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Bilateral Comparison of 10 kΩ Standards  

(ongoing BIPM key comparison BIPM.EM-K13.b) 

between the NML and the BIPM, April 2006 

 

A comparison of the 10 kΩ reference standards of the BIPM and the National 

Metrology Laboratory (NML, Ireland) was carried out from February to July 2006. Two 

BIPM 10 kΩ travelling standards, B10k08 and B10k09, were shipped to the NML by air 

courier. Both before and after the measurements at the NML, the standards were measured at 

the BIPM. All three measurement periods were of approximately one month duration. 

The BIPM measurements were carried out by comparison with a 100 Ω reference 

resistor whose value is known with respect to the BIPM quantized Hall resistance (QHR) 

standard. The current in the 10 kΩ resistors during the measurements at the BIPM was 

0.1 mA. The NML carried out measurements of the travelling standards against 10 kΩ 

reference resistors by a substitution method using a current comparator resistance bridge. The 

NML reference standards are maintained with respect to RK-90 by means of periodic 

calibrations and comparisons with the BIPM and by extrapolation of the behaviour over time 

of its reference group. The measuring current used at NML was 0.5 mA. 

The reference conditions were a temperature of 23 °C and pressure of 101 325 Pa. Both 

NML and BIPM measurements were carried out at temperatures close to the reference 

temperature, to within 0.5 °C. Results of all NML and BIPM measurements were corrected to 

23 °C and 101 325 Pa using the known temperature and pressure coefficients of the travelling 

standards and the recorded values of ambient temperature and pressure. 

The reference standards of the two participants are clearly closely correlated, as the 

NML takes its traceability from the BIPM.  The effect of this correlation is reduced by the 

size of the time lapse since the last comparison of NML's standards with those of the BIPM. 

This took the form of comparison BIPM.EM-K13.a in April 2004. 

 

Figures 1 and 2 show the measured values obtained (after correction to the reference 

temperature) for the two standards by the two laboratories. The resistances of the standards 

are assumed to vary linearly over time, and linear least-squares fits to the BIPM data for each 

standard are used to provide the comparison reference. The results of the comparison are 

presented as the differences between the mean values measured at NML and the values 

calculated for the same date from the fitted BIPM data. The reference date of the comparison 

is thus the mean date of the NML measurements, 13 April 2006. 
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Table 1 lists the results for the comparison and the uncertainty contributions as separate 

Type A and B components for both laboratories. The following elements are listed: 

 
(1) the mean resistance value RNML of each resistor measured by the NML 

(2) the Type A uncertainty due to the instability of the resistors and the measuring equipment, 

computed as the standard uncertainty of the mean value; 

(3) the Type B uncertainty component due to the measuring equipment of the NML. This 

uncertainty is partially correlated between the different travelling standards used for a 

comparison and the contributions that are completely or partially correlated are indicated by 

asterisks (*) in Table 3; 

(4-6) the corresponding quantities for the BIPM; the Type A uncertainty for the resistance 

value at the reference date is calculated from the least-squares linear fit; 

(7) the difference (RNML − RBIPM) for each resistor, and (8) the clearly uncorrelated (Type A) 

part of the uncertainty; 

(9) the result of the comparison, which is the mean of the differences of the calibration results 

for the two standards; 

(10) the standard uncertainty on this mean difference (including Type A and Type B 

components from both laboratories). 

 

Table 2 lists the Type B uncertainties associated with maintenance and measuring 

equipment at the BIPM and Table 3 lists the corresponding uncertainties for the NML. 

 

No key comparison reference value (KCRV) is needed in this bilateral comparison to 

calculate the degree of equivalence (DoE) between the NML and the BIPM. The two 

differences (7 above), which allow for the behaviour of each standard individually, are 

combined as a simple mean (9) to give the DoE given below. The combined uncertainty of the 

mean difference (10) provides the uncertainty on this DoE. However, in order to link this 

result to results from other participants in comparison BIPM.EM-K13.b, the KCRVB is as 

usual taken to be the BIPM value.  

 

The measured resistances and differences in table 1 are given with their corresponding 

absolute standard uncertainties (1 σ estimates, in mΩ). The final result of the comparison is 

presented as the degree of equivalence between the NML and the BIPM for values assigned to 

10 kΩ standards, DNML, and its expanded uncertainty, UNML (k=2, 95% confidence level) both 
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expressed in 10−8 (i.e. as relative values, where 1 × 10−8 = 0.1 mΩ on a measurement of 

10 kΩ): 

DNML = (RNML − RBIPM) / 10 kΩ = + 28 × 10−8 

UNML = 92 × 10−8 

This is a most satisfactory result. The difference between the values assigned to the 

travelling standards by the two laboratories is less than the expanded uncertainty associated 

with the difference. The calibration and measurement capability (CMC) of NML held in the 

BIPM key comparison database appendix C for measurements of 10 kΩ standards is 15 mΩ 

(i.e. 150 × 10−8). This comparison result clearly supports this CMC. 

Comments: 

More qualitative information can also be gained from the comparison data, particularly 

by inspection of figures 1 and 2.  Multiple standards and the ‘A-B-A’ pattern of measurements 

are used to reduce the effects of instabilities of the standards on the comparison. From figures 

1 and 2, it is clear that, at least at the level of interest defined by the NML uncertainties, the 

behaviour of the standards is not a limiting factor in this comparison. The linear drift rates 

obtained for the standards during the period of this comparison have also been compared to 

the historical data maintained at the BIPM for each standard (covering approximately the last 

5 years), and a satisfactory agreement was found. 

The consistency of any difference observed for the two standards (i.e. the difference 

between the differences (7)) can be very revealing. In this case, both standards show a 

difference of the same sign and similar magnitude. The size of the offset is significant 

compared to the Type A uncertainties, but not compared to the total NML uncertainties. This 

comparison thus reveals a small discrepancy between the resistance values assigned at 10 kΩ 

at NML and BIPM, which could be due to a shift in the reference standards since the last 

calibration or the result of an uncorrected error in the measurement apparatus. The offset is 

adequately covered by the Type B uncertainties assigned by the NML, and is not significant 

compared to the laboratory CMC for this measurement. 

The measurement current in the travelling standards during this comparison was 0.1 mA 

in one laboratory and 0.5 mA in the other. The type of travelling standards used have 

previously been characterised for possible power or voltage coefficients, however, and this 

difference does not significantly increase the uncertainty of the comparison. (An uncertainty 

contribution of 1 × 10−8 is included in table 3 to cover any possible effect.) 
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Figure 1: Relative deviation from the nominal 10 kΩ value of the resistance of B10k08 vs 

time: individual measurements of the BIPM and NML, a linear least-squares fit to the BIPM 

measurements and the reported mean and expanded uncertainty of the NML measurements. 
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Figure 2: as figure 1, but for resistor serial number B10k09 
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Table 1. Results of the NML/BIPM bilateral comparison of 10 kΩ standards using two BIPM 
travelling standards: mean date 13 April 2006. Uncertainties are 1 σ  estimates. 
 

  B10k08 B10k09 
1 NML (R  − 10 kΩ) / mΩ +6.69 −1.33 
2  Type A uncertainty / mΩ 0.10 0.10 
3  Type B uncertainty / mΩ 5.1  
4 BIPM (R  − 10 kΩ) / mΩ +4.05 −4.33 
5  Type A uncertainty / mΩ 0.03 0.04 
6  Type B uncertainty / mΩ 0.15  
7  (RNML − RBIPM) / mΩ +2.64 +3.00 
8  combined Type A uncertainty/ mΩ 0.10 0.11 

9 Mean difference: < RNML − RBIPM> / mΩ +2.8  

10 Total uncertainty on mean difference / mΩ 4.6  

 
Table 2.  Estimated Type B standard uncertainties, relative to the nominal value, for 10 kΩ 
calibrations with the BIPM equipment. A relative uncertainty of 1 × 10−9 corresponds to 
0.01 mΩ. 

Realization of RH(2) 2 × 10−9 

Ratio of 10 kΩ transfer resistor to RH(2) 6 × 10−9 
DC/AC difference (at 1 Hz) of the transfer resistor 2 × 10−9 
Comparison of transfer resistor to 10  kΩ reference resistors 5 × 10−9 
Imprecision in the values of the reference resistors (including 
uncertainties in extrapolated resistance values and residual power, 
temperature and pressure effects) 

10 × 10−9 

Comparison of the travelling standards to the reference resistors 5 × 10−9 
Uncertainty in the temperature correction for the travelling standard 2 × 10−9 
Uncertainty in the pressure correction for the travelling standard 4 × 10−9 
rss total 15 × 10−9 

 
Table 3.  Estimated Type B standard uncertainties, relative to the nominal value, for 10 kΩ 
calibrations with the NML equipment. A relative uncertainty of 1 × 10−8 corresponds to 
0.1 mΩ. Asterisks (*) indicate components that are either completely correlated or probably 
significantly correlated when measuring different travelling standards. 

Calibrated value and drift correction of the 10 kΩ reference standard* 40 × 10−8 

Bridge ratio 30 × 10−8 
Uncertainty in the temperature and pressure corrections of the 
reference standard * 

1 × 10−8 

Possible change in value of travelling standard between 0.1 mA and 
0.5 mA measuring current * 

1 × 10−8 

Possible effect of leakage resistances 10 × 10−8 
rss total 51 × 10−8 
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The following reasoning is applied to the calculation of the uncertainty on the mean 
difference. For n measurements of a variable x, 1

1

n
ii

x n x−
=

= ∑  and     
2 2 2 2 2 2

A B1 1 1
var( ) var( ) [ ( ) ( )]n n n

i ii i i
x n x n n i i− − −

= = =
= = = +∑ ∑ ∑σ σ σ  , (1) 

where 2
B ( )iσ is the Type B variance (one that is not evaluated by statistical methods) that is 

uncorrelated between different xi and, for all i, is equal to 2
Bσ .  A second Type B variance 

2
B*( )iσ is the correlated Type B variance equal to 2

B*σ  for all i. The total variance of the mean 
difference is the sum of var( )x from (1) and 2

B*σ . 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


