018 5.17 0.017 0.092 0.094

Final report - November 2018 Page 125




Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Return measurements 10 pF #02205

Nominal value: 10 pF

Serial number of the standard capacitor: 02205 Return set of measurements at VNIIM

Measurement frequency: 1592 Hz

Applied voltage: 98 V

Ambient conditions Temperature of the standard Measurement results
Date (yy;lll}zi/mm/dd) T Relative Atmospheric Chassis . Deviation Type A Type B Combined
emperature Lo Drift from . . .
Time (hh:mm) C) Humidity Pressure Temp;erature (ppm) nominal uncertainty uncertainty uncertainty

(%) (Pa) (°C) (/B (WF/F) (WF/F) (LF/F)
1 2017/08/25 16:20 20.40 36.00 100520 29.6 0.002 4.94 0.015 0.092 0.093
2 2017/08/28 15:00 20.10 36.90 101320 29.2 0.005 5.00 0.013 0.092 0.093
3 2017/09/05 11:20 19.50 39.10 102400 28.7 0.003 4.96 0.014 0.092 0.093
4 2017/09/06 17:30 19.70 38.40 101500 29.1 0.005 4.99 0.012 0.092 0.093
5 2017/09/11 12:00 19.70 37.20 100390 29.2 0.005 5.00 0.014 0.092 0.093
6 2017/09/15 13:30 19.50 35.90 99060 29.1 0.005 4.98 0.013 0.092 0.093
7 2017/09/18 17:00 19.80 39.00 101060 28.6 0.003 4.98 0.015 0.092 0.093
8 2017/09/22 16:20 20.10 36.80 102920 29.6 0.006 4.98 0.013 0.092 0.093
9 2017/09/29 16:00 19.90 36.60 103600 29.0 0.004 4.97 0.012 0.092 0.093
10 2017/10/10 18:00 19.90 38.90 99990 29.3 0.005 5.01 0.014 0.092 0.093
11 2017/10/13 12:00 20.10 39.10 99990 29.3 0.005 5.01 0.014 0.092 0.093
12 2017/10/17 14:00 19.90 35.10 100920 29.1 0.004 4.99 0.013 0.092 0.093
13 2017/10/18 12:00 19.90 33.10 99590 29.1 0.005 5.01 0.014 0.092 0.093
14 2017/10/19 16:00 20.10 39.60 101100 29.4 0.005 5.02 0.012 0.092 0.093
15 2017/10/26 13:00 20.20 35.30 101100 29.7 0.005 5.02 0.013 0.092 0.093
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Initial measurements 100 pF #02207

Serial number of the standard capacitor: 02207 Initial set of measurements at VNIIM
Nominal value: 100 pF Measurement frequency: 1592 Hz Applied voltage: 9.8 V
Ambient conditions Temperature of the standard Measurement results
Date (yyyy/mm/dd) Relative Atmospheric Chassis . Deviation Type A Type B Combined
and Temperature L Drift from . . .
Time (hh:mm) °C) Humidity Pressure Temp;erature (ppm) nominal uncertainty uncertainty uncertainty
(%) (Pa) °O (UF/F) (UE/F) (UE/F) (LE/F)
1 2017/03/14 17:00 20.30 25.80 102300 30.9 0.013 4.57 0.014 0.095 0.096
2 2017/03/18 12:30 20.00 24.50 99300 30.9 0.014 4.57 0.014 0.095 0.096
3 2017/03/23 12:30 20.50 23.20 101200 29.6 -0.010 4.58 0.012 0.095 0.096
4 2017/03/27 14:00 20.20 22.80 100400 29.8 -0.009 4.58 0.013 0.095 0.096
5 2017/03/29 14:00 20.20 23.50 101300 29.3 -0.008 4.61 0.012 0.095 0.096
6 2017/04/04 12:00 20.40 25.10 102500 28.8 -0.003 4.60 0.014 0.095 0.096
7 2017/04/11 13:30 20.10 29.30 99300 29.1 -0.009 4.59 0.012 0.095 0.096
8 2017/04/20 11:00 20.40 29.40 103100 29.4 -0.012 4.57 0.016 0.095 0.096
9 2017/05/07 15:00 20.40 35.30 101190 29.8 -0.015 4.56 0.014 0.095 0.096
10 2017/05/11 15:00 20.50 36.30 100700 30.1 -0.013 4.58 0.012 0.095 0.096
11 2017/05/15 11:30 19.70 32.40 101900 30.7 -0.013 4.56 0.012 0.095 0.096
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Return measurements 100 pF #02207

Serial number of the standard capacitor: 02207 Return set of measurements at VNIIM
Nominal value: 100 pF Measurement frequency: 1592 Hz Applied voltage: 9.8 V
Ambient conditions Temperature of the standard Measurement results
Date (yy;lll}zi/mm/dd) T Relative Atmospheric Chassis . Deviation Type A Type B Combined
emperature L Drift from . . .
Time (hh:mm) °C) Humidity Pressure Temp;erature (ppm) nominal uncertainty uncertainty uncertainty

(%) (Pa) (°C) WE/F) (LF/F) (LF/F) (LF/F)

1 2017/08/25 16:20 20.40 36.00 100520 29.6 -0.016 4.48 0.013 0.095 0.096
2 2017/08/28 15:00 20.10 36.90 101320 29.2 -0.014 4.49 0.012 0.095 0.096
3 2017/09/05 11:20 19.50 39.10 102400 28.7 -0.013 4.47 0.012 0.095 0.096
4 2017/09/06 17:30 19.70 38.40 101500 29.1 -0.011 4.47 0.013 0.095 0.096
5 2017/09/11 12:00 19.70 37.20 100390 29.2 -0.008 4.47 0.011 0.095 0.096
6 2017/09/15 13:30 19.50 35.90 99060 29.1 -0.006 4.45 0.013 0.095 0.096
7 2017/09/18 17:00 19.80 39.00 101060 28.6 -0.006 4.45 0.014 0.095 0.096
8 2017/09/22 16:20 20.10 36.80 102920 29.6 0.000 4.47 0.012 0.095 0.096
9 2017/09/29 16:00 19.90 36.60 103600 29.0 0.003 4.46 0.015 0.095 0.096
10 2017/10/10 18:00 19.90 38.90 99990 29.3 0.009 4.47 0.013 0.095 0.096
11 2017/10/13 12:00 20.10 39.10 99990 29.3 0.010 4.47 0.012 0.095 0.096
12 2017/10/17 14:00 19.90 35.10 100920 29.1 0.011 4.49 0.014 0.095 0.096
13 2017/10/18 12:00 19.90 33.10 99590 29.1 0.011 4.44 0.015 0.095 0.096
14 2017/10/19 16:00 20.10 39.60 101100 29.4 0.010 4.46 0.012 0.095 0.096
15 2017/10/26 13:00 20.20 35.30 101100 29.7 0.012 4.48 0.012 0.095 0.096
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

ANNEX 5: Uncertainty budget of participating NMlIs

A5-1 BIPM

Uncertainty budget for 10 pF measurement against the reference group of standards of the BIPM

Uncertainty statement Nominal value: 10 pF
Applied voltage: 100 V Frequency : 1592 Hz
i Probability Method of Uncertainty Degree of freedom
Quantity distribution evaluation (A,B) | contribution nF/F

ni

Subcomponent 1: Evaluation of the 1 Hz - 1541 Hz frequency change of quad bridge resistors (51.6 kQ2), against Haddad resistor (1290.6 Q)

Frequency dependence of reference 1290.6 Q) coaxial resistor Rectangular B 3 Y]
10:1 ratio bridge (meas. of ratio 12.906 k2 : 1290.6 k1) Normal B 6 22
4:1 ratio bridge (meas. of ratio 51.625 kQ : 12.906 k) Normal B 6 22
Extrapolation to 1 Hz Normal B 10 13
Stability of 1 Hz - 1541 Hz difference Rectangular B 5 50
Repeatability Normal A 10 24

Subcomponent 2: Measurement at 1 Hz of the resistors of the quadrature bridge against Rk

Link Rk to 100 Q Normal B 6 50
Link 100 Q to 51.6 kQ Normal B 7 50
Repeatability Normal A 10 6

Subcomponent 3: Quadrature bridge measurements, transfer from R to C at the operating frequency

Frequency Rectangular B 0.1 [
Residual effects of harmonics Normal B 5 8
Imperfect current equalisers Normal B 4 13
Two terminal-pair definition of quadrature bridge capacitors Rectangular B 6 50
Repeatability Normal A 10 5

Subcomponent 4: Scaling from 2000 pF to 10 pF reference capacitors of the reference group (3 steps)

Imperfect current equalisers Normal B 8 13
Errors in balance injection Normal B 6 50
Calibration of 10:1 ratio deviation Normal B 10 22
Repeatability Normal A 10 8

Measurement of 10 pF standard against BIPM 10 pF reference group of capacitors by substitution (2 steps)

Value of reference group (subcomponents 1-4 above) Normal B 31 129
Drift of mean of reference group Normal B 7 22
Imperfect current equalisers Normal B 7 13
Errors in balance injection Normal B 7 50
Cable corrections Rectangular B 8 o
Calibration of 10:1 ratio deviation Normal B 8 22
Short term stability of 100 pF buffer (substitution) Normal A 5 22
1541 Hz - 1592 Hz frequency correction Normal B 5 8
Repeatability (typical) Normal A 10 8
Combined standard uncertainty 37
Effective degree of freedom 212
Expanded uncertainty (95% coverage factor) 75
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty budget for 100 pF measurement against the reference group of standards of the BIPM

Uncertainty statement Nominal value: 100 pF
Applied voltage: 10 V Frequency : 1592 Hz
. Probability Method of Uncertainty Degree of freedom
Quantity distribution evaluation (A,B) | contribution nF/F
nij
Subcomponent 1: Evaluation of the 1 Hz - 1541 Hz frequency change of quad bridge resistors (51.6 kQ), against Haddad resistor (1290.6 Q)
Frequency dependence of reference 1290.6 Q) coaxial resistor Rectangular B 3 ©
10:1 ratio bridge (meas. of ratio 12.906 k(2 : 1290.6 kQ) Normal B 6 22
4:1 ratio bridge (meas. of ratio 51.625 k2 : 12.906 kQ) Normal B 6 22
Extrapolation to 1 Hz Normal B 10 13
Stability of 1 Hz - 1541 Hz difference Rectangular B 5 50
Repeatability Normal A 10 24
Subcomponent 2: Measurement at 1 Hz of the resistors of the quadrature bridge against Rk
Link Rk to 100 Q Normal B 6 50
Link 100 Q to 51.6 kQ Normal B 7 50
Repeatability Normal A 10 6
Subcomponent 3: Quadrature bridge measurements, transfer from R to C at the operating frequency
Frequency Rectangular B 0.1 Y]
Residual effects of harmonics Normal B 5 8
Imperfect current equalisers Normal B 4 13
Two terminal-pair definition of quadrature bridge capacitors Rectangular B 6 50
Repeatability Normal A 10 5
Subcomponent 4: Scaling from 2000 pF to 10 pF reference capacitors of the reference group (3 steps)
Imperfect current equalisers Normal B 9 13
Errors in balance injection Normal B 6 50
Calibration of 10:1 ratio deviation Normal B 10 22
Repeatability Normal A 10 8
Measurement of 100 pF standard against BIPM 10 pF reference group of capacitors (1 steps)
Value of reference group (subcomponents 1-4 above) Normal B 31 130
Drift of mean of reference group Normal B 5 22
Imperfect current equalisers Normal B 5 13
Errors in balance injection Normal B 5 50
Cable corrections Rectangular B 8 oo
Calibration of 10:1 ratio deviation Normal B 5 22
1541 Hz - 1592 Hz frequency correction Normal B 8 8
Repeatability (typical) Normal A 10 8
Combined standard uncertainty 36
Effective degree of freedom 185
Expanded uncertainty (95% coverage factor) 7%

Final report - November 2018

Page 130



Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

In the following tables is reported the type A uncertainty (repeatability of measurement) for each of the
standards measured at the BIPM. These components were taken into account for the calculation of the
combined standard uncertainty of the measurements carried out by the BIPM.

10 pF standards
Capacitance Type A uncert:.ilnty
after correction
standard .
s/n from drift
nF/F
1191 1
METAS 9 6
1300 7
1606
NIM
1682 -
1423 8
NIST
1424 9
1416 6
NMIA
1479 6
1101 4
NPL
1186 -
1257 8
PTB
1258 7
2204 17
VNIIM
2205 9
1227 11
BIPM
1310 9
100 pF standards
Capacitance Type A uncertz.amty
after correction
standard .
s/n from drift
nF/F
11
METAS 88 8
1189 11
1596 3
NIM
2090 6
1442 2
NIST
1452 3
1677 4
NMIA
1459 7
1100 10
NPL
1185
1157 9
PTB
1256 12
VNIIM 2207 18
1225 6
BIPM
1642 5

Final report - November 2018

Page 131



Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

A5-2 METAS
The relative deviation of the capacitance from its nominal value can be expressed by

s T sy

1 bt
Q0 pF :—5{%1 + 0, + 0 +050}+ + g, —2-0:10+2~(05c —ac)

for the 100 pF capacitance standard and

ag, +a
S1 S2 b t b nt
—+as3+as4—3-a10+2-(ac—ac)+(a —-Q, )

1
alOpF:_E{aGl+aGZ+aQ+ac}+ c c

for the 10 pF capacitance standards.

The different parameters are:

Qg > X5, :arethe relative deviation of the calculable resistances (G1 and G2) from the nominal

value (RK“’O/Z) at the frequency of 1233 Hz.

g : is the in-phase component of the main balance of the quadrature bridge.

a, : is the cable correction for the quadrature bridge

ag, : is the in-phase balance of the 10 nF(A) -1 nF comparison

A, : is the in-phase balance of the 10 nF(B) -1 nF comparison

(o7 : is the in-phase balance of the 1 nF -100 pF comparison

Ag, : is the in-phase balance of the 100 pF -10 pF comparison

a, : is the error of the 10:-1 ratio transformer

aé : is the 4TP cable correction for the top standard of the 10:-1 comparison

a’cb : is the 4TP cable correction for the bottom standard of the 10:-1 comparison
ac't : is the 3TP cable correction for the top standard of the 10:-1 comparison
Otc'b : is the 3TP cable correction for the bottom standard of the 10:-1 comparison

Uncertainties associated with these different parameters are reported in the following tables.
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

U-Budget: Calibration of 100 pF Capacitance Standard

. . Standard | Probability | Method of | Sensitiity | o2 | Degrees
Quantity|  Estimate uncertainty | distribution | evaluation | coefficient un.certamty of
in uFfF freedom
Xi X; ufx;) (A, B) Ci ciufx;) Vi
®51 34.087 0.021] Mormal A&B 0.5 0.010 12
&2 45084 0.021] Mormal A&B 0.5 0.010 12
g -38.118 0.072| Mormal A&B 0.5 0.036 39
e 0.000 0.002 Box B 04 0.001 20
st 8.218 0.027| Mormal A&B 0.5 0.013 25
za -0.668 0.027| Mormal A&B 0.5 0.013 25
oza 22587 0.030| Mormal A&B 1.0 0.030 27
Eig 0.430 0.030 Box B 20 0.035 20
@’ -0.002 0.005 Box B 20 0.006 20
g -0.008 0.005 Box B 20 0.006 20
Combined standard uncertainty Ug 0.064 ppm
Effective degree of freedom Vi 109
Expanded uncertainty (p=95%) u 0.126 uF/F
U-Budget: Calibration of 10 pF Capacitance Standard
. . Standard | Probability | Method of | Sensitiity | ~c2uve | Degrees
Quantity| ~ Estimate uncertainty | distribution | evaluation | coefficient un.certalnty of
in uF/F | freedom
X Xi ufx;) (A, B) Cji ciufx;) Vi
@1 34087 0.021 Mormal A&B 0.5 0.010 12
G2 45.084 0.021 Mormal A&B 0.5 0.010 12
g -38.118 0.072 MNormal A&B 0.5 0.036 39
Ze 0.000 0.002 Box B 0.5 0.001 20
@z -5.218 0.027( MNormal A&B 0.5 0.013 25
xsa -0.668 0.027( MNormal A&B 0.5 0.013 25
@s3 22 587 0.030{ MNormal A&B 1.0 0.030 27
sy 5017 0.022 MNormal A&B 1.0 0.022 16
% 1g 0.430 0.030 Box B 3.0 0.052 20
a:® -0.002 0.005 Box B 20 0.006 20
e -0.008 0.005 Box B 20 0.006 20
P -0.001 0.010 Box B 1.0 0.006 20
a'st 0.008 0.010 Box B 1.0 0.006 20
Combined standard uncertainty Ug 0.078 ppm
Effective degree of freedom Vi 82
Expanded uncertainty (p=95%) u 0.156 uF/F
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

U-Budget: o, and o at 1233 Hz

Source of uncertainty LUEEEDD: unci?‘tl:;[xzf in DE!EIDFfEES
Tl freedom
(A, B) uxi) v
Type A and B uncertainty of the CCC measurement A&B 0.005 20
Determination of the mean value at mean time A 0.002 18
Frequency dependence between DC and 1233 Hz B 0.020 10
Combined standard uncertainty Ug 0.021 pty/a
Effective degree of freedom Vi 12
U-Budget: ag
Source of uncertainty P;E:gﬁ;: unci?‘tl:}:;ir in DEEIDFfEES
1Ll freedom
(A, B) ufxi) Vi
Type A (1 n\ after 100 sec) A 0.042 10
Accuracy on the Cj/C pem ratio A&LB 0.029 18
Frequency accuracy A 0.016 10
Auxiliary balances B 0.020 5
Intermodulation distortion B 0.010 10
Coaxial current inequalities B 0.010 10
Detector offset B 0.042 10
Combined standard uncertainty Ug 0.072 ptycy
Effective degree of freedom vi 39
U-Budget: 10 nF-1 nF, o5y and o,
. Method of Rela?iwe . Degrees
Source of uncertainty evaluation uncertainty in of
Tielle] freedom
(A, B) ufxi) v
noiselsensitivity (1 nV / 70 n\W/ppm) A 0.014 10
in-phase injection B 0.003 10
phase error of the out of phase injection B 0.006 10
auxiliary balances B 0.006 10
coaxial choke effectivness B 0.002 10
short term stability B 0.006 10
voltage coeficient of the 10 nF capacitance standard B 0.020 10
Combined standard uncertainty Ug 0.027 poy'sy
Effective degree of freedom Vi 25

Final report - November 2018 Page 134



Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

U-Budget: 1 nF-100 pF, ag;

Source of uncertainty LUEJ[':ZEDD: unu:Ff;T'tlz}rIEr in DEEIDFfEES
el freedom

(A, B) wifi) Vi
noise/sensitivity (1 n\/' / 253 n\/ppm) A 0.004 10
in-phase injection B 0.003 10
phase error of the out of phase injection B 0.006 10
auxiliary balances B 0.006 10
coaxial choke effectivness B 0.020 10
short term stability B 0.006 10
bias in the Kelvin Balance B 0.020 10

Combined standard uncertainty Ug 0.030 powca

Effective degree of freedom Vi 27
U-Budget: 100 pF-10 pF, ogy

Source of uncertainty L"lg:;ﬂ;: uncF;Ertl:Ji[Sﬁr in DEEIDrfEES
Flalle] freedom

(A, B) wifx) Vi
noise/sensitivity (1 nV' / 327 nVW/ppm) A 0.003 10
in-phase injection B 0.003 10
phase error of the out of phase injection B 0.006 10
auxiliary balances B 0.004 10
coaxial choke effectivness B 0.020 10
short term stability B 0.006 10

Combined standard uncertainty Ug 0.022 uoyica

Effective degree of freedom Vi 16
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A5-3 NIM

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Statement for the Initial series of measurements - Standard #01606

Uncertainty statement of AH#1606 (2017/03)

Nominal capacitance value : 10 pF Frequency: 1592Hz Voltage: 100V
o S . Degrees of
Quantity Estimate Standgrd Probability Methoq of Sen51t1y1ty Contribution to re!atlve freedom
/X /% uncertainty distribution evaluation coefficient standard uncertainty /v
/u(x;) (uF/F) (A.B) / ¢ /ui(C,) (uF/F)
Calculable capacitor - 0.0093 Normal B 1 0.0093 5.7
Laser displace measurement - 0.0054 Normal B 1 0.0054 4.2
Bridge ratio correction - 0.003 Normal B 2 0.006 34.3
Bridge balance Injection - 0.001 Normal B 2 0.002 8
Detector uncertainty - 0.002 Rect. B 2 0.004 infinite
Two port definition - 0.002 Rect. B 2 0.004 infinite
Potential drop at residual wire - 0.002 Rect. B 2 0.004 infinite
Leads correction -0.012 uF/F 0.002 Rect. B 1 0.002 infinite
Voltage coefficient - 0.010 Normal B 1 0.010 2
Temperature coefficient - 0.003 Normal B 1 0.003 8
Repeated meas. of 10 pF 0.096 pF/F 0.0035 Normal A 1 0.0035 9
Measured value / Cy : 10.00000096
Total type A uncertainty (uF/F) 0.0035
Total type B uncertainty (uF/F) 0.0178
Combined standard uncertainty / U,(Cy) : 0.018
Effective degrees of freedom / v : 16.4
Expanded uncertainty (95% coverage factor) 0.038
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Statement for the Return series of measurements - Standard #01606

Uncertainty statement of AH#1606 (2017/08)

Nominal capacitance value : 10 pF Frequency: 1592Hz Voltage: 100V
. . Standard . Method of Sensitivity Contribution to relative Degrees of
Quantity Estimate uncertainty P.r Ob.abﬂ.lty evaluation coefficient standard uncertainty freedom
/' Xi / Xi Ju(x) (uWF/F) distribution (A.B) /¢ /u(C,) (LF/F) /W
Calculable capacitor - 0.0093 Normal B 1 0.0093 5.7
Laser displace measurement - 0.0054 Normal B 1 0.0054 4.2
Bridge ratio correction - 0.003 Normal B 2 0.006 343
Bridge balance Injection - 0.001 Normal B 2 0.002 8
Detector uncertainty - 0.002 Rect. B 2 0.004 infinite
Two port definition - 0.002 Rect. B 2 0.004 infinite
Potential drop at residual wire - 0.002 Rect. B 2 0.004 infinite
Leads correction -0.012 uF/F 0.002 Rect. B 1 0.002 infinite
Voltage coefficient - 0.010 Normal B | 0.010 2
Temperature coefficient - 0.003 Normal B 1 0.003 8
Repeated meas. of 10 pF 0.070 uF/F 0.0042 Normal A 1 0.0042 9
Measured value / Cy : 10.00000070
Total type A uncertainty (uF/F) 0.0042
Total type B uncertainty (uF/F) 0.0178
Combined standard uncertainty / U,(Cy) : 0.018
Effective degrees of freedom / vi : 16.9
Expanded uncertainty (95% coverage factor) 0.039

Final report - November 2018

Page 137




Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Statement for the Initial series of measurements - Standard #01596

Uncertainty statement of AH#1596 (2017/03)

Nominal capacitance value : 100 pF Frequency: 1592Hz Voltage: 10V
. . Standard . Method of Sensitivity Contribution to relative Degrees of
Quantity Estimate uncertainty P.r Ob.abﬂ.lty evaluation coefficient standard uncertainty freedom
/' Xi / Xi Ju(x) (uWF/F) distribution (A.B) /¢ /u(C,) (LF/F) /W
Calculable capacitor - 0.0093 Normal B 1 0.0093 5.7
Laser displace measurement - 0.0054 Normal B 1 0.0054 4.2
Bridge ratio correction - 0.003 Normal B 3 0.009 343
Bridge balance Injection - 0.001 Normal B 3 0.003 8
Detector uncertainty - 0.002 Rect. B 3 0.006 infinite
Two port definition - 0.002 Rect. B 3 0.006 infinite
Potential drop at residual wire - 0.002 Rect. B 3 0.006 infinite
Leads correction -0.021 uF/F 0.002 Rect. B 1 0.002 infinite
Voltage coefficient - 0.010 Normal B 1 0.010 2
Temperature coefficient - 0.003 Normal B 1 0.003 8
Repeated meas. of 100 pF 0.064 uF/F 0.0047 Normal A 1 0.0047 9
Measured value / Cy : 100.0000064
Total type A uncertainty (uF/F) 0.0047
Total type B uncertainty (pF/F) 0.021
Combined standard uncertainty / U,(Cy) : 0.021
Effective degrees of freedom / vi : 29.7
Expanded uncertainty (95% coverage factor) 0.043

NOTE: Uncertainty statement of the 100 pF standard #01596 has been revised by NIM after the issue of the first version of draft A (reduction from 2 to 1 of the

value of the sensitivity coefficient applied to the voltage correction). This revision had the effect to reduce the combined uncertainty by about 6 ppb.
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Statement for the Return series of measurements - Standard #01596

Uncertainty statement of AH#1596 (2017/08)

Nominal capacitance value : 100 pF Frequency: 1592Hz Voltage: 10V
. . Standard . Method of Sensitivity Contribution to relative Degrees of
Quantity Estimate uncertainty P.r Ob.abﬂ.lty evaluation coefficient standard uncertainty freedom
/' Xi / Xi Ju(x) (uWF/F) distribution (A.B) /¢ /u(C,) (LF/F) /W
Calculable capacitor - 0.0093 Normal B 1 0.0093 5.7
Laser displace measurement - 0.0054 Normal B 1 0.0054 4.2
Bridge ratio correction - 0.003 Normal B 3 0.009 343
Bridge balance Injection - 0.001 Normal B 3 0.003 8
Detector uncertainty - 0.002 Rect. B 3 0.006 infinite
Two port definition - 0.002 Rect. B 3 0.006 infinite
Potential drop at residual wire - 0.002 Rect. B 3 0.006 infinite
Leads correction -0.021 uF/F 0.002 Rect. B 1 0.002 infinite
Voltage coefficient - 0.010 Normal B 1 0.010 2
Temperature coefficient - 0.003 Normal B 1 0.003 8
Repeated meas. of 100 pF 0.027 uF/F 0.0034 Normal A 1 0.0034 9
Measured value / Cy : 100.0000027
Total type A uncertainty (uF/F) 0.0034
Total type B uncertainty (pF/F) 0.021
Combined standard uncertainty / U,(Cy) : 0.021
Effective degrees of freedom / vi : 28.5
Expanded uncertainty (95% coverage factor) 0.043

NOTE: Uncertainty statement of the 100 pF standard #01596 has been revised by NIM after the issue of the first version of draft A (reduction from 2 to 1 of the

value of the sensitivity coefficient applied to the voltage correction). This revision had the effect to reduce the combined uncertainty by about 6 ppb.
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Statement for the Initial series of measurements - Standard #02090

Uncertainty statement of AH#2090 (2017/03)

Nominal capacitance value : 100 pF Frequency: 1592Hz Voltage: 10V
. . Standard . Method of Sensitivity Contribution to relative Degrees of
Quantity Estimate uncertainty P.r Ob.abﬂ.lty evaluation coefficient standard uncertainty freedom
/' Xi / Xi Ju(x) (uWF/F) distribution (A.B) /¢ /u(C,) (LF/F) /W
Calculable capacitor - 0.0093 Normal B 1 0.0093 5.7
Laser displace measurement - 0.0054 Normal B 1 0.0054 4.2
Bridge ratio correction - 0.003 Normal B 3 0.009 343
Bridge balance Injection - 0.001 Normal B 3 0.003 8
Detector uncertainty - 0.002 Rect. B 3 0.006 infinite
Two port definition - 0.002 Rect. B 3 0.006 infinite
Potential drop at residual wire - 0.002 Rect. B 3 0.006 infinite
Leads correction -0.021 uF/F 0.002 Rect. B 1 0.002 infinite
Voltage coefficient - 0.010 Normal B | 0.010 2
Temperature coefficient - 0.003 Normal B 1 0.003 8
Repeated meas. of 100 pF 0.170 uF/F 0.011 Normal A 1 0.011 9
Measured value / Cy : 100.0000170
Total type A uncertainty (uF/F) 0.011
Total type B uncertainty (pF/F) 0.021
Combined standard uncertainty / U,(Cy) : 0.023
Effective degrees of freedom / vi : 35.9
Expanded uncertainty (95% coverage factor) 0.047

NOTE: Uncertainty statement of the 100 pF standard #02090 has been revised by NIM after the issue of the first version of draft A (reduction from 2 to 1 of the

value of the sensitivity coefficient applied to the voltage correction). This revision had the effect to reduce the combined uncertainty by about 6 ppb.
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Statement for the Return series of measurements - Standard #02090

Uncertainty statement of AH#2090 (2017/08)

Nominal capacitance value : 100 pF Frequency: 1592Hz Voltage: 10V
. _ . Degrees of
Quantity Estimate Standgrd Probability Methoq of Sen51tlylty Contribution to re!atlve freedom
/X /% uncertainty distribution evaluation coefficient standard uncertainty /v
/u(x) (uF/F) (A,B) / C; /ui(C,) (uF/F)
Calculable capacitor - 0.0093 Normal B 1 0.0093 5.7
Laser displace measurement - 0.0054 Normal B 1 0.0054 4.2
Bridge ratio correction - 0.003 Normal B 3 0.009 343
Bridge balance Injection - 0.001 Normal B 3 0.003 8
Detector uncertainty - 0.002 Rect. B 3 0.006 infinite
Two port definition - 0.002 Rect. B 3 0.006 infinite
Potential drop at residual wire - 0.002 Rect. B 3 0.006 infinite
Leads correction -0.021 pF/F 0.002 Rect. B 1 0.002 infinite
Voltage coefficient - 0.010 Normal B 1 0.010 2
Temperature coefficient - 0.003 Normal B 1 0.003 8
Repeated meas. of 100 pF 0.150 uF/F 0.004 Normal A 1 0.004 9
Measured value / Cy : 100.0000150
Total type A uncertainty (uF/F) 0.004
Total type B uncertainty (uF/F) 0.021
Combined standard uncertainty / ug(Cy) : 0.021
Effective degrees of freedom / vi : 29.0
Expanded uncertainty (95% coverage factor) 0.043

NOTE: Uncertainty statement of the 100 pF standard #02090 has been revised by NIM after the issue of the first version of draft A (reduction from 2 to 1 of the

value of the sensitivity coefficient applied to the voltage correction). This revision had the effect to reduce the combined uncertainty by about 6 ppb.
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A5-4 NIST

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty statement for C143

Nominal capacitance value : 10 pF Frequency: 1592 Hz Voltage: 100 V
Estimate Standard Sensitivity Contribution to relative Degrees of
; ici i freedom
Quantit J | uncertamty | propapiy | Methodof | coefficent | standard uncertainty et
/X / ulx) distribution (AB) ’ o ’
(WF/F) (WF/F) (F/F) (WF/F)
Repeatability 0 0.001 normal A 1 0.001 100
Refere.nce 10 pF (C112) m.easured 6.002 0.019 normal B 1 0.019 w
with calculable capacitor
Drift of C112 0 0.002 normal B 1 0.002 30
Error of loading correction 0 0.002 rect B 1 0.002 4
o)
Error of substitution method 0 0.001 normal B 1 0.001
Error due to ambient conditions 0 0.002 normal B 1 0.002 @
Measurand value / C, : -4.865
Total type A uncertainty (uF/F) 0.001
Total type B uncertainty (uF/F) 0.020
Combined standard uncertainty / u(C,) : 0.020
Effective degrees of freedom / v.g : 237
Expanded uncertainty (95% coverage factor) 0.04
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty statement for C144

Nominal capacitance value : 10 pF Frequency: 1592 Hz Voltage: 100 V
Estimate Standard Sensitivity Contribution to relative Degrees of
) . . freed
Quantity /x, uncertainty Probability Z/z’clzggoo: coef/flccllent standar/dullj(réc;ertalnty re/e :m
/X / ulxi) distribution (AB) ! o !
(F/F) (WF/F) (F/F) (WF/F)
Repeatability 0 0.001 normal A 1 0.001 100
Reference 10 pF (C112) measured 6.002 0.019 normal B 1 0.019 0
with calculable capacitor
Drift of C112 0 0.002 normal B 1 0.002 30
Error of loading correction 0 0.002 rect B 1 0.002 4
o)
Error of substitution method 0 0.001 normal B 1 0.001
Error due to ambient conditions 0 0.002 normal B 1 0.002 @
Measurand value / C, : -4.780
Total type A uncertainty (uF/F) 0.001
Total type B uncertainty (uF/F) 0.020
Combined standard uncertainty / u(C,) : 0.020
Effective degrees of freedom / v.g : 237
Expanded uncertainty (95% coverage factor) 0.04
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty statement for C218

Nominal capacitance value : 100 pF Frequency: 1592 Hz Voltage: 10V
Estimate Standard Sensitivity Contribution to relative Degrees of
) . . freed
Quantity /x, uncertainty Probability Z/z’clzggoo: coef/flccllent standar/dullj(réc;ertalnty re/e :m
/X / ulxi) distribution (AB) ! o !
(F/F) (WF/F) (F/F) (WF/F)
Repeatability 0 0.001 normal A 1 0.001 100
Reference 10 pF (C112) measured 6.002 0.019 normal B 1 0.019 0
with calculable capacitor
Drift of C112 0 0.002 normal B 1 0.002 30
Error of loading correction 0 0.002 rect B 1 0.002 4
Error of 10:1 transformer bridge 0.023 0.005 rect B 1 0.005 10
Error due to ambient conditions 0 0.002 normal B 1 0.002 @
Measurand value / C, : -4.372
Total type A uncertainty (uF/F) 0.001
Total type B uncertainty (uF/F) 0.020
Combined standard uncertainty / u(C,) : 0.020
Effective degrees of freedom / v.g : 211
Expanded uncertainty (95% coverage factor) 0.04

Final report - November 2018

Page 144




Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty statement for C219

Nominal capacitance value : 100 pF Frequency: 1592 Hz Voltage: 10V
Estimate Standard Sensitivity Contribution to relative Degrees of
) . . freed
Quantity /x, uncertainty Probability Z/z’clzggoo: coef/flccllent standar/dullj(réc;ertalnty re/e :m
/X / ulxi) distribution (AB) ! o !
(F/F) (WF/F) (F/F) (WF/F)
Repeatability 0 0.001 normal A 1 0.001 100
Reference 10 pF (C112) measured 6.002 0.019 normal B 1 0.019 0
with calculable capacitor
Drift of C112 0 0.002 normal B 1 0.002 30
Error of loading correction 0 0.002 rect B 1 0.002 4
Error of 10:1 transformer bridge 0.023 0.005 rect B 1 0.005 10
Error due to ambient conditions 0 0.002 normal B 1 0.002 @
Measurand value / C, : -4.724
Total type A uncertainty (uF/F) 0.001
Total type B uncertainty (uF/F) 0.020
Combined standard uncertainty / u(C,) : 0.020
Effective degrees of freedom / v.g : 211
Expanded uncertainty (95% coverage factor) 0.04
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A5-5 NMIA

Uncertainty statement for SN 01416

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty statement

Serial number of the standard capacitor: 01416

Nominal value: 10 pF

Measurement frequency: 1592 Hz

Applied voltage: 100 V

e | St | iy | S| g e
distribution standard uncertainty
(A/B)
X; X; u(x;) C ui{Cy) Vi
Calculable capacitor measurements - 0.0013 fringe Normal/A 3 uF/F/fringe 0.004 uF/F 7
Calculable capacitor - 0.034 uF/F Normal/B 1 0.034 uF/F 7.76
Bridge resolution - 0.003 uF/F Rectangular/B 2.35 0.007 uF/F Infinite
Accuracy of two-port definition - 0.001 pF/F Normal/B 1 0.001 pF/F 3
Bridge balance injection - 0.001 uF/F Normal/B 1 0.001 uF/F 3
Calibration of 10:1 ratio - 0.003 pF/F Normal/B 1 0.003 pF/F 211
Bridge voltage coefficient: 5| to C% - 0.001 uF/F Normal/B 1 0.001 uF/F 5
Voltage coefficient 5l - 0.008 uF/F Normal/B 0.99 0.008 uF/F 5
5l interpolation / extrapolation - 0.039 uF/F Normal/B 1 0.039 uF/F 60
Leads correction -0.031 uF/F 0.002 uF/F Rectangular/B 1 0.002 uF/F infinite
Temperature - 0.16 °C Normal/B 0.004 pF/F/°C 0.001 pF/F 9368
Temperature correction 0.012 pF/F/°C 0.004 pF/F/°C Normal/A 3°C 0.012 uF/F 5
Combined standard uncertainty / u, 0.054 uF/F
Effective degree of freedom / vy 42
Uncertainty statement for SN 01479
Uncertainty statement
Serial number of the standard capacitor: 01479
Nominal value: 10 pF Measurement frequency: 1592 Hz Applied voltage: 100 V
Quantity Estimate uit;r:;:iy P-rot?abiIAity cssgfsflfcl:g:; Con:relgltjit\ll:n ° Deirfees
distribution standard uncertainty freedom
(A/B)
Xi Xi u(x) Gi u(GJ vi
Calculable capacitor measurements - 0.0013 fringe Normal/A 3 uF/F/fringe 0.004 uF/F 7
Calculable capacitor - 0.034 uF/F Normal/B 1 0.034 uF/F 7.76
Bridge resolution - 0.003 uF/F Rectangular/B 2.35 0.007 uF/F Infinite
Accuracy of two-port definition - 0.001 pF/F Normal/B 1 0.001 pF/F 3
Bridge balance injection - 0.001 uF/F Normal/B 1 0.001 uF/F 3
Calibration of 10:1 ratio - 0.003 pF/F Normal/B 1 0.003 pF/F 211
Bridge voltage coefficient: 5| to C% - 0.001 uF/F Normal/B 1 0.001 uF/F 5
Voltage coefficient 51 - 0.008 uF/F Normal/B 0.99 0.008 uF/F 5
5l interpolation / extrapolation - 0.039 uF/F Normal/B 1 0.039 uF/F 60
Leads correction -0.031 uF/F 0.002 uF/F Rectangular/B 1 0.002 uF/F infinite
Temperature - 0.16 °C Normal/B 0.002 pF/F/°C 0.000 pF/F 9368
Temperature correction -0.007 uF/F/°C 0.003 uF/F/°C Normal/A 3°C 0.008 uF/F 5
Combined standard uncertainty / u. 0.054 uF/F
Effective degree of freedom / vy 40
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Uncertainty statement for SN 01677

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty statement

Serial number of the standard capacitor: 01677

Nominal value: 100 pF

Measurement frequency: 1592 Hz

Applied voltage: 10 V

Quantity Estimate uitcaer:?;;dty Erot?abil-ity :jg:flltcll\gx Con::::it\llzn t° Df?i:j:l?n?f
distribution standard uncertainty
(A/B)
X; X; u(x;) C ui{Cy) Vi
Calculable capacitor measurements - 0.0013 fringe Normal/A 3 uF/F/fringe 0.004 uF/F 7
Calculable capacitor - 0.034 uF/F Normal/B 1 0.034 uF/F 7.76
Bridge resolution - 0.003 uF/F Rectangular/B 2.55 0.007 uF/F Infinite
Accuracy of two-port definition - 0.001 uF/F Normal/B 1 0.001 uF/F 3
Bridge balance injection - 0.001 uF/F Normal/B 2 0.002 uF/F 3
Calibration of 10:1 ratio - 0.003 pF/F Normal/B 2 0.006 puF/F 211
Bridge voltage coefficient: 5| to C% - 0.001 pF/F Normal/B 1 0.001 pF/F 5
Voltage coefficient 51 - 0.008 uF/F Normal/B 0.99 0.008 uF/F 5
5l interpolation / extrapolation - 0.039 uF/F Normal/B 1 0.039 uF/F 60
Leads correction -0.046 uF/F 0.002 uF/F Rectangular/B 1 0.002 uF/F infinite
Temperature - 0.16 °C Normal/B 0.002 pF/F/°C 0.000 pF/F 9368
Temperature correction 0.005 pF/F/°C 0.001 pF/F/°C Normal/A 3°C 0.002 uF/F 5
Combined standard uncertainty / u, 0.053 uF/F
Effective degree of freedom / vy 40
Uncertainty statement for SN 01459
Uncertainty statement
Serial number of the standard capacitor: 01459
Nominal value: 100 pF Measurement frequency: 1592 Hz Applied voltage: 10 V
Quantity Estimate uit;r:?:i:iy P'rob'abil'ity ::2;2:21 Con:zgl:it\llzn t° Deirfees
distribution standard uncertainty freedom
(A/B)
Xi Xi u(xi) G ui(G) v;
Calculable capacitor measurements - 0.0013 fringe Normal/A 3 uF/F/fringe 0.004 uF/F 7
Calculable capacitor - 0.034 uF/F Normal/B 1 0.034 uF/F 7.76
Bridge resolution - 0.003 pF/F Rectangular/B 2.55 0.007 uF/F Infinite
Accuracy of two-port definition - 0.001 uF/F Normal/B 1 0.001 uF/F 3
Bridge balance injection - 0.001 pF/F Normal/B 2 0.002 uF/F 3
Calibration of 10:1 ratio - 0.003 uF/F Normal/B 2 0.006 UF/F 211
Bridge voltage coefficient: 5| to C% - 0.001 uF/F Normal/B 1 0.001 uF/F 5
Voltage coefficient 5I - 0.008 uF/F Normal/B 0.99 0.008 uF/F 5
Sl interpolation / extrapolation - 0.039 uF/F Normal/B 1 0.039 uF/F 60
Leads correction -0.046 uF/F 0.002 pF/F Rectangular/B 1 0.002 uF/F infinite
Temperature - 0.16 °C Normal/B 0.006 uF/F/°C 0.001 uF/F 9368
Temperature correction -0.020 pF/F/°C 0.001 uF/F/°C Normal/A 3°C 0.002 uF/F 5
Combined standard uncertainty / u, 0.053 uF/F

Effective degree of freedom / vy

40
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

A5-6 NPL

Uncertainty Budget

The uncertainty budget for the two NPL capacitors have been reported as instructed by the protocol
document in table form - see Appendix B.

The total expanded uncertainties are 0.238 pF/F for 10 pF, and 0.226 pF/F for 100 pF. The 1o
uncertainty of the traceability chain was estimated in ref. [1] to be 0.041 ppm. During the course of this
comparison 6 traceability measurements were performed, and the scatter of the resulting values of QC1 (1
nF), QC2 (1 nF) and 143 (100 pF) were found not to be consistent with this uncertainty. Analysis of the AC
bridge balance settings strongly suggests a source of randomness is present in the 100:1 equal-power
resistance bridge although the problem has not yet been identified. An additional type A uncertainty term
of 0.08 pF/F has been added to the uncertainty budget, based on a rectangular distribution fitted around
the upper and lower limits of the 6 values from the traceability measurements. A rectangular distribution
is appropriate because the problem is not sufficiently well understood to justify a normal distribution.
Instability in the current transformer ratio used in the 100:1 bridge contributes to scatter in the values of
the traceability capacitors. Consequently this instability is not accounted for separately in the breakdown
of the type B uncertainty of the 100:1 bridge. The resulting final uncertainty budget is considerably larger
than that presented in [1] but it is an accurate representation of our confidence in the measurements at
the time of the comparison.

Additional comments on the uncertainty budget:

e The 100 pF ( S/N 01100) capacitor was measured at 100 V. Its value at 10 V is reported after
applying a voltage co-efficient correction. The voltage correction was (0.06 + 0.03) uF/F, estimated
from 1:1 measurements against 100 pF S/N 143, which has a known voltage coefficient. For the 100
pF capacitor, the uncertainty in the voltage co-efficient is the second largest component in the
uncertainty budget after the 0.08 puF/F type A component associated with the traceability bridges.

e To simplify the data analysis, temperature corrections were not applied for the NPL standard
capacitors. Instead, an additional component was added to the uncertainty budget to cover the
maximum range of temperature recorded for the standards during the measurement campaign. This
resulted in negligible increase to the overall uncertainty for both the AH 10 pF and AH 100 pF
capacitors.

e Values of the 10 pF capacitor measured at NPL before the shipment to BIPM exhibited anomalous
scatter. The type A uncertainty of the this capacitor was estimated from a rectangular distribution
fitted around the upper and lower limits of its measured value before the transfer. This yielded a
contribution of 0.049 uF/F, which is the second largest term in the uncertainty budget for 10 pF.

e The number of degrees of freedom, as calculated using the Welch-Satterwaite equation, is relatively
small (8 in the case of 100 pF). This is because the largest term in the uncertainty budget is evaluated
as a type A contribution from only 6 traceability measurements of the NPL standards. Consequently
the expanded uncertainty is obtained from the standard uncertainty by multiplying by a factor >2,
obtained from t-distribution tables.

e The small type B uncertainty terms associated with the AC/DC transfer resistor, 100:1 equal-power
resistance bridge, quadrature bridge and 10:1 bridge, were taken from [1]. These terms capture cable
effects, IVD linearity, 10:1 transformer ratio correction etc.

There is no evidence that they have changed since the publication of [1].

References

[1] S A Awan, R G Jones and B P Kibble 2003 Metrologia 40 264-270.
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty statement for S/N 01101

Nominal capacitance value : 10 pF Frequency: 1.592 kHz Voltage: 100V
Estimate Standard Sensi'ti}/ity Contribution to relative Degrees of
Quantity /% uncertainty Probability Methoq of coefficient standard uncertainty freedom
/ X; / ulx) distribution evazgjzt)lon /< / u(Cy) /v
’ (UF/F)

AC/DC transfer resistor (CCCs) 1kQ 0.023 uQ/Q Rectangular B 1 0.023 oo
AC resistors (100:1 bridge) 100 kQ 0.019 pQ/Q Rectangular B 1 0.019 o
Known capacitors (quad bridge) 1nF 0.018 uQ/Q Rectangular B 1 0.018 oo
Known capacitors (quad bridge) 1nF 0.08 fF Rectangular A 1 0.08 5
Known capacitors (10:1 bridge) 100 pF 0.014 pF/F Rectangular B 1 0.014 oo
Temp. variation of NPL 100 pF Std. 0K 0.0011 K Rectangular A 127 (uF/F) /K 0.038 21
Temp Correction of S/N 01101 0.005 (uF/F)/K | 0.0029 (uF/F)/K | Rectangular B 3K 0.009 oo
Volt. Correction of 100 pF 0 (uF/F)/V 0.0001 (uF/F)/V | Rectangular B 90V 0.009 oo
Unknown capacitor (10:1 bridge) 10 pF 0.014 pF/F Rectangular B 1 0.014 oo
Unknown capacitor (10:1 bridge) 10 pF 0.049 Rectangular A 1 0.049 21
Measurand value / C, : 9.99995757 pF
Total type A uncertainty (uF/F) 0.1012
Total type B uncertainty (uF/F) 0.0420
Combined standard uncertainty / u(C,) : 0.1096 | uF/F
Effective degrees of freedom / v : 16
Expanded uncertainty (95% coverage factor) 0.238 | From t-distribution, k = 2.17 for 16 degrees of freedom

N.B. Rows highlighted in green, associated with the 100:1 equal power resistance bridge, quadrature bridge and 10:1 capacitance bridge, are further broken down in three

additional uncertainty tables.
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty statement for S/N 01100

Nominal capacitance value : 100 pF Frequency: 1.592 kHz Voltage: 10V
Estimate Standard Sensitivity | Contribution to relative Degrees of
Quantity /X uncertainty Probability Methoc! of coefficient standard uncertainty freedom
/X / ulx) distribution eva(kzt)mn /ci /ui(Cy) /v
' (WF/F)

AC/DC transfer resistor (CCCs) 1kQ 0.023 uQ/Q Rectangular B 1 0.023 oo
AC resistors (100:1 bridge) 100 kQ 0.019 pQ/Q Rectangular B 1 0.019 oo
Known capacitors (quad bridge) 1nF 0.018 uQ/Q Rectangular B 1 0.018 o
Known capacitors (quad bridge) 1nF 0.08 fF Rectangular A 1 0.08 5
Temp. variation of NPL 1nF Std. 0K 0.0021K Rectangular A 12 (uF/F) /K 0.007 21
Temp. correction of S/N 01100 0.005 (uF/F)/K 0.0029 (uF/F)/K Rectangular B 3K 0.009 oo
Unknown capacitors (10:1 bridge) 100 pF 0.014 pF/F Rectangular B 1 0.014 oo
Voltage correction of unknown 0.0007 (uF/F)/V 0.00033 (uF/F)/V Rectangular B MV 0.03 oo
Unknown capacitor (10:1 bridge) 100 pF 0.017 Rectangular A 1 0.017 21
Measurand value / C, : 99.9996806 pF
Total type A uncertainty (uF/F) 0.08209
Total type B uncertainty (uF/F) 0.04890
Combined standard uncertainty / u(C,) : 0.09555 | uF/F
Effective degrees of freedom / v : 8 | Rounded down from 8.3
Expanded uncertainty (95% coverage factor) 0.226 | From t-distribution, k = 2.37 for 8 degrees of freedom

N.B. Rows highlighted in green, associated with the 100:1 equal power resistance bridge, quadrature bridge and 10:1 capacitance bridge, are further broken down in three
additional uncertainty tables.
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainties for 100:1 equal-power resistance bridge taken from [1] Awan, Kibble and Jones, Metrologia vol. 40, 264 (2003)

Estimate Standard Sensitivity Contribution to relative Degrees of
3 . . freed
Quantity /x uncertainty Probability 2/\2’:2:300: coef/flé:.lent standar/dug(réc)ertalnty re/e Vém
/X / ufx) distribution ! X !
(A,B)
(HF/F)

Current transformer ratio 1O(1—0.465x10'6) 1.40x10° Rectangular B 1 0.014 co
Bridge Network corrections 0 1.00x10°® Rectangular B 1 0.01 oo
Voltage transformer ratio 10(1-0.323x10°°) 6.00x10° Rectangular B 1 0.006 oo
Temperature Drift corrections 0 6.00x10” Rectangular B 1 0.006 co

Total type A uncertainty (uF/F) 0
Total type B uncertainty (uF/F) 0.019
Combined standard uncertainty / u(C,) : 0.019
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainties for Quadrature bridge taken from [1] Awan, Kibble and Jones, Metrologia vol. 40, 264 (2003)

Estimate Standard Sensitivity Contribution to relative Degrees of
3 . . freed
Quantity /x uncertainty Probability 2/\2’:2:300: coef/flé:.lent standar/dug(réc)ertalnty re/e Vém
/X / ufx) distribution ! X !
(A,B)
(HF/F)
Frequency 1591.54878 Hz 0.014 uHz/Hz Rectangular B 1 0.014 oo
Bridge Network corrections 0 5.00x10” Rectangular B 1 0.005 oo
Harmonic rejection 0 1.00x10°® Rectangular B 1 0.01 oo
Temperature Drift corrections 0 4.00x10° Rectangular B 1 0.004 co
Total type A uncertainty (uF/F) 0
Total type B uncertainty (uF/F) 0.018
Combined standard uncertainty / u(C,) : 0.018
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainties for 10:1 Capacitance bridge taken from [1] Awan, Kibble and Jones, Metrologia vol. 40, 264 (2003)

Estimate Standard Sensitivity Contribution to relative Degrees of
Quantity /x uncertainty Probability Me:hos of coef/ficlient standar/d q(réc;ertainty fre/edém
/X / u(x) distribution eva(Au,?a)lon i Uil®x Vi
(UF/F)

Bridge Network corrections 0 1.00x10° Rectangular B 1 0.01 co
Voltage Transformer ratio 10(1+0.323x10°°) 6.00x10” Rectangular B 1 0.006 o
Injection IVD linearity correction 0 5.00x10” Rectangular B 0.0001 0.005 oo
Temperature Drift corrections 0 6.00x10” Rectangular B 1 0.006 co
Total type A uncertainty (uF/F) 0
Total type B uncertainty (uF/F) 0.014
Combined standard uncertainty / u(C,) : 0.014
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

A5-7 PTB
Nominal capacitance value: 100 pF Frequency: 1233.15 Hz Voltage: 10V
. Standard - o Contribution to
: Estimate x; - Probability | Sensitivity : Degree of
Quantity X; uncertainty u(x;) S - standard uncertainty | Type .
(UF/F) (NFIF) distribution | coefficient (NF/F) freedom v;
. - 2.45 1.23 A 36
Quadrature bridge deviation Aq -54.0 6.03 normal 0.5 3.02 B 24
L 2.59 1.30 A 6.4
10 nF:1 nF deviation A, -12.7 523 normal -0.5 112 B 15
L 2.59 1.30 A 6.4
10 nF:1 nF deviation A, -23.7 223 normal -0.5 112 B 15
o 1.16 1.16 A 69
1 nF:100 pF deviation A; -11.6, -3.8 240 normal -1 240 B ”
10:1 deviation 6 0.4 1.8 normal -2 3.6 B 8.6
linear voltage dependence of 9, < 9
<5-10°/100 V 1.6 t I -2 1.8 B
§ calibrated at 37 V instead of 5.5 V reclanguiar *
unintended magnetisation of 10:1 ratio <30 rectangular > 35 B w0
transformer
transfer instability of 10 nF standards 2.3 normal 1 2.3 A )
transfer instability of 1 nF standard 1.0 normal 1 1.0 A 00
temperature instability of AH 100 pF 28 normal 1 28 A o
standards
Total type A uncertainty: 4.51 nF/F
Total type B uncertainty: 6.77 nF/F
Combined standard uncertainty uc: 8.14 nF/F
Effective degree of freedom v 193
Expanded uncertainty: 16.3 nF/F
"MV+10V+100V)3=37Vand (1V+10V)2=55V
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Nominal capacitance value: 10 pF

Frequency: 1233.15 Hz

Voltage: 100 V

. . Standard . o Contribution to
Quantity X; Estlrr;?;e Xi uncertainty u(x;) (;Dirs?ﬁgﬁltlilc% (?c?gfsf:g:/elx standard uncertainty | Type f?:gc;i?no\t-
(MF/F) (nFIF) (nF/F) |
2.45 1.23 A 36
i iati -54. | .
Quadrature bridge deviation Aq 54.0 6.03 norma 0.5 302 B aa
- 2.59 1.30 A 6.4
10 nF:1 nF deviation A, -12.7 523 normal -0.5 112 B 15
- 2.59 1.30 A 6.4
10 nF:1 nF deviation A, -23.7 523 normal -0.5 112 B 15
o 1.16 1.16 A 69
1 nF:100 pF deviation A3 -11.6, -3.8 240 normal -1 > 40 B ”
100 pF:10 pF deviation A <1 118 normal 1 118 A 53
pr- 15 P deviation As 2.35 2.35 B o
10:1 deviation & (calibrated at 37 V ?) 04 1.8 normal -3 54 B 8.6
unintended magnetisation of ratio <30 rectangular 3 59 B ©
transformer
transfer instability of 10 nF standards 2.3 normal 1 23 A ©
transfer instability of 1 nF standard 1.0 normal 1 1.0 A )
transfer instability of AH 100 pF 28 normal 1 28 A ©
standards
temperature instability of AH 10 pF 28 normal 1 28 A o
standards
Total type A uncertainty: 5.44 nF/F
Total type B uncertainty: 8.89 nF/F
Combined standard uncertainty uc: 10.4 nF/F
Effective degree of freedom ves: 115
Expanded uncertainty: 20.9 nF/F
? Under this condition, the effect of a possible weak linear voltage dependence cancels because (1 V + 10 V + 100 V)/3 = 37 V.
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Nominal capacitance ratio: 100 pF:10 pF

Frequency: 1233.15 Hz

Voltage: 100 V:10 V

. Standard - o Contribution to
_ Estimate x; . Probability | Sensitivity : Degree of
Quantity X; uncertainty u(x;) v o standard uncertainty | type .
(UF/F) (NFIF) distribution | coefficient (nE/F) freedom v;
1.18 1.18 A 53
100 pF:10 pF deviation A4 <1 normal -1
2.35 2.35 B ©
10:1 deviation 6 0.4 1.8 normal -1 1.8 B
linear voltage dependence of 9, 9
<5-107/100 V 3.2 rectangular -1 1.8 B
d calibrated at 37 V instead of 100 V o %
unintended magnetisation of ratio <30 rectangular 1 17 B ©
transformer
temperature instability of 100 pF 28 normal 1 28 A o
standards
temperature instability of 10 pF 238 normal 1 28 A o
standards
Total type A uncertainty: 4.13 nF/F
Total type B uncertainty: 3.86 nF/F
Combined standard uncertainty uc: 5.65 nF/F
Effective degree of freedom v o0
Expanded uncertainty: 11.3 nF/F
Final report - November 2018 Page 156




Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty of Ag of the quadrature bridge at 1233 Hz

Source distribution uncertainty, sensitivity coefficient uncert?:iLrgg/) =1 type Y

detector noise normal 6.6 n;/eitsr==1 122 3\3 /];%r.\g’?l;dquor en\]/\e/r)se at 20 A 4
detector offset normal <3nVat sens=1.2 uv/10° 2.5 B 4
main in-phase injection normal 0.3 B 4
frequency normal Aolo < 4-10™ 0.08 B 4
ac QHR normal 4.0 B )
phase error of quadrature injection rectangular 0.4 B )
Wagner rectangular 4 dials 1.0 A )

;ejiﬁi:?)l/ itr)na tl)aallle::r;czse of current sources rectangular 4 dials 1.0 A o0
twin-T rectangular 5 dials 0.04 A o0

harmonic distortion normal <20 B 4
lead correction normal 1.4 B 4
equaliser evaluation normal 55-10° x 5% 2.8 B 4
_ type A 2.45 36

eifective degres of freedom | YPe B 6.03 4

combined 6.50 52
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty of A;,, Az and A, of the 10:1 ratio bridge at 1233 Hz

The different 10:1 ratios are colour-coded: A;, (10 nF:1 nF), As (InF:100 pF) und A4 (100 pF:10 pF). Uncertainty contributions quoted in black equally apply to all 10:1 ratios.

Source Distribution Uncertainty, sensitivity Uncertainty (k = 1) (10) type v
=79nV,1=12 =10V

s sgns = ?3.48 u(\)/S/ 1%'6 o 23 A 4

detector noise normal Upet :Sgéﬁsnl/’1t72%(i/3/ 1U0§ 10V, 0.57 A 4

o O 80 U NE

ADp/Dp = 1.9-10°°, Dp = 24-10° 0.45 B

in-phase injection IVD normal Dp < 10-10°® 0.19 B ©

Dp < 10-10° 0.19 B o

phase error of quadrature IVD rectangular 80-10° x 6.2 uV/V 0.50 B 0

cable corrections rectangular sensitivity = 1 017 B 0

Aglp <4107, Dg = 40-10° 1.6 B 4

phase shifter normal Aglg <4-10°, Dy < 3.10° 0.12 B 4

Aglp <410 Dg < 3.10° 0.12 B 4

0.3 0.3 A 0

current source 1 rectangular 0.1 0.1 A o0

0.2 0.2 A 0

residual 0.3 0.3 A ©

imbalance of | current source 2 rectangular 0.1 0.1 A 0

auxiliary 0.1 0.1 A o0

balances 0.5 0.5 A 0

Kelvin rectangular 0.1 0.1 A 0

0.1 0.1 A ©

Wagner rectangular 1.0 1.0 A 0
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

1.2 B
evaluation of equalisers normal sensitivity = 1 2.0 B 0
2.0 B
<25nVv 0.7 B o
detector offset normal <20 nV 1.2 B 0
<30 nV 1.1 B 0
2.59 6.4
type A 1.16 69.6
1.18 72.7
total uncertainty (k = 1) 2.23 15.1
and effective degree of type B 2.40 0
freedom: 2.35 0
3.42 15.8
combined 2.67 ©
2.63 0
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A5-8 VNIIM

Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty statement

Nominal capacitance value : 10 pF

Frequency : 1592 Hz

Voltage : 98V

. . Sensitivity Contribution to relative
Quantity Estimate Standard uncertainty Probability coefficient standard uncertainty Degrees of
/ Xi /% / ulx) distribution / ci / ui(Cy) freedom
' (mention unit) (mention unit) L . / Vi
(mention unit) (LF/F)
1. Capacitance measurement
10 pF 0.01 pF/F Normal 1 0.01 9

(type A) P HE/
2. Uncertainty of the reference
value - group standard mean
value derived from VNIIM cross 9.9999 142 pF 0.08 puF/F Normal 1 0.08 200
capacitor (type B)
3. Uncertainty of the reference
standard during measurement 0 0.02 puF/F Normal 1 0.02 16
(type B)
4. Uncertainty components
relative to the measuring
bridge (type B):
- ratio 1.00000000 0.02 pF/F Rectangular 1 0.02 13
- bridge voltage coefficient 0 0.02 uF/F Rectangular 1 0.02 17
- bridge loading coefficient 0 0.008 pF/F Rectangular 1 0.008 22
- nonlinearity of variable 0 0.01 pF/F Rectangular 1 0.01 6
capacitor
'(O??;‘é;ature component effect 0 0.025 uF/F Rectangular 1 0.025 9
- detector noise 0 0.01 puF/F Normal 1 0.01 6
Measurand value / Cy: 10 pF
Combined standard uncertainty / u(C) : 0.093 uF/F
Effective degrees of freedom / veg: 36
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Uncertainty statement

Nominal capacitance value : 100 pF

Frequency : 1592 Hz

Voltage:9.8V

. . Sensitivity Contribution to relative
Quantity Estimate Standard uncertainty Probability coefficient standard uncertainty Degrees of
/ Xi Juxy) o freedom
/X (mention unit) (mention unit) distribution /ci [ u(G) / Vi
(mention unit) (uF/F) '

1. Capacitance measurement
(type A) 100 pF 0.01 uF/F Normal 1 0.01 9
2. Uncertainty of the reference
value - group standard mean
value derived from VNIIM cross 9.9999 142 pF 0.08 puF/F Normal 1 0.08 200
capacitor (type B)
3. Uncertainty of the reference
standard during measurement 0 0.02 puF/F Normal 1 0.02 16
(type B)
4. Uncertainty components
relative to the measuring
bridge (type B):
- ratio 10.0000034 0.11 puF/F Rectangular 1 0.11 13
- dependence of ratio on
applied voltage 0 0.02 puF/F Rectangular 1 0.02 17
- dependence of ratio on 0 0.008 uF/F Rectangular 1 0.008 22
capacitive load
i nonl.lnearlty of variable 0 0.01 uF/F Rectangular 1 0.01 6
capacitor
io?‘ilr?%;amre component effect 0 0.025 pF/F Rectangular 1 0.025 9
- detector noise 0 0.01 pF/F Normal 1 0.01 6

Measurand value / Cy: 100 pF

Combined standard uncertainty / u.(C,) : 0.145

Effective degrees of freedom / veg: 36

NOTE: Uncertainty statement of the 100 pF standard #02207 have been revised by VNIIM after the issue of the first version of draft A (increase of the uncertainty
component on the 10:1 ratio). This revision had the effect to increase the combined uncertainty by about 55 ppb.
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

ANNEX 6: General conditions of measurement

Institute BIPM METAS NIM NIST
Measurand = 2 TP
capacitance value at the
. . Yes Yes Yes Yes
input terminals of the
AH capacitors
Reported capacitance
values corrected from Yes Yes Yes Yes
cable effect
2020.5°C- 22+0.5°C-
temperature .
Temperature of dependence uncertainty
see table below 233 +0.5°C component to
measurement evaluated and .
cover deviation
value reported at from protocol
23+0.5°C p
Humidity range during | 000 1ol 40+10% 50+10% 45+ 10 %
measurement period
Pressurerange during | . v pelow | 956+ 12 hPa 1008 + 7 hPa 1003 + 10 hPa
measurement period
100V for 10 pF 100V for 10 pF 100V for 10 pF 100V for 10 pF
Applied voltage
10V for 100 pF 10V for 100 pF 10V for 100 pF 10V for 100 pF
1233 Hz
Frequency 1592 Hz interpolated to 1592 Hz 1592 Hz
1592 Hz by the
BIPM
Traceability from a
calculable capacitor or Last Rx CODATA | Last Rx CODATA Calculable Calculable
from last Rx CODATA adjustment adjustment capacitor capacitor
adjustment
Local mains voltage 230V /50Hz 230V /50Hz 220V /50Hz 120V /60 Hz
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Institute NMIA NPL PTB VNIIM
Measurand = 2 TP
capacitance value at the
. . Yes Yes Yes Yes
input terminals of the
AH capacitors
Reported capacitance
values corrected from Yes Yes Yes Yes
cable effect
Temperature of 19.9£0.4°C- 20.0 °C corrected . 20.1£0.5°C-
measurement value reported at for 23°C 23.0 +0.2 °C corrected for
23 °C 23°C by the pilot
Humidity range during
- 53+29% 44+ 12 % 39.5+2 % 30+10%
measurement period
Pressurerange during | .0, 1010, | 1014+ 24 hPa 1004 * 1 hPa 1013 * 23 hPa
measurement period
100V for 10 pF 100V for 10 pF 100V for 10 pF 98V for 10 pF
Applied voltage 100V for 100 pF
10V for 100 pF corrected for 10V for 100 pF 9.8V for 100 pF
A%
1233.15 Hz
Frequency 1592 Hz 1592 Hz interpolated to 1592 Hz
1591.55 Hz
Traceability from a
calculable capacitor or Calculable Last Rx CODATA | Last Rx CODATA Calculable
from last Rx CODATA capacitor adjustment adjustment capacitor
adjustment
Local mains voltage 230V /50 Hz 230V /50 Hz 230V /50 Hz 230V /50 Hz
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Comparison CCEM-K4.2017 of 10 pF and 100 pF capacitance standards

Ambient conditions during measurement at the BIPM

Mean ambient Mean atmospheric Mean relative
temperature (°C) pressure (hPa) humidity (%)
BIPM vs METAS 233 £0.1 1007 £15 49 +8
BIPM vs NIM 234 +£0.2 1007 +16 50 9
BIPM vs NIST 233 0.2 1008 + 16 49 +6
BIPM vs NMIA 233 0.2 1007 14 49 +7
BIPM vs NPL 233 £0.2 1007 £16 50 +8
BIPM vs PTB 23.3 £0.2 1007 +15 49 +8
BIPM vs VNIIM 233 0.3 1006 * 14 52 =9
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