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1 Introduction 

Under the Mutual Recognition Arrangement (MRA)1 the metrological equivalence of national measurement standards 
will be determined by a set of key comparisons chosen and organized by the Consultative Committees of the CIPM 
working closely with the Regional Metrology Organizations (RMOs). At its meeting in March 1997, the Consultative 
Committee for Photometry and Radiometry, CCPR, identified several key comparisons in the field of optical radiation 
metrology, one of which is spectral responsivity. A working group in charge of planning these key comparisons decided 
to split this task into three distinct comparisons: K2.a: IR (900 nm – 1600 nm), K2.b: VIS (300 nm – 1000 nm) and 
K2.c: UV (200 nm – 400 nm). For the IR wavelength range the CCPR key comparison CCPR-k2.a-2003 on spectral 
responsivity has been carried out, piloted by NIST, with the final report published in 2010 [1]. 

The Euramet.PR-K2.a comparison on responsivity for the wavelength range 900 nm to 1600 nm, as described in this 
report, was carried out to establish the degree of equivalence for the participating European laboratories with respect 
to the Key Comparison Reference Value (KCRV) of the CCPR-K2.a-2003 comparison. VSL (Netherlands) is the pilot 
of this comparison. Both VSL and NPL (UK) act as link laboratories to the CCPR-K2.a-2003 comparison. The Technical 
protocol of the Euramet.PR-K2.a comparison was prepared in 2010 and approved and uploaded to KCDB in 2011. 
Measurements have started in 2011. In 2018 the pre-draft A process was completed (verification of reported results, 
review of uncertainty budgets and review of relative data).  

The Draft A1 report was delivered to the participants in May 2019. Based on the comments to the Draft A1 report, the 
report has been updated to a Draft A2 version, which was distributed in January 2020. No further comments to the 
Draft A2 report, except minor editorial ones, were received from the participants. The Draft B report was approved by 
CCPR WG-KC and by CCPR in May 2020. 

This report provides an overview of the comparison, a description of the characterization of the reference detectors, 
the data-analysis, participant results and the degree of equivalence of participating laboratories with CCPR KCRV. 
The full Technical Reports of the participants are included in the Appendix. In the Appendix also the changes to the 
participant reports resulting from the Pre-Draft A phase and the Draft A1 report have been listed. 

 
1  MRA, Mutual Recognition Arrangement, BIPM, 1999. 
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2 Organization of the Key Comparison 

In this Key Comparison 7 laboratories, including the pilot laboratory, participated. An overview of participating 

laboratories is given in Table 1. METAS withdrew from the comparison in 2014. The comparison was performed in a 

three group star scheme (Figure 1). 

The comparison was carried out through the calibration of a group of single Germanium (Ge) photodiodes (labeled 

DGTx, with x an integer). A schematic outline of the detectors is shown in Figure 2. The measurement artefacts are 

single element photodiodes of type GM10HS (square 10x10 mm), purchased from GPD Optoelectronics Corp. The 

photodiode is separated from the working aperture (6 mm) by a Schott RG FGL715 glass filter. The filter is used as a 

transmission window between 750 nm and 2000 nm, and to prevent fatigue effects in the Ge photodiode. The 

detectors are mechanically robust but sensitive to dust and pollution. Precautions have been taken to avoid pollution, 

as described in the Technical protocol of the comparison. The detector DGT2 has been replaced by DGT12 because 

DGT2 was damaged during transport. All participants have measured the spectral responsivity of a set of 3 detectors 

and reported their results to the pilot laboratory. 

 

Table 1. List of participants 

Institute Contact Person 

VSL  

(pilot and link to CCPR) 

Steven van den Berg 

Paul Dekker 

NPL  

(link to CCPR) 

Subrena Harris 

Teresa Goodman 

CMI Marek Šmíd 

GUM Grzegorz Szajna 

JV Jarle Gran 

SP, now RISE2 Anne Andersson 

Stefan Kallberg 

UME  Özcan BAZKIR  
Seval MERIC 

 

 

  

 
2 SP has changed its name to RISE during the comparison. The name ‘SP’ will be used throughout the report. 
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Figure 1. Star comparison with 3-groups : VSL is the link pilot laboratory, NPL is the link participant laboratory. 

 

The table below shows the distribution of DGTx detectors over the participants. 

 

Table 2. Overview of the detectors as measured by the participants 

 Group I Group II Group III 

SP DGT6, DGT7, DGT8   

JV  DGT9, DGT10 DGT11  

NPL  DGT6, DGT7, DGT8  

CMI  DGT1, DGT3, DGT12  

GUM   DGT1, DGT3, DGT12 

UME   DGT9, DGT10 DGT11 

 

The detector housing is shown in Figure 2. Each detector is fitted with a BNC connector for the photodiode signal 

(current) and a 4-pin LEMO connector for the 4-wire PT100 resistance thermometer. 

 

Figure 2. Schematic and dimensions of the Ge transfer detector. 
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3 Characterization of transfer detectors 

3.1 Description of the VSL Spectral Responsivity Calibration Facility 

The transfer detectors are calibrated with the spectral responsivity calibration facility. The facility is designed for both 

primary scale realization with a cryogenic radiometer and for spectral responsivity measurements at secondary level 

by calibrating a detector against a reference detector. The facility covers a wavelength range from 200 nm to 1600 

nm. Figure 3 shows the layout of the spectral calibration facility. For this comparison the cryogenic radiometer is not 

used. The transfer detectors and reference detector are mounted on the ‘secondary transfer unit’ for the calibration 

of the transfer standards. A radiation source can be selected for the required wavelength range. For this comparison 

a 100 W quartz-tungsten-halogen lamp (QTH) is used. The current through the filament is stabilized within 10-5 by 

means of a Heinzinger power supply. 

  

When the facility is operated the radiation from the QTH-lamp the light is imaged onto the entrance slit of the double-

grating monochromator with a quartz lens. The radiation from the source is dispersed by a monochromator, which is 

used in double-subtractive mode for 200 nm to 1600 nm.  

 
Figure 3. Layout of the spectral responsivity calibration facility for primary and secondary spectral responsivity 
calibration. For this comparison the QTH lamp is used. Both reference and transfer detector are mounted to the 
secondary transfer unit and illuminated via mirror M. 

 

The radiation emerging from the monochromator first passes an order-sorting filter and shutter and is then imaged 

onto the secondary transfer unit by a set of two spherical and two folding mirrors. The order-sorting filters are 

bandpass filters that are used to suppress higher order wavelengths. 

 

 

3.2 Spectral responsivity measurements by VSL 

VSL has measured the responsivity of all DGTx detectors prior and after the measurement by the participants. The 

results of each detector are shown in Section 5, along with the participant results. 

 

3.3 Uncertainty of DGTx calibration 

The uncertainty on the spectral responsivity calibration of the DGTx detectors is based on the following uncertainty 

contributions: 
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• Temperature sensitivity  

• Uniformity 

• Angular alignment 

• Wavelength  

• Bandwidth 

• Stray light 

• Current measurement 

• Nonlinearity 

• Repeatability 

• Uncertainty of reference detector 

 

3.4 Temperature sensitivity 

VSL has measured the temperature dependence of a subset of the DGT photodiodes used in the comparison. A 

special mount has been developed to vary the temperature of the photodiode. By measuring the responsivity as a 

function of temperature, the (wavelength-dependent) sensitivity of the responsivity for temperature has been 

determined for 4 transfer standards (DGT4, DGT5, DGT6, DGT9). For these measurements the temperature has 

been varied from 20 °C to 27 °C. The temperature is measured with a Pt100 sensor. 

The temperature dependence of the resistance of the temperature sensors in the DGT detectors scales according to: 

 Rt = R0 (1 + 3.90802 × 10−3t − 5.802 × 10−7t2), 
(1) 

which is based on the DIN/IEC 751 standard for Pt100 sensors. Here R0 = 100 Ω and t the temperature (in °C). The 

resistance corresponding to a temperature of 23 °C, is 𝑅23 = 109.18 Ω. The sensitivity coefficient 𝑐𝑅 (unit: AW−1Ω−1) 

is the slope of the responsivity versus Pt100 resistance measurement, averaged for the 4 detectors. The uncertainty 

on the sensitivity coefficient uCR is based on the standard deviation of the results obtained with the 4 detectors. 

The temperature dependence of the responsivity is used to obtain the responsivity at 23 °C for all laboratories. The 

uncertainty contribution associated with this correction is based on the uncertainty of the temperature sensitivity 

coefficient (see Section 4.1). 

 

Figure 4. Temperature sensitivity of DGT4 (blue), DGT5 (green), DGT6 (black) and DGT9 (red). 
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Table 3. Temperature sensitivity and its standard deviation of the DGT detectors 

 

3.5 Uniformity of spectral responsivity 

The uncertainty due to inhomogeneity of the detector has been determined by measuring the detector responsivity at 

various positions for a subset of the DGT detectors. For the uncertainty budget we use the measurement data of 

DGT12 that has been characterized in most detail, by scanning the detector in the plane of the photodiode both 

horizontally and vertically over a range of 6 mm in steps of 0.2 mm. The spot is circular with a diameter of 4 mm. For 

DGT12 this measurement has been done for the wavelength range from 900 nm to 1600 nm in steps of 100 nm. A 

typical measurement is shown in Figure 5. 

 

 

 

Figure 5. Typical measurement of inhomogeneity of the response of DGT12 (example taken at 1300 nm). 
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Figure 6. Uncertainty due to detector inhomogeneity for a DGT detector for a 4 mm spotsize and an alignment 
uncertainty of 0.4 mm. 

 

Table 4. Uncertainty on uniformity for 4 mm spot size 

 

3.6 Angular alignment 

The uncertainty on the responsivity due to uncertainty on the angular alignment has been investigated by positioning 

the DGT at various angles. The nominal angle of incidence is 2°. The detector responsivity has been measured for a 

range of +/- 4° around this value as a function of wavelength.  

It is assumed that detector can be positioned within an uncertainty of 2°. The standard uncertainty on the 

responsivity due to the uncertainty on angular positioning then has a rectangular distribution and is then given by: 

 

 
u(α) =

MAX[(R(α0) − R(α0 + 2∘)), (R(α0) − R(α0 − 2∘))]

√3
, 

(2) 

 

which is a slight overestimate by taking the maximum deviation of the responsivity for a maximum angular deviation.  

The uncertainty due to angular dependence of the responsivity has been measured for a subset of the DGT 

detectors (DGT6, DGT7, DGT8), showing similar behavior. The uncertainty due to angular alignment is based on the 

average angular dependence of these detectors and is shown in Figure 7. The reference detector is also aligned 
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with an angular uncertainty of 2°, so an additional uncertainty contribution for the reference detector is taken into 

account. 

 

 

Figure 7. Measurement uncertainty as a function of wavelength due to uncertainty on angular alignment. 

3.7 Wavelength 

The sensitivity on responsivity resulting from wavelength uncertainty is given by: 

 

 

 
uλ(R(λ)) = u(λ)

∂R(λ)

∂λ
, 

(3) 

 

where u(λ) is the wavelength uncertainty, which is 0.2 nm. The sensitivity coefficient 
∂R(λ)

∂λ
 is directly derived from the 

measured responsivity data. 

 

3.8 Bandwidth 

This contribution accounts for the fact that the spectral width of the light offered during calibration has a finite 
bandwidth, i.e. is not a delta-function. The spectral width for the VSL double monochromator system is triangular 
with a full width of 10 nm. 

In second order approximation the average responsivity over the triangular bandwidth can be described as: 

 

 
R̅(λ0) = R(λ0) +

Δ2

12

∂2R(λ)

∂λ2 , 

(4) 

 

The effect second derivative is based on the measurement data using 3 measurement points: λ0 and the 

neighbouring measurement points at wavelength  λ−1 and λ1:  
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𝜕2𝑅(𝜆)

𝜕𝜆2 ≈
2𝑅(𝜆0) − 𝑅(𝜆−1) − 𝑅(𝜆1)

𝛿𝜆2 , (5) 

where δλ is the wavelength step between neighboring wavelengths. When considering the deviation due to 

bandwidth as uncertainty (i.e. not correcting for bandwidth effect), one finds: 

 𝑢𝑏𝑝(𝑅) =
2𝑅(𝜆0) − 𝑅(𝜆−1) − 𝑅(𝜆1)

𝛿𝜆2 ×
Δ2

12
 

(6) 

 

 

3.9 Other contributions 

The linearity of the Ge detectors has not been measured. However, based on literature and given that the 

measurements by the participants have been performed at comparable and low flux levels, it is assumed the 

uncertainty due to nonlinearity <0.05 %. 

The uncertainty on current measurement is estimated to be 0.05 %. The uncertainty due to stray light is estimated to 

be 0.017 %. This value is estimated by comparing spectral responsivity data in the middle of the measurement range 

(1250 nm – 1300 nm), as measured with and without order selection filter inserted, respectively. 

 

3.10 Reference detector 

All measurements of the transfer standards have taken place against the reference standard GT3, which has been 

calibrated against the absolute cryogenic radiometer. The uncertainty of the reference standard consists of the 

following components: 

• Power measurement by the cryogenic radiometer (ACR) 

• Current measurement 

• Repeatability  

• Wavelength calibration monochromator 

• Bandwidth 

• Temperature sensitivity and resistance measurement 

• Drift/ageing  

• Linearity 

• Uniformity 

• Stray light 

The contributions related to polarization sensitivity is considered negligible. The uncertainty budget is very similar to 
the DGTx uncertainty budget.  A summary of all uncertainty contributions to the calibration of the GT3 detector is 
given in Table 5. 
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Table 5. Uncertainty budget of the GT3 reference detector 

Wavelength Responsivity Repeat- Aging, Drift Wavelength Bandwidth Temperature Temperature Non- Stray light ACR Current Linearity Combined 
    ability 

   
coefficient resistance unformity 

    
std. uncert. 

nm A/W % % % % % % % % % % % % 

900 0.3967 0.048 0.022 0.058 0.004 0.109 0.008 0.058 0.017 0.030 0.050 0.050 0.17 
925 0.4253 0.005 0.006 0.054 0.000 0.101 0.008 0.055 0.017 0.030 0.050 0.050 0.15 
950 0.4539 0.006 0.001 0.050 0.001 0.094 0.007 0.053 0.017 0.030 0.050 0.050 0.14 
975 0.4820 0.018 0.046 0.044 0.004 0.088 0.007 0.051 0.017 0.030 0.050 0.050 0.14 

1000 0.5089 0.028 -0.036 0.043 -0.002 0.083 0.007 0.048 0.017 0.030 0.050 0.050 0.14 
1025 0.5359 0.016 0.101 0.038 0.006 0.079 0.006 0.048 0.017 0.030 0.050 0.050 0.16 
1050 0.5611 0.040 0.070 0.036 0.000 0.075 0.006 0.048 0.017 0.030 0.050 0.050 0.15 
1075 0.5860 0.042 0.151 0.033 0.002 0.071 0.005 0.048 0.017 0.030 0.050 0.050 0.20 
1100 0.6105 0.014 0.130 0.032 0.000 0.068 0.005 0.048 0.017 0.030 0.050 0.050 0.18 
1125 0.6349 0.006 0.125 0.031 0.000 0.065 0.004 0.049 0.017 0.030 0.050 0.050 0.17 
1150 0.6593 0.030 0.127 0.027 0.004 0.063 0.004 0.051 0.017 0.030 0.050 0.050 0.17 
1175 0.6821 0.039 0.036 0.024 0.004 0.061 0.004 0.052 0.017 0.030 0.050 0.050 0.13 
1200 0.7023 0.011 0.069 0.021 0.004 0.059 0.003 0.054 0.017 0.030 0.050 0.050 0.13 
1225 0.7207 0.007 0.060 0.020 0.001 0.057 0.003 0.055 0.017 0.030 0.050 0.050 0.13 
1250 0.7383 0.010 0.066 0.018 0.002 0.055 0.003 0.056 0.017 0.030 0.050 0.050 0.13 
1275 0.7553 0.043 -0.050 0.017 0.000 0.054 0.003 0.058 0.017 0.030 0.050 0.050 0.13 
1300 0.7715 0.010 -0.050 0.016 0.002 0.053 0.003 0.059 0.017 0.030 0.050 0.050 0.12 
1325 0.7868 0.020 -0.083 0.015 0.000 0.052 0.002 0.058 0.017 0.030 0.050 0.050 0.14 
1350 0.8017 0.006 -0.062 0.014 0.001 0.051 0.002 0.058 0.017 0.030 0.050 0.050 0.13 
1375 0.8169 0.008 -0.171 0.013 0.003 0.050 0.002 0.058 0.017 0.030 0.050 0.050 0.20 
1400 0.8293 0.007 -0.104 0.014 -0.002 0.049 0.002 0.057 0.017 0.030 0.050 0.050 0.15 
1425 0.8434 0.003 -0.081 0.016 -0.003 0.048 0.001 0.056 0.017 0.030 0.050 0.050 0.14 
1450 0.8602 0.007 -0.139 0.015 0.000 0.047 0.001 0.054 0.017 0.030 0.050 0.050 0.18 
1475 0.8767 0.002 -0.139 0.015 -0.001 0.047 0.001 0.053 0.017 0.030 0.050 0.050 0.18 
1500 0.8938 0.005 -0.174 0.014 0.001 0.046 0.000 0.051 0.017 0.030 0.050 0.050 0.20 
1525 0.9097 0.002 -0.152 -0.001 0.026 0.045 0.000 0.152 0.017 0.030 0.050 0.050 0.23 
1550 0.9086 0.007 -0.166 -0.095 0.157 0.044 0.005 0.252 0.017 0.030 0.050 0.050 0.36 
1575 0.8017 0.009 -0.420 -0.178 0.115 0.044 0.024 0.352 0.017 0.030 0.050 0.050 0.60 
1600 0.6229 0.003 -0.257 -0.135 -0.155 0.050 0.024 0.453 0.017 0.030 0.050 0.050 0.57 
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Drift/aging  

Within the period of the Key comparison the GT3 reference detector has been calibrated twice against the cryogenic 
radiometer (2012 and 2014). The reference responsivity value of GT3 is based on the average of these realizations. 
An uncertainty associated to drift is based on the maximum difference between the two realization, scaled with time: 

 𝑢drift(𝑅(𝜆)) =
39

18
×

𝑅2014(𝜆) − 𝑅2012(𝜆)

2√3
 (7) 

The factor 39/18 comes from the fact that the recalibration interval was 18 months, whereas the total duration of the 
comparison was 39 months. This is based on a linear extrapolation of drift.  

 

 

3.11 Uncertainty transfer detectors 

The combined measurement uncertainty of the contributions above has been summarized in the table below for one 

of the DGT transfer detectors. 

 

Table 6. Typical uncertainty budget for a DGT transfer detector. 
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4 Data Analysis of the comparison 

The data analysis described in this section will lead to values and uncertainty of the unilateral degree of equivalence 

(DoE) for the participant laboratories. The DoE is the difference between the participating laboratory results and the 

key comparison reference value (KCRV) from the CCPR K2.a key comparison [1]. The data analysis to obtain the 

DoE follows Appendix A of the Guidelines for RMO PR Key Comparisons CCPR-G6 [2]. For this comparison the 

situation as described in section A.2.3 of the guideline is applicable: there are two link laboratories, with the pilot 

laboratory being one of the link laboratories.  

 

4.1 Temperature correction to the transfer detector responsivities 

The first analysis step is to calculate the responsivity at 23 °C (𝑆𝑖𝑗
23) from the participant data via: 

 𝑆𝑖𝑗
23 = 𝑆𝑖𝑗 − 𝑐𝑅 × (𝑅𝑖𝑗 − 𝑅23), 

(8) 

where 𝑐𝑅 is the sensitivity coefficient of the responsivity for temperature, as reported in Section 3.3. 𝑆𝑖𝑗 and 𝑅𝑖𝑗 are 

the responsivity and resistance of participant i, detector 𝑗, respectively. The uncertainty 𝑢𝐶𝑅 associated to the 

sensitivity coefficient is based on the standard deviation of these measurements. The uncertainty resulting from the 

temperature correction is given by: 

 𝑢temp(𝑆𝑖𝑗) = 𝑢𝐶𝑅
× (𝑅𝑖𝑗 − 𝑅23), 

(9) 

 

where 𝑅23 = 109.18 Ω, as calculated from Equation (1). The uncertainty on the resistance measurement has not 

been reported by the participant laboratories and is considered negligible. 

 

4.2 Uniformity and beam size 

The following beam sizes have been reported by the participating laboratories: 

 

Table 7. Overview of the detectors as measured by the participants 

Laboratory Beam shape and size 

VSL 4 mm, circular 

CMI 4 mm, circular 

GUM 2 mm, square 

JV 2 mm, square 

NPL 4 mm, circular 

SP 4 mm, circular 

UME 4 mm, circular 

 

For laboratories having a beam size and shape that is different from the default parameters (see section 4.3.6 in the 

Technical protocol), an additional uncertainty contribution ui,unif
2  (𝑆𝑖𝑗) to the transfer uncertainty has been determined 

based on the actual beam parameters and the uniformity of the detector responsivity (see section 3.5). This is only 

the case for GUM and JV. For random variation of the detector homogeneity the uncertainty for 2x2 mm2 square 
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beam size is estimated to be about 1.8× the uncertainty for the 4 mm diameter round beam (Table 4). The factor 1.8 

is equal to the square root of the ratio of the area of the round and square beam, respectively. Probably this is an 

over-estimate, since the responsivity dominantly shows a linear slope as a function of spatial position (see Figure 6). 

To first order the responsivity then is independent from the spot size, when the spot is aligned to the center of the 

detector. 

The combined uncertainty consists of the uncertainty reported by the participant and contributions resulting from 
temperature correction and homogeneity: 

 𝑢c
2(𝑆𝑖𝑗

23) = 𝑢2(𝑆𝑖𝑗) + 𝑢temp
2 (𝑆𝑖𝑗) + uunif

2 (𝑆𝑖𝑗). (10) 

 

4.3 Analysis method 

Starting with the responsivity data at 23 C (see Section 4.1), the data analysis consists of the following steps: 

 

1. Calculate the relative difference Δ𝑖𝑗 for each lab 𝑖 and each photodiode 𝑗 compared to the VSL measurement: 

 

  
Δ𝑖𝑗 =

𝑆𝑖𝑗
23

𝑆𝑖𝑗
23,VSL

− 1. 

(11) 

 

Here the VSL responsivity is calculated from the pre- and post-measurement of detector 𝑗: 

 𝑆𝑖𝑗
23,VSL =

1

2
[𝑆𝑖𝑗

23,VSL(pre) + 𝑆𝑖𝑗
23,VSL(post)]. 

 

(12) 

 

2. Determine the mean relative difference between VSL and lab i averaged over the 3 detectors: Δ̅𝑖. Since all 
detectors are of the same type here simply the arithmetic mean over the three detectors is taken for all participant: 

 
Δ̅𝑖 =

1

3
∑ Δ𝑖𝑗.

3

𝑗=1

 

(13) 

3. Determine the unilateral DoE for laboratory 

The unilateral DoE for the participant i, calculated through the pilot is: 

 

 𝐷𝑖(𝑝) = 𝐷𝑝 + Δ̅𝑖, 
(14) 

 

 where 𝐷p is the unilateral DoE for the pilot-linking laboratory as calculated during the CC Key comparison. 

 

The unilateral DoE for laboratory i, calculated through the pilot and the link laboratory is given by 

 

 𝐷𝑖(𝑙) = 𝐷𝑙 + δ̅𝑙 + Δ̅𝑖 , 
(15) 

where Dl is the unilateral DoE for the link laboratory as calculated during the CC Key comparison for the link 𝑙. 
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Here we introduced the quantity δ̅𝑙, which is based on the responsivity measurements of the three detectors 

measured by the link laboratory and the pilot. Here a weighted average is applied to determine δ̅𝑙 from the 
responsivity measurements of the three detectors. From the relative data it appeared that 2 out of 3 detectors 
measured by the linking laboratory (NPL) showed significant drift, i.e. showing differences between pre- and post- 
measurement comparable to the combined standard uncertainty of NPL and VSL (see results in Section 5). This 
detector drift was most notable for the detectors involved in the NPL- VSL comparison (DGT6 and DGT8) and 
significant because of the relatively small measurement uncertainty of NPL. Since NPL is the linking laboratory, it 
was considered appropriate to apply a weighting to these detectors before calculating the DoE for all participants via 
the linking laboratory. 

 

Weighting of the transfer detectors as measured by link laboratory 

To determine the weighted average, we follow the same approach as the CCPR K2.a comparison piloted by NIST 

[1]. Here the weighting is based on the total transfer uncertainty, which includes a contribution based on detector 

drift.  The uncertainty associated to the stability of the transfer detectors is based on the difference between pre and 

post measurements, assuming a rectangular distribution: 

 𝑢stab(𝑆𝑙𝑗
23,VSL) =

1

2√3
×

|𝑆𝑙𝑗
23,VSL(pre) − 𝑆𝑙𝑗

23,VSL(post)|

𝑆𝑙𝑗
23,VSL

. (16) 

Here 𝑙, refers to the link lab, and 𝑗 is the detector label (1-3). 

The transfer uncertainty is based on the drift of the detector in combination with other transfer uncertainty 

components. The total transfer uncertainty is: 

 
𝑢t

2(𝛿𝑙𝑗) = 𝑢r
2(𝑆𝑙𝑗) + 𝑢r

2(𝑆𝑝𝑗) + 𝑢stab
2 (𝑆𝑙𝑗

VSL) + (𝑢c,𝑙𝑗
T )

2
. 

 

(17) 

Here 𝑢r
2(𝑆𝑙𝑗) and 𝑢r

2(𝑆𝑝𝑗) are the standard deviations of the mean of the measurements for each detector j for pilot 

and link laboratory, respectively. 𝑢c,𝑙𝑗
T  contains the combined additional uncertainty contributions due to bandwidth 

and wavelength uncertainty of the pilot and link (Table 6)  and a contribution for the temperature sensitivity of the 
detectors: 

 

 (𝑢c,𝑙𝑗
T )

2
=  (𝑢w,𝑝𝑗

T )
2

+(𝑢w,𝑙𝑗
T )

2
+ (𝑢bp,𝑝𝑗

T )
2

+ (𝑢bp,𝑙𝑗
T )

2
+ (𝑢t,𝑙𝑝,𝑗

T )
2

, 
(18) 

 

where: 

 𝑢t,𝑙𝑝,𝑗
T = 𝑢𝐶 𝑅

× MAX|𝑅𝑝𝑗 − 𝑅𝑙𝑗|. (19) 

 

Here 𝑅𝑙𝑗 and 𝑅𝑝𝑗 are the reported resistances of the temperature sensor of detector j for link and pilot laboratory, 

respectively. For simplicity, and since reported temperatures at one laboratory are very close, the maximum 
difference between reported pilot and link resistance is taken over the 3 detectors involved.  A transfer uncertainty 
contribution due to different spot size is not included, since the pilot and link laboratory nominally operate at the 
same spot geometry. 

 

The weighted mean of the difference between link laboratory and pilot is calculated from:  

 ̅𝑙 =  ∑ 𝑤𝑙𝑗 ⋅ 𝑙𝑗 ,

3

𝑗=1

 (20) 

where: 
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 𝑤𝑙𝑗 =
𝑢t

−2(𝑙𝑗)

∑ 𝑢t
−23

𝑗=1  (𝑙𝑗) 
 (21) 

and:  

 δ𝑙𝑗 =
𝑆𝑙𝑗

23,VSL

𝑆𝑙𝑗
23 − 1. (22) 

Note the difference between Eq.(22) and Eq.(11).  

 

Based on the weighted value ̅𝑙, the DoE of the participant via the link laboratory Di(𝑙) is calculated using Eq. (15). 

 

The uncertainties involved in the weighting of the three detectors and the resulting weighting factors are summarized 
in the table below. 

Table 8. Uncertainty contributions due to wavelength and bandpass effects for pilot and link and random effects of 
the pilot for DGT6,7,8. 

𝜆/nm 𝑢w,𝑝𝑗
T  /% 𝑢w,𝑙𝑗

T
 /% 𝑢bp,𝑝𝑗

T  /% 𝑢bp,𝑙𝑗
T

 /% 𝑢r,𝑝𝑗  /% 

900 0.058 0.015 0.004 0.000 0.133 

950 0.050 0.013 0.001 0.000 0.115 

1000 0.043 0.012 -0.002 0.000 0.099 

1050 0.036 0.011 0.000 0.000 0.091 

1100 0.032 0.010 0.000 0.000 0.087 

1150 0.027 0.008 0.004 0.000 0.085 

1200 0.021 0.007 0.004 0.000 0.081 

1250 0.018 0.007 0.002 0.000 0.076 

1300 0.016 0.006 0.002 0.000 0.078 

1350 0.014 0.006 0.001 0.000 0.081 

1400 0.014 0.005 -0.002 0.000 0.081 

1450 0.015 0.012 0.000 0.000 0.071 

1500 0.014 0.018 0.001 0.000 0.068 

1550 -0.095 0.025 0.157 0.000 0.089 

1600 -0.135 0.031 -0.155 0.000 0.139 
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Table 9. Uncertainty contributions due to detector stability, temperature and random effects at the link laboratory for 
DGT6, DGT7 and DGT8. 

𝜆 

/nm 

𝑢stab(𝑆𝑙,𝐷𝐺𝑇6
VSL ) 

/% 

𝑢t,𝑙𝑝,𝐷𝐺𝑇6
T

 

/% 

𝑢r(𝑆𝑙,𝐷𝐺𝑇6) 

/% 

𝑢stab(𝑆𝑙,𝐷𝐺𝑇7
VSL ) 

/% 

𝑢t,𝑙𝑝,𝐷𝐺𝑇7
T

 

/% 

𝑢r(𝑆𝑙,𝐷𝐺𝑇7) 

/% 

𝑢stab(𝑆𝑙,𝐷𝐺𝑇8
VSL ) 

/% 

𝑢t,𝑙𝑝,𝐷𝐺𝑇8
T

 

/% 

𝑢r(𝑆𝑙,𝐷𝐺𝑇8) 

/% 

900 0.38 0.24 0.037 0.15 0.27 0.05 0.36 0.25 0.04 

950 0.35 0.23 0.117 0.11 0.26 0.12 0.33 0.24 0.12 

1000 0.33 0.20 0.088 0.08 0.22 0.13 0.30 0.21 0.08 

1050 0.30 0.19 0.080 0.04 0.20 0.08 0.28 0.19 0.08 

1100 0.28 0.18 0.062 0.02 0.18 0.08 0.25 0.17 0.05 

1150 0.25 0.16 0.056 0.00 0.17 0.06 0.22 0.16 0.06 

1200 0.26 0.15 0.051 0.04 0.15 0.05 0.22 0.15 0.04 

1250 0.27 0.14 0.051 0.07 0.14 0.05 0.23 0.13 0.05 

1300 0.25 0.12 0.045 0.09 0.12 0.05 0.22 0.12 0.05 

1350 0.24 0.11 0.054 0.10 0.11 0.05 0.20 0.10 0.06 

1400 0.22 0.11 0.066 0.10 0.11 0.06 0.18 0.11 0.05 

1450 0.20 0.07 0.078 0.11 0.07 0.08 0.17 0.07 0.06 

1500 0.19 0.05 0.066 0.11 0.05 0.07 0.16 0.05 0.08 

1550 0.16 0.12 0.067 0.13 0.12 0.12 0.13 0.12 0.14 

1600 0.10 0.16 0.077 0.15 0.15 0.08 0.03 0.15 0.08 

 

The resulting total uncertainties and weighting factors of VSL and NPL for the calculation of the DoE are shown in 
the table below. 
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Table 10. Total transfer uncertainty and weighting factors for DGT6, DGT7 and DGT8. 

𝜆/nm 𝑢t(𝛿𝑙,𝐷𝐺𝑇6)/% 𝑢t(𝛿𝑙,𝐷𝐺𝑇7)/% 𝑢t(𝛿𝑙,𝐷𝐺𝑇8)/% 𝑤𝑙,𝐷𝐺𝑇6 𝑤𝑙,𝐷𝐺𝑇7 𝑤𝑙,𝐷𝐺𝑇8 

900 0.47 0.35 0.46 0.26 0.48 0.27 

950 0.46 0.33 0.44 0.25 0.48 0.27 

1000 0.41 0.29 0.39 0.24 0.49 0.27 

1050 0.38 0.24 0.36 0.22 0.54 0.24 

1100 0.35 0.22 0.32 0.21 0.53 0.25 

1150 0.32 0.20 0.29 0.21 0.54 0.25 

1200 0.31 0.19 0.28 0.20 0.56 0.24 

1250 0.32 0.18 0.29 0.19 0.58 0.23 

1300 0.29 0.18 0.26 0.20 0.55 0.25 

1350 0.28 0.17 0.24 0.20 0.53 0.27 

1400 0.27 0.18 0.23 0.22 0.49 0.29 

1450 0.24 0.16 0.21 0.23 0.48 0.30 

1500 0.22 0.16 0.20 0.24 0.46 0.29 

1550 0.30 0.29 0.30 0.34 0.34 0.32 

1600 0.32 0.34 0.30 0.33 0.30 0.37 

 

As a result, DGT7 shows stronger weighting for wavelengths up to 1500 nm compared to the other 2 detectors, since 
detector drift is significantly smaller, as can be concluded from Table 9. 

 

Degree of Equivalence of the participating laboratories 

The degree of equivalence for the participating laboratory i is calculated via: 

 

 Di = WpDi(p) + W𝑙Di(𝑙)     WP + Wl = 1. 

 

(23) 

The weighing factors for pilot and link laboratory Wp and Wl are determined from the following equations: 

 

 Wp =
�̅�

σ̅p
2 −up,r,RMO

2 −sRMO
2 ,   W𝑙 =

W̅̅̅

σ̅l
2+up,r,RMO

2 , 
(24) 

 

 

where:  

 
W̅ =

(σ̅l
2 + up,r,RMO

2 )(σ̅p
2 − up,r,RMO

2 − sRMO
2 )

σ̅p
2 + σ̅l

2 − sRMO
2 , 

 

σ̅p
2 = sKC

2 + sRMO
2 + up,st

2 + up,r,KC
2 + up,r,RMO,

2  

 

σ̅𝑙
2 = sKC

2 + sRMO
2 + u𝑙,st

2 + u𝑙,r,KC
2 + u𝑙,r,RMO

2 . 

(25) 
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Note the asymmetry in Eq.(24), which results from the fact that the pilot provides a direct link, while the other link 
laboratory serves as a link through the pilot.  

The standard uncertainty on the DoE for participant i is calculated from: 

  u2(Di) = u𝑖,c
2 + (Wp

2 − 2Wpwp + Wl
2 − 2Wlwl)sKC

2 +  𝑢2(xref) +  Wp
2 (up,st

2 + up,r,KC
2 + up,r,RMO

2 ) +

Wl
2 (u𝑙,st

2 + u𝑙,r,KC
2 + u𝑙,r,RMO

2 ) + (Wl
2 + 1)sRMO

2 + 2Wl up,r,RMO
2 . 

(26) 

Here the combined uncertainty ui,c
2  is the arithmetic mean for participant 𝑖 of 𝑢c

2(𝑆𝑖𝑗
23), as defined in Eq.(10) 

The variables in the equations above are summarized in the table below. 

 

Table 11. Overview of variables used for the determination of DoE and its associated uncertainty, also showing the 
origin of the data. 

Quantity Description Source of data 

Di Unilateral DoE for the laboratory i 
 

Calculated from other quantities 

𝐷𝑝 Unilateral DoE for the link laboratory as 
calculated during the CC Key 

comparison for the pilot p 

CC KC report 

Dl Unilateral DoE for the link laboratory as 
calculated during the CC Key 
comparison for the link l  

CC KC report 

𝑆𝑙𝑗
23,VSL Responsivity of detector 𝑗 as measured 

by pilot (VSL) related to link laboratory 

VSL responsivity data as measured for 
this comparison 

𝑆𝑙𝑗
23 Responsivity of detector 𝑗 measured by 

link laboratory (NPL) 

NPL responsivity data measured for 
this comparison 

Di(p) The unilateral DoE for laboratory i, 
calculated via the pilot 

Calculated from other quantities 

𝐷𝑖(𝑙) The unilateral DoE for laboratory i, 
calculated through the pilot and the link  

Calculated from other quantities 

𝑊𝑝 Weighting for pilot laboratory Calculated from other quantities 

𝑊𝑙 Weighting for link laboratory Calculated from other quantities 

𝑠KC Transfer uncertainty of the CC KC: 
The additional term s as added during a 
Mandel-Paule approach that has been 
used to obtain consistency of the CC KC 
results 

From CC KC report if applicable. 
This may also be an uncertainty due to 
artifact instability calculated from known 
effects. The transfer uncertainty is not 
defined in the CC comparison. Assume 

𝑠KC = 0. 

𝑠RMO Standard transfer uncertainty of the 
RMO comparison. This may be based 
on known effects (e.g. artifact 
instability), or from the similar term in the 
CC KC 

RMO KC or CC KC report.  
Not available from CC KC report, there 
is no specific indication for artifact 
instability that needs to be taken into 

account. Consider 𝑠RMO = 0. 

𝑢𝑝,st Standard uncertainty associated with 
reproducibility of pilot laboratory scale 

This value is based on the uncertainty 
associated to drift/aging of the 
reference detector of VSL (GT3) and 
the uncertainty associated to the 
cryogenic radiometer. 

𝑢𝑝,r,KC Standard uncertainty associated with 
uncorrelated (random) effects at the pilot 
laboratory in the CC KC 

CC KC report, table 7.8 Take the 

average of 𝑢r(�̅�𝑖,𝑥) for x = 1,2,3. 

𝑢𝑝,r,RMO Standard uncertainty associated with 
uncorrelated (random) effects at the pilot 
laboratory in the RMO KC 

Uncorrelated uncertainty contributions 
from VSL for this KC. 

𝑢𝑙,st Standard uncertainty associated with 
reproducibility of linking laboratory scale 

Stability of scale from NPL technical 
report.  

𝑢𝑙,r,KC Standard uncertainty associated with 
uncorrelated (random) effects at the link 
laboratory in the CC KC 

CC KC report, table 7.9 Take the 

average of 𝑢r(�̅�𝑖,𝑥) for x = 1,2,3. 
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𝑢𝑙,r,RMO Standard uncertainty associated with 
uncorrelated (random) effects at the link 
laboratory in the RMO KC 

Uncorrelated uncertainty contributions 
from NPL technical report for this KC. 

𝑢𝑖  Uncertainty on the responsivity of the 
participant to be linked 

Uncertainty as reported by participant i 
in this KC 

𝑢temp(𝑆𝑖𝑗) Temperature contribution to transfer 
uncertainty 

This KC, based on uncertainty on 
temperature sensitivity and reported 
temperature (in Ω by the participant, 
averaged over 3 detectors. 

uunif(𝑆𝑖𝑗) Uncertainty due to detector uniformity 
(for labs with different spot size) 

This KC, based on detector uniformity 
and reported spot size and shape. 

uc(𝑆𝑖𝑗) Combined uncertainty of the 3 variables 
above for participant i 

Calculated from other quantities 

ui,c Arithmetic mean of the combined 
uncertainty over the 3 detectors 

Calculated from other quantities 

wp Weight of pilot lab in the calculation of 
KCRV 

CC KC report, table 7.19 

wl Weight of link lab in the calculation of 
KCRV 

CC KC report, table 7.19 

u(xref) Standard uncertainty associated with 
KCRV  

CC KC report, table 7.21 

 

 

In the table below an overview of the input parameters that are used to determine the weighting for the DoE is shown 
and the resulting weighting factors.  Here sKC = sRMO = 0.  

Table 12. Overview of variables used for the determination of DoE and its associated uncertainty.  

Wavelength  
/nm 

up,st 

/% 

up,r,KC 

/% 

up,r,RMO 

/% 

ul,st 

/% 

ul,r,KC 

/% 

ul,r,RMO 

/% 

𝑊𝑝 𝑊𝑙 

900 0.02 0.04 0.13 0.01 0.05 0.04 0.92 0.08 

950 0.01 0.03 0.12 0.01 0.05 0.12 0.97 0.03 

1000 0.04 0.06 0.10 0.01 0.03 0.10 0.79 0.21 

1050 0.07 0.05 0.09 0.01 0.03 0.08 0.69 0.31 

1100 0.13 0.04 0.09 0.01 0.03 0.06 0.41 0.59 

1150 0.13 0.04 0.09 0.01 0.03 0.06 0.39 0.61 

1200 0.07 0.02 0.08 0.01 0.03 0.05 0.65 0.35 

1250 0.07 0.03 0.08 0.01 0.02 0.05 0.62 0.38 

1300 0.05 0.02 0.08 0.01 0.02 0.05 0.76 0.24 

1350 0.06 0.01 0.08 0.01 0.03 0.06 0.72 0.28 

1400 0.11 0.02 0.08 0.01 0.03 0.06 0.49 0.51 

1450 0.14 0.02 0.07 0.01 0.01 0.07 0.35 0.65 

1500 0.17 0.01 0.07 0.01 0.01 0.07 0.24 0.76 

1550 0.17 0.02 0.09 0.01 0.01 0.11 0.41 0.59 

1600 0.26 0.05 0.14 0.01 0.03 0.08 0.28 0.72 

 

It is noted that for some wavelengths (particularly 900 nm to 1000 nm) the weighting of the pilot laboratory is much 
larger than the link laboratory. The origin of this and the impact is further discussed in Section 6. 

In the table below other input parameters from the CC key comparison that are needed to calculate the DoE for the 

participants and their associated uncertainty are shown. 
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Table 13. Other input parameters from the CC key comparison used to calculate the DoE for the participants and 
their associated uncertainty. 

𝜆 
/nm 

𝐷𝑝 

/% 

Dl 
/% 

wp wl u(xref) 
/% 

900 0.66 0.37 0.02 0.15 0.09 

950 0.16 0.47 0.04 0.15 0.08 

1000 0.50 0.13 0.03 0.16 0.07 

1050 0.30 0.14 0.04 0.16 0.07 

1100 0.26 0.22 0.05 0.16 0.06 

1150 0.18 0.17 0.07 0.16 0.06 

1200 0.14 0.31 0.08 0.15 0.06 

1250 0.21 0.24 0.09 0.17 0.05 

1300 0.21 0.22 0.10 0.17 0.05 

1350 0.10 0.31 0.10 0.16 0.05 

1400 0.20 0.15 0.11 0.16 0.06 

1450 0.25 0.25 0.12 0.12 0.06 

1500 0.27 0.25 0.11 0.15 0.06 

1550 0.34 0.25 0.04 0.16 0.07 

1600 0.40 0.20 0.02 0.16 0.07 

 



EURAMET.PR-K2.a Spectral Responsivity 900 nm – 1600 nm – Final Report 
 

Page 24 of 93 

 

 24 

5 Results from participating laboratories 

In this section the responsivity values and their corresponding uncertainty for the detectors are reported for all 

participants. The tables presented below show the responsivity and calculated responsivity at 23 C and the 

uncertainty components resulting from the temperature correction and the nonuniformity of the detector (for 

laboratories with different beam shape). The combined uncertainty as calculated from Eq.(10) is also included. The 

responsivity as measured by the pilot and the uncertainty of the pilot are reported for each detector.   

The DoE as calculated from Eq.(26) and its associated uncertainty are shown for each participating laboratory both 

in a table and as a graph. Since this is an RMO comparison only for the non-link laboratories the DoE has been 

determined. 

The technical reports of every participating laboratory are enclosed as annexes at the end of this report. The 

technical reports contain information on the measurement method and setup, traceability and the uncertainty 

associated to the responsivity calibration. 

 

5.1 NPL (United Kingdom) – link laboratory 

 

Table 14. Results of NPL, DGT6
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Table 15. Results of NPL DGT7

 

Table 16. Results of NPL, DGT 8 

 

  



EURAMET.PR-K2.a Spectral Responsivity 900 nm – 1600 nm – Final Report 
 

Page 26 of 93 

 

 26 

As discussed above DGT6 and DGT8 showed a large drift, as appeared from the results of pre- and post-

measurements of these detectors by the pilot laboratory. However, the average between pre- and post-

measurements of all detectors are relatively close. This also appears from the graph below, showing 𝑙𝑗 for the three 

detectors and the weighted average value ̅𝑙. The wavelength dependence of the difference shows a shape that is 

similar to that of Figure 4, showing the temperature dependence of the responsivity. A potential explanation of the 

difference might be the occurrence of temperature gradients between the sensitive area of the photodiode and the 

Pt100 sensor either during the measurements, or during the determination of the temperature sensitivity coefficient. 

In view of time not all DGTx detectors have been characterized individually for temperature dependence, but as can 

be seen from Figure 4, there is a spread on the measured coefficients. This has been taken into account as a 

measurement uncertainty. Compared to other laboratories NPL has a relatively large temperature difference from the 

nominal value (0.8 Ω) and is therefore the results are more sensitive to the temperature sensitivity coefficient 

compared to other labs. 

 

 

 

Figure 8. Relative difference between link and pilot for the individual detectors and the weighted average as defined 
in Eq.(22) and  Eq.(20), respectively. 
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5.2 CMI (Czech Republic)  

 

Table 17. Results of CMI, DGT1 

 

Table 18. Results of CMI, DGT3 
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Table 19. Results of CMI, DGT12 

 

 

 

Figure 9. DoE of CMI 
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5.3 GUM (Poland) 

Table 20. Results of GUM, DGT1

 

Table 21. Results of GUM, DGT3 
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Table 22. Results of GUM, DGT12 

  

 

Figure 10. DoE of GUM 
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5.4 JV (Norway) 

Table 23. Results of JV, DGT9

 

Table 24. Results of JV, DGT10

  

  



EURAMET.PR-K2.a Spectral Responsivity 900 nm – 1600 nm – Final Report 
 

Page 32 of 93 

 

 32 

Table 25. Results of JV, DGT11 

 

 

Figure 11. DoE of JV 
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5.5 SP (Sweden) 

Table 26. Results of SP, DGT6 

 

Table 27. Results of SP, DGT7 
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Table 28. Results of SP, DGT8 

 

 

Figure 12. DoE SP 
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5.6 UME (Turkey) 

Table 29. Results of UME, DGT9 

 

Table 30. Results of UME, DGT10 
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Table 31. Results of UME, DGT11

 

 

Figure 13. DoE of UME 
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6 Discussion and conclusion 

To summarize the results, the unilateral Degree of Equivalence (DoE) and its uncertainty are shown in Table 32 

below for each participant. The results are also plotted in Figure 14. 

Table 32. Unilateral DoE and its associated expanded uncertainty for all participants. 
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Figure 14. Summary of DoE of participating laboratories with the CCPR KCRV. Uncertainties have been omitted for 
clarity. 

 

Discussion on weighting 

As shown in Table 12, the weighting of the pilot laboratory for the wavelength range 900 nm – 1000 nm is dominant, 

so the DoE of participants with the CCPR KCRV is almost fully based on the link via the pilot laboratory. The reason 

for the strong weighting is the relatively large contribution of random effects (up,r,RMO) in Eq.(21) for these 

wavelengths. To estimate the impact of the weighting on the DoE, we have calculated the DoE for the case that the 

weighting of the link laboratory is artificially set to be at least 0.25. This (rather arbitrary) threshold only impacts the 

wavelengths 900 nm, 950 nm and 1000 nm. The maximum change in DoE we observe, is about 0.3% at 950 nm 

(smaller at the other wavelengths), which is far within the uncertainty of the participants at this wavelength. The 

impact on the 𝐸𝑛 value is small (there is no lab for which the 𝐸𝑛 value changes from below 1 to above 1 or vice versa 

when applying the minimum weight of 0.25 for the link laboratory).  

Although the impact of the weighting on the calculated DoE is thus limited in this case, it is recommended to be 

aware of the impact of relatively large random effects on the weighting of pilot and link laboratory and take this into 

account e.g. when selecting comparison artefacts. 

 

Conclusion 

Seven laboratories, including pilot and link laboratory, participated in a EURAMET comparison of spectral 

responsivity measurements for the near-infrared spectral range (900 nm – 1600 nm). This key comparison links the 

EURAMET participants to the CCPR-K2.a-2003 comparison. Most laboratories show a DoE within 1 % from the 

CCPR KCRV for almost the full wavelength range (with some slightly larger differences mostly above 1450 nm). One 

laboratory (UME) shows larger deviations, up to 3%.  Within the uncertainty on the DoE, SP and JV fully agree with 

the KCRV that was established with the CCPR-k2.a-2003 comparison, while CMI almost fully agrees, except a small 

deviation around 1500 nm. GUM has some deviations slightly larger than the uncertainty on the DoE for a few 

wavelengths, while UME shows larger deviations outside the uncertainty on the DoE for the central part of the 

wavelength range.  
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  Appendix – Technical reports of participating laboratories 

 

The Technical Reports of the participants are included in the sections below. 

 

During the Pre-Draft-A Process 3: Review of Relative Data the following corrections to data were made. 

• the spectral responsivity of DGT3 by GUM at 1550 nm was updated due to a typo in the submitted data file: 

change 0.8307 to 0.9307. 

• A typo in the NPL uncertainty budget on detector bandwidth was corrected. 

• Typo in CMI Technical report corrected (wording ‘’enhanced uncertainty” replaced by “expanded 

uncertainty”). 

The following corrections have been made to the Technical Reports of the participants as a response to the Draft A1 

version of the EURAMET.PR-K2.a report. These changes have been included in Draft A2. 

• CMI provided an update of the description of their measurement facility and included explanatory text to the 

breakdown of their measurement uncertainty. 

• A typo was corrected in the date of the CMI measurement results for DGT12 and DGT3 and the Technical 

Report (4 JAN 2011 was replaced by 4 JAN 2012). 

• JV provided an updated version of their report with improved typographic readability of the equations. 
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A.1 CMI (Czech Republic)  

Technical (Measurement) report  

Description of the measurement facility and method (Including measurement facility schematic):    

Type of primary standard:  

 CMI primary standard is an absolute cryogenic radiometer, mechanically cooled, laser based. Kr-Ion 

laser is used as an optical radiation source, delivering set of eight UV, Visible and NIR lines. The system 

includes an external power stabilizer (for performance parameters see uncertainty budget attached).  

 Laboratory transfer standards used: Set of or hemispherical pyro electric detectors with golden black 

covered LiNb crystal are used as a reference standard for relative spectral responsivity in the spectral 

range from 900 nm to  1670 nm. (For performance parameters see uncertainty budget attached).  

 Set of three silicon trap detector CMI 1, CMI 2, CMI 3, consisting three 10 mm x 10 mm Hamamatsu 

S1337 photodiodes arranged in a light trapping configuration, electrically connected in parallel, and 

terminated by a standard BNC connector acts as an absolute transfer standard.  While providing the 

periodical re-calibration of transfer standard Si-Trap detectors on CMI absolute cryogenic radiometer, 

usually in the period of 2 years. Typical degradation drift of our Si-Traps between two calibrations is 

0,04% . For three stated laser lines the shift appears to be at approximately same level. 

 Monochromator used:  

 McPHERSON 2035D double grating monochromator, subtractive setup. Detailed description and 

schematic diagram of the measuring facility see below.   

 Laboratory primary reference detector used   

Temperature stabilised single-element InGaAs detector CMI-SRNIR-03 consisting in GPD Optoelectronics 

GAP 5000 window less photodiode chip with an active area of diameter 5 mm mounted in the front of a 

cylindrical housing. 

Laboratory primary reference InGaAs detector CMI-SRNIR-03 is calibrated for its relative spectral 

responsivity with hemispherical pyro electric detectors with golden black covered crystal, the absolute 

calibration is provided with the set of three silicon trap detectors CMI 1, CMI 2, CMI 3. 

Detailed description and schematic diagram of the measuring facility  

 The measurements were performed using the CMI reference monochromator based facility developed 

in CMI (see fig.1)   
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CMI monochromator based reference facility for spectral responsivity measurement in spectral region 

900 nm to 1670 nm uses double grating monochromator McPHERSON 2035D with subtractive dispersion, 

focal length 350 mm. One couple of ruled gratings 600 G/mm blazed at 1280 nm is used for dispersing 

the beam in this spectral range.  
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The Quartz Tungsten Halogen (QTH) lamp 400 W is used for illuminating the entrance slit. 

The filter-wheel with a set of order sorting filters is used for suppressing higher diffraction orders at the 

entrance slit of the monochromator. The optical shutter is applied at the entrance slit side of the 

monochromator facility. 

The motorized linear stage is used for both reference and DUT detectors positioning. All measurement is 

fully automated.  

Parameters used at the CMI laboratory 

The spectral bandwidth of  5 nm FWHM was used throughout this comparison. 

The reflective optics of f/# at about f/8 was used after the double monochromator’s exit slit. 

A 4 mm diameter circular spot was imaged into the geometrical centre of input aperture of the calibrated 

Ge detectors. The reference plane was set at the 6 mm Ge aperture front plane normal to the beam axis. 

The Monitor detector was used to compensate for time fluctuations of radiant flux of measuring quasi-

monochromatic beam. 
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Breakdown of uncertainty: 

Measurement repeatability evaluation in this CMI uncertainty breakdown represents the values of 

measurements involving the realignment of whole calibration system including removing and re-

adjusting the detectors. It is evaluated for each step of standard detectors realisation. 

The ‘Pyro stability’ uncertainty contribution below in the spreadsheet represents an estimation of the 

drift of the PYRO (+its electronic) response in a short-term period between its two independent 

absolute calibrations.  

The internal stray-light of our double monochromator system was measured by the ‘NPL cut-off filter 

method’ and reached the value approximately 5E-5 relatively. Then the uncertainty evaluates the 

modelled difference between the right value measured theoretically with completely pure beam and 

modelled result raising from including spectrally uniform stray-light of the measured level. 

The CMI InGaAs drift value was evaluated with respect to the time period of roughly one month from 

the last CMI INGaAs3 detector calibration. For simplicity the 'worst case envelop value' was chosen for 

the whole spectral range. 

 

 

Window transmittance A 0.005 standard 1 1 0.0050

Scattered and diffracted light B 10 standard 2 0.0001 0.0005

Cavity absorptance B 0.001 rectangular 1.732 1 0.0006

Electrical power measurements B 0.002 standard 2 1 0.0010

Radiometer sensitivity B 0.001 rectangular 1.732 1 0.0006

Changes in scatter and thermal 

radiation
B 0.001 rectangular 1.732 1 0.0006

Measurement repeatability A 0.001509 standard 1 1 0.0015

uncertainty 0.0054

Optical power measurement 

(Primary reference Laser based 

CR)

B 0.0054 standard 1 1 0.0054

Calibration of DVM for detectors B 0.0005 rectangular 1.732 1 0.0003

drift DVM for detectors B 0.0005 rectangular 1.732 1 0.0003

I/U transducer calibration B 0.01 rectangular 1.732 1 0.0058

Drift of I/U transducer B 0.001 rectangular 1.732 1 0.0006

Spot diameter influence B 0.005 rectangular 1.732 1 0.0029

Laser stability B 0.005 rectangular 1.732 1 0.0029

Alignment repeatability B 0.005 standard 2 1 0.0025

Transfer standards temporal 

stab.
B 0.04 rectangular 1.732 1 0.0231

Measurement repeatability A 0.000566 standard 1 1 0.0006

Combined standard 

uncertainty k = 1

0.0249

Ui [%]Spectral range [nm] Type
Value

[%]
CiDistribution

Divider

(coefficient)

Source of uncertainty Spectral range [nm] Type Ui [%]

Source of uncertainty

Value

[%]

Primary reference Laser based CR

Transfer standards (Si-Traps)

l = 799.3

l = 647.1

l = 568.1

l = 799.3

l = 647.1

l = 568.1

Distribution
Divider

(coefficient)
Ci
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PYRO residual wavelength 

dependence
900  l  1650 B 0.1 rectangular 1.732 1 0.06

PYRO uniformity 900  l  1650 B 0.02 rectangular 1.732 1 0.01

PYRO stability 900  l  1650 B 0.02 rectangular 1.732 1 0.01

900  l  960 0.14 0.14

960  l  1630 0.07 0.07

[nm] [%.nm
-1

]  [%]

 l = 1307.5 0.05 0.17 0.005

l = 900 0.30 0.76 0.13

l = 950 0.30 0.41 0.07

960  l  1630 0.30 0.30 0.05

[°C] [%.°C
-1

]  [%]

l = 900 0.2 0.13 0.02

l = 950 0.2 0.11 0.01

960  l  1630 0.2 0.1 0.01

900  l  960 0.6 0.35

960  l  1630 0.1 0.06

positioning 

[mm]
[%.mm

-1
]  [%]

900  l  960 0.25 0.70 0.10

960  l  1630 0.25 0.42 0.06

Lock in amplifier linearity 900  l  1650 B 0.17 rectangular 1.732 1 0.10

Voltmeter linearity 900  l  1650 B 0.01 rectangular 1.732 1 0.01

Amplifier linearity 900  l  1650 B 0.02 rectangular 1.732 1 0.01

 l = 1307.5 0.16

l = 900 0.43

l = 950 0.41

960  l  1630 0.17

1 1

1.732

standard

Combined standard 

uncertainty

k = 1

standard

Teperature dependence of 

InGaAs

Wavelength calibration B rectangular

rectangular

rectangularB

Measurement repeatability 

(Standard deviation of the mean 

STDEM of PYRO signal)

A

1.732

Ci Ui [%]Source of uncertainty Spectral range [nm] Type
Value

[%]
Distribution

Divider

(coefficient)

Relative calibration of CMI reference detector InGaAs3 at monochromator based facility (Standard =Spectrally flat detector PYRO)

Bandwidth effects 1.732 1

1.732Uniformity of InGaAs
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l = 1307.5 0.16 0.16

l = 900 0.43 0.43

l = 950 0.41 0.41

960  l  1630 0.17 0.17

Transfer standards (Si-detector) l = 653.75 B 0.10 standard 2 1 0.050

Transfer Si standards Drift l = 653.75 B 0.05 rectangular 1.732 1 0.029

Uniformity Si l = 653.75 B 0.1 rectangular 1.732 1 0.058

Linearity Si l = 653.75 B 0.01 rectangular 1.732 1 0.006

Polarization dependence Si l = 653.75 B 0.0001 rectangular 1.732 1 0.0001

Temperature dependence of Si l = 653.75 B 0.0005 rectangular 1.732 1 0.0003

PYRO residual wavelength 

dependence
900  l  1650 B 0.1 rectangular 1.732 1 0.058

Bandwidth effects l = 653.75, l = 1307.5 B 0.05 rectangular 1.732 1 0.029

Voltmeter linearity 900  l  1650 B 0.005 rectangular 1.732 1 0.003

I/U transducer dut detector 900  l  1650 B 0.01 standard 2 1 0.005

I/U transducer standard detector 900  l  1650 B 0.01 standard 2 1 0.005

Stray light 900  l  1650 B 0.026 rectangular 1.732 1 0.015

Measurement repeatability l = 653.75, l = 1307.5 A 0.037 standard 1 1 0.037

l = 900 0.44

l = 950 0.43

960  l  1630 0.20

l = 900 0.88

l = 950 0.85

960  l  1630 0.40

11

Absolute Calibration of CMI reference detector InGaAs3 at monochromator based facility

Ui [%]

Combined standard uncertainty

k = 1
standard

Distribution

standard

Divider

(coefficient)

Expanded uncertainty

k = 2
standard

Relative calibration of CMI 

reference detector with PYRO

Ci

B

Spectral range [nm] Type
Value

[%]
Source of uncertainty
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*Data extimated according CMI Ge working standard detector 

 
Description of calibration laboratory conditions: e.g. temperature, 
humidity etc 
All measurements were made in air conditioned dust free laboratory. The room temperature was 

maintained at (22,9  0,5) °C during the calibration, relative humidity air (40  10)%. The 

reference detector was temperature stabilised to keep its temperature within 22,9 °C  0,2 °C. 
The real temperature of detectors was monitored. 

  

l = 900 0.44 0.44

l = 950 0.43 0.43

960  l  1630 0.20 0.20

[°C] [%.°C
-1

]  [%]

900  l  1550 0.2 0.15 0.02

l = 1600 0.2 0.95 0.11

900  l  960 0.4 0.23

960  l  1550 0.1 0.06

1550  l  1630 0.1 0.06

CMI InGaAs drift 900  l  1650 B 0.05 rectangular 1.732 1 0.029

Voltmeter linearity 900  l  1650 B 0.005 rectangular 1.732 1 0.003

I/U transducer dut detector 900  l  1650 B 0.01 standard 2 1 0.005

I/U transducer standard detector 900  l  1650 B 0.01 standard 2 1 0.005

Stray light 900  l  1650 B 0.002 rectangular 1.732 1 0.001

positioning 

[mm]
[%.mm

-1
]  [%]

900  l  1000 0.25 0.5 0.07

1000  l  1550 0.25 0.5 0.07

1550  l  1650 0.25 0.5 0.07

900  l  1550 0.03 0.03

l = 1600 0.03 0.03

[nm] [%.nm-1] [%]

900  l  1550 0.30 0.30 0.05

l = 1600 0.30 0.95 0.16

l = 900 0.51

l = 950 0.49

960  l  1550 0.23

l = 1600 0.30

l = 900 1.01

l = 950 0.99

960  l  1550 0.47

l = 1600 0.60

1.732

1

Divider

(coefficient)
Value

Temperature dependence

of Ge *) 

standard

A standard

B rectangular

1.732

standard

Type

B

B

rectangular

Distribution

Calibration of EURAMET KC K2.a comparison transfer Ge detectors

B

Ui [%]Ci

1

Spectral range [nm]

Expanded uncertainty

k = 2

Wavelength calibration

Uniformity of Ge *)

Combined standard uncertainty

k = 1

Measurement repeatability 1

Bandwidth effects

rectangular 1.732

1CMI Reference detector

Source of uncertainty

rectangular 1.732

1

standard
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Measurement results: 
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Measurement results: 

 

Type of Standard Ge Reference number DGT12 

      

      

Wavelength 
/ nm 

Spectral 
Responsivity 

A/W 

STD 
A/W 

Num of 
measurements 

/n 

Temperature 
/Ohm 

Combined 
standard 

uncertainty 
(k=1) 

/% 

900 0.4218 0.00043 10 109.009 0.51 

950 0.4813 0.00026 10 109.013 0.49 

1000 0.5334 0.00011 10 109.009 0.23 

1050 0.5802 0.00009 10 109.011 0.23 

1100 0.6200 0.00004 10 109.006 0.23 

1150 0.6616 0.00006 10 109.005 0.23 

1200 0.7006 0.00005 10 109.006 0.23 

1250 0.7383 0.00004 10 109.007 0.23 

1300 0.7757 0.00002 10 109.007 0.23 

1350 0.8115 0.00011 10 109.005 0.23 

1400 0.8419 0.00013 10 109.007 0.23 

1450 0.8734 0.00005 10 109.006 0.23 

1500 0.9009 0.00010 10 109.006 0.23 

1550 0.9178 0.00007 10 109.004 0.23 

1600 0.6916 0.00015 10 109.009 0.30 

      

      

Laboratory: Czech metrology institute   

      

Date: 4 JAN 2012  Signature   

      

   Marek Smid 

   

Head of Radiometry and Photometry 

department 
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Type of Standard Ge Reference number DGT3 

      

      

      

Wavelength 
/ nm 

Spectral 
Responsivity 

A/W 

STD 
A/W 

Num of 
measurements 

/n 

Temperature 
/Ohm 

Combined 
standard 

uncertainty 
(k=1) 

/% 

900 0.4209 0.00015 10 108.951 0.51 

950 0.4787 0.00007 10 108.955 0.49 

1000 0.5318 0.00008 10 108.949 0.23 

1050 0.5821 0.00008 10 108.952 0.23 

1100 0.6242 0.00007 10 108.952 0.23 

1150 0.6649 0.00005 10 108.949 0.23 

1200 0.6996 0.00005 10 108.949 0.23 

1250 0.7320 0.00008 10 108.947 0.23 

1300 0.7650 0.00008 10 108.951 0.23 

1350 0.7990 0.00007 10 108.950 0.23 

1400 0.8307 0.00009 10 108.948 0.23 

1450 0.8666 0.00017 10 108.946 0.23 

1500 0.9007 0.00009 10 108.950 0.23 

1550 0.9235 0.00011 10 108.948 0.23 

1600 0.6860 0.00018 10 108.951 0.30 

      

      

Laboratory: Czech metrology institute   

      

Date: 4 JAN 2012  Signature   

      

   Marek Smid 

   

Head of Radiometry and Photometry 

department 
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Laboratory:  CMI Prague, CZ  

 

Date: 4 January 2012    Signature:  

 

 

 

 

 

 

 

End of protocol 

 

 

Marek Smid 

Head of Radiometry and Photometry department 
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A.2 GUM (Poland) 
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A.3 JV (Norway) 

  

𝑅(𝑇𝑟𝑎𝑝)  ± 𝑢𝑇𝑟𝑎𝑝     (1) 
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A.4 NPL (United Kingdom)  
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A.5 SP (Sweden) 

 

Measurement facility and method  

Measurements where performed in monochromator Zeiss MM12, fitted with motors for automatic 

wavelength and bandwidth setting. Round spot of  4 mm diameter imaged on the Germanium 

detectors with f/#: around f/6. As working standard a UDT 261 Ge s/n G306 NPL (SP500021) 

germanium diode was used. Assuming the same temperature dependence for the three measured 

artefacts and SP working standard the overall results are given for 21±1 °C ( the temperature our 

standard is calibrated at) This increases the uncertainty for temperature dependence. The 

monochromator can be equipped with different prisms and lamps. For this comparison glass prisms 

and a tungsten halogen lamp was used for wavelengths from 900 nm and up to 1600 nm. The 

monochromator’s basic wavelength calibration is made using a deuterium lamp. Typically a 

bandwidth of 7 nm has been used, although larger at higher wavelengths. Room temperature: 26±1 

(recorded). Detector temperature was recorded during measurements. Each detector was measured 

in 6 series. Temperature over one series changed typically like for measurement 4 in Table 1.  

 

 

Basic traceability chain  

 SP is traceable to NPL for spectral responsivity in this wavelength range.  

Measurement uncertainty 

We are starting with uncertainty of our calibrated detector with traceability from NPL given for Each 

50 nm wavelength between 900 and 1600 nm. The uncertainties are expressed in percent (%). In the 

tables below the calculated uncertainties is given for 1300 nm, 1450 nm, 1500 nm, 1550 nm and 

1600 nm. The uncertainty calculation for 1300 nm represents the estimated uncertainties for 900 nm 

– 1400 nm.    
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Temperature:   The laboratory’s temperature was 26 ±1 °C during the measurements. The UDT 

Germanium detector had been calibrated at NPL at 21±1 °C. The temperature dependence of 

Germanium in spectral responsivity is reported in literature to be fairly small up to 1450 nm but after 

that the temperature dependence on the responsivity increases to reach several % at 1600 nm. 

Assuming similar temperature dependence for the three measured germanium artefacts and SP 

working standard the overall results are given for 21±1 °C with an increased uncertainty for the 

temperature dependence. Depending on the wavelength temperature contributes a certain amount 

to the overall uncertainty (from ±0,30 % at 900 nm – 1400 nm, ± 0,60 % at 1450 nm, ± 0,65 % 1500 

nm,  ± 0,66 % at 1550 nm and ± 1,14 % 1600 nm.  Other components like repeatability and 

wavelength and bandwidth effects also have an increased uncertainty for λ ≥ 1450 nm.  

  

Repeatability:  Typically the standard deviations are calculated as mean values from five repeated 

measurements. This component is ± 0,30 %.  

Linearity: Light from monochromator has a power in the order of 5-10 microW.  Linearity effects are 

neglected in the uncertainty calculations.  

Electrical measurements: The voltmeters and amplifiers used are calibrated at NMI for electricity. 

Also, all measurements are comparative, which almost completely will eliminate the small residual 

error. This component is assumed to be negligible in comparison to other uncertainties.   

Others: Estimates for vingetting effects, reflections, polarizations, stray light, bandwidth effects, and 

to some extent non-uniformity, are type B estimates which are based on experience regarding the 

detector types used and the measurement set-up.     
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A.6 UME (Turkey) 

1. Description of the measurement facility  

The measurement system as shown in Figure 1 is consisting of a 400 Watt QTH lamp, a 

monochromator, output optics and detection system.  The QTH lamp was operated at 395 

Watt and used for the spectral range from 900 nm to 1600 nm. The monochromator (Type: 

DTM 300V Bentham Instruments Ltd, f = 300mm) is grating type with three diffraction 

gratings. The grating with 600 G/mm was used for these measurements. The band passes of 

monochromator were adjusted to about 8 nm. The off axis mirror was used to collimate the 

light beam, and variable apertures were used to adjust the beam diameter, minimize the 

background and stray light. The beam diameter for the measurements  was adjusted to 

approximately 4 mm. The detectors were placed to the holders placed on translational stage 

and where they are separately connected to a transamplifier and a multimeter. 

 

Figure1. The experimental setup for the spectral responsivity measurements. A1 and A2 are 

apertures; M1,M2 and M3 are mirrors; OAM: Off axis mirror; RefD, and Test D are reference 

and test detectors; TA: transimpedance amplifier; DMM: digital multimeter. 

 

2. Description of the measuring technique 

For the measurements, each time a reference detector and a test detector were put on the 

translational stage as shown in Figure1,  where their optical alignments were done and 

sufficient time was allowed to let the detectors reach thermal equilibrium.   

The reference and test detectors, via translation stage were moved against monochromatic 

beam at each wavelength from 900 nm to 1600 nm with 50 nm intervals and their current 

responses were recorded. By this way a set of six measurements were taken for each 

detector at different times. That is, the detectors were removed and realigned between each 

measurements. Moreover, for each measurement the internal PT-100 resistance of the 
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detectors was also measured. Responsivity values for the DUT were evaluated by 

multiplying  the ratio of current response of DUT and reference with the reference detector 

responsivty. 

3. Description of reference standard 

Reference standard used in this comparison is GM10HS model germanium photodiode 

based detector.  This detector is traceable to transfer standard named as Electrically 

Calibrated Pyroelectric Radiometer which is traceable to Electrical Substitution Cryogenic 

Radiometer.  

 

4. Description of calibration laboratory conditions 

The temperature and relative humidity of laboratory has been set to 23.0±0.5 °C and 

45.0±5.0 %, respectively. During the whole measurement period average of recorded values 

of these two parameters were about 22.5 °C and 52.0 %. 

 

5. Comments on detectors 

Totally three detectors named as DGT09, DGT10 and DGT11 were measured. Before the 

measurements all the detectors were inspected for any damage and contamination. On all 

detectors no any fingerprints and dust particles were observed. No special cleaning process 

was applied especially during the measurements, apart from removing the dust particles from 

the surface of detectors with dry air.  

 

6. Measurement results 

 The measurement results for the responsivity values of detectors are given in Table1, Table2 and 

Table3. Uncertainty components for spectral sesponsivity values of detectors are given in Table4, 

Table5 and Table6 

 

 

 

 

Table1. Spectral Responsivity of DGT09 detector 
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Wavelength 

/ nm 

Spectral 

Responsivity 

A/W 

STD 

A/W 

Num of 

measurements 

/n 

Temperature 

/Ohm 

Combined 

relative 

standard 

uncertainty 

(k=1) /% 

900 0,4358 4,7E-04 6 109,668 0,92 

950 0,4940 2,7E-04 6 109,669 0,91 

1000 0,5496 3,3E-04 6 109,670 0,92 

1050 0,5933 3,0E-04 6 109,669 0,91 

1100 0,6329 3,2E-04 6 109,671 0,91 

1150 0,6756 2,6E-04 6 109,674 0,91 

1200 0,7168 2,6E-04 6 109,676 0,91 

1250 0,7554 2,5E-04 6 109,677 0,91 

1300 0,7924 2,9E-04 6 109,679 0,91 

1350 0,8276 3,2E-04 6 109,680 0,91 

1400 0,8530 3,7E-04 6 109,491 0,91 

1450 0,8860 3,2E-04 6 109,684 0,91 

1500 0,9066 3,5E-04 6 109,687 0,91 

1550 0,9103 4,0E-04 6 109,689 0,95 

1600 0,6688 3,9E-04 6 109,690 0,96 
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Table2. Spectral Responsivity of DGT10 detector 

Wavelength 

/ nm 

Spectral 

Responsivity 

A/W 

STD 

A/W 

Num of 

measurements 

/n 

Temperature 

/Ohm 

Combined 

relative 

standard 

uncertainty 

(k=1) /% 

900 0,3956 3,1E-04 6 109,655 0,92 

950 0,4580 2,8E-04 6 109,653 0,92 

1000 0,5186 3,2E-04 6 109,649 0,92 

1050 0,5691 1,5E-04 6 109,648 0,91 

1100 0,6153 1,4E-04 6 109,645 0,91 

1150 0,6648 1,3E-04 6 109,643 0,91 

1200 0,7121 1,3E-04 6 109,642 0,91 

1250 0,7553 1,4E-04 6 109,640 0,91 

1300 0,7961 1,7E-04 6 109,639 0,91 

1350 0,8346 3,8E-04 6 109,638 0,91 

1400 0,8634 5,2E-04 6 109,637 0,92 

1450 0,9000 6,3E-04 6 109,636 0,92 

1500 0,9239 9,7E-04 6 109,636 0,92 

1550 0,9274 1,3E-03 6 109,636 1,04 

1600 0,6771 1,1E-03 6 109,637 1,07 
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Table3. Spectral Responsivity of DGT11 detector 

Wavelength 

/ nm 

Spectral 

Responsivity 

A/W 

STD 

A/W 

Num of 

measurements 

/n 

Temperature 

/Ohm 

Combined 

relative 

standard 

uncertainty  

(k=1) /% 

900 0,3979 8,4E-04 6 109,767 0,96 

950 0,4549 8,3E-04 6 109,768 0,95 

1000 0,5099 5,1E-04 6 109,773 0,92 

1050 0,5550 5,0E-04 6 109,773 0,92 

1100 0,5957 5,6E-04 6 109,778 0,92 

1150 0,6405 5,5E-04 6 109,779 0,92 

1200 0,6829 5,7E-04 6 109,784 0,92 

1250 0,7221 6,2E-04 6 109,784 0,92 

1300 0,7608 6,4E-04 6 109,786 0,92 

1350 0,7997 8,3E-04 6 109,789 0,92 

1400 0,8327 8,8E-04 6 109,795 0,92 

1450 0,8714 6,3E-04 6 109,795 0,92 

1500 0,9001 1,1E-03 6 109,800 0,93 

1550 0,9123 8,8E-04 6 109,801 0,99 

1600 0,6751 1,1E-03 6 109,804 1,08 

 

 

7. Uncertainty of Measurements 

Combined standard uncertainties given in the Table 3 - Table 5 were obtained by using 

standard deviations given in these tables and the uncertainty components given in the Table 

4.   Each uncertainty components in Table 4 were multiplied by the responsivity values in the   

Table 3 - Table 5 to get the effect of these uncertainty components on responsivity. Then 

after evaluating the combine uncertainty the relative combined uncertainty values were 

obtained by dividing it to the responsivity values. 

 

7.1 Uncertainty Components for Spectral Responsivity Measurements 
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Uncertainty due to Reference Detector:  Reference detector is Ge detector which was 

calibrated against Electrically Calibrated Pyroelectric Radiometer (ECPR). The ECPR was 

calibrated against silicon photodiode based trap detector which is traceable to cryogenic 

radiometer.  

Uncertainty due to Interpolation and Extrapolation: Silicon photodiode based trap 

detector was calibrated at 488 nm, 515 nm and 633 nm laser wavelengths. Then between 

these wavelengths scale was obtained by interpolation. The ECPR was calibrated against 

trap detector at 1064 nm laser wavelength and the scale was extrapolated using the 

reflectance values of ECPR sensor. 

 

Uncertainty due to Uniformity: Uniformity of reference detector was obtained by scanning 

the detector active area with a 1 mm laser beam diameter.  

Uncertainty due to Linearity: Reference detector optical response was measured at 

various power levels at single laser wavelengths and its linearity was evaluated. 

Uncertainty due to Amplifier: The uncertainty used in the for the amplifier was taken from 

the calibration certificate 

Uncertainty due to Multimeter: The uncertainty used in the for the multimeter was taken 

from the calibration certificate 

Uncertainty due to Bandwidth: The reference detector response was measured at different 

bandwidths and related uncertainty was evaluated. 

Uncertainty due to Wavelength: The reference detector response was measured at a 

specific wavelength interval using monochromator. Then monochromater was scanned by 

changing initial wavelengths by amount of monochromator wavelength uncertainty.  Using 

these values uncertainty due to wavelengths was evaluated.  

Uncertainty due to Stray Light: Using some filters effect of stray light of monochromator 

was evaluated.  

Uncertainty due to Temperature: Reference detector response to incident light was 

recorded at different room temperature levels and the effect on the results was evaluated. 
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Table 4. Uncertainty Budget for the Spectral Responsivity of DGT09 detector 

 

 

Source Of Uncertainty Unit 

Wavelength nm 

900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 

Standard Deviation A/W 4,7E-04 2,7E-04 3,3E-04 3,0E-04 3,2E-04 2,6E-04 2,6E-04 2,5E-04 2,9E-04 3,2E-04 3,7E-04 3,2E-04 3,5E-04 4,0E-04 3,9E-04 

Primary Reference A/W 2,4E-03 2,7E-03 3,0E-03 3,3E-03 3,5E-03 3,7E-03 4,0E-03 4,2E-03 4,4E-03 4,6E-03 4,7E-03 4,9E-03 5,0E-03 5,0E-03 3,7E-03 

Interpolation/ Extrapolation A/W 6,9E-04 7,8E-04 8,7E-04 9,4E-04 1,0E-03 1,1E-03 1,1E-03 1,2E-03 1,3E-03 1,3E-03 1,4E-03 1,4E-03 1,4E-03 1,4E-03 1,1E-03 

Uniformity A/W 3,5E-04 3,9E-04 4,4E-04 4,7E-04 5,0E-04 5,4E-04 5,7E-04 6,0E-04 6,3E-04 6,6E-04 6,8E-04 7,0E-04 7,2E-04 7,2E-04 5,3E-04 

Linearity A/W 6,9E-05 7,8E-05 8,7E-05 9,4E-05 1,0E-04 1,1E-04 1,1E-04 1,2E-04 1,3E-04 1,3E-04 1,4E-04 1,4E-04 1,4E-04 1,4E-04 1,1E-04 

Polarization A/W 1,4E-04 1,6E-04 1,7E-04 1,9E-04 2,0E-04 2,1E-04 2,3E-04 2,4E-04 2,5E-04 2,6E-04 2,7E-04 2,8E-04 2,9E-04 2,9E-04 2,1E-04 

Repeatability A/W 5,8E-04 4,7E-04 5,5E-04 5,6E-04 6,0E-04 5,9E-04 6,3E-04 6,5E-04 6,9E-04 7,3E-04 7,7E-04 7,7E-04 8,0E-04 2,5E-03 2,0E-03 

 Amplifier A/W 2,6E-04 2,9E-04 3,3E-04 3,5E-04 3,8E-04 4,0E-04 4,3E-04 4,5E-04 4,7E-04 4,9E-04 5,1E-04 5,3E-04 5,4E-04 5,4E-04 4,0E-04 

 Voltmeter A/W 8,6E-05 9,8E-05 1,1E-04 1,2E-04 1,3E-04 1,3E-04 1,4E-04 1,5E-04 1,6E-04 1,6E-04 1,7E-04 1,8E-04 1,8E-04 1,8E-04 1,3E-04 

 Bandwidth A/W 6,9E-04 7,8E-04 8,7E-04 9,4E-04 1,0E-03 1,1E-03 1,1E-03 1,2E-03 1,3E-03 1,3E-03 1,4E-03 1,4E-03 1,4E-03 1,4E-03 1,1E-03 

Wavelength A/W 1,2E-04 1,3E-04 1,5E-04 1,6E-04 1,7E-04 1,8E-04 1,9E-04 2,0E-04 2,1E-04 2,2E-04 2,3E-04 2,4E-04 2,4E-04 2,5E-04 1,8E-04 

Stray Light A/W 3,5E-05 3,9E-05 4,4E-05 4,7E-05 5,0E-05 5,4E-05 5,7E-05 6,0E-05 6,3E-05 6,6E-05 6,8E-05 7,0E-05 7,2E-05 7,2E-05 5,3E-05 

Beam Size A/W 1,7E-03 1,9E-03 2,1E-03 2,3E-03 2,4E-03 2,6E-03 2,8E-03 2,9E-03 3,1E-03 3,2E-03 3,3E-03 3,4E-03 3,5E-03 3,5E-03 2,6E-03 

Temperature A/W 2,4E-03 2,7E-03 3,1E-03 3,3E-03 3,5E-03 3,8E-03 4,0E-03 4,2E-03 4,4E-03 4,6E-03 4,7E-03 4,9E-03 5,0E-03 5,1E-03 3,7E-03 

  
               

Combined Uncertainty (k=1) A/W 4,0E-03 4,5E-03 5,0E-03 5,4E-03 5,8E-03 6,2E-03 6,5E-03 6,9E-03 7,2E-03 7,6E-03 7,8E-03 8,1E-03 8,3E-03 8,6E-03 6,4E-03 

Expanded Uncertainty (k=2) A/W 8,1E-03 9,0E-03 1,0E-02 1,1E-02 1,2E-02 1,2E-02 1,3E-02 1,4E-02 1,4E-02 1,5E-02 1,6E-02 1,6E-02 1,7E-02 1,7E-02 1,3E-02 

 Relative Combined 

Uncertainty (k=1) % 
0,92 0,91 0,92 0,91 0,91 0,91 0,91 0,91 0,91 0,91 0,91 0,91 0,91 0,95 0,96 

 Relative Expanded 

Uncertainty (k=2) % 1,85 1,83 1,83 1,83 1,83 1,83 1,82 1,82 1,83 1,83 1,83 1,82 1,83 1,90 1,91 
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Table 5. Uncertainty Budget for the Spectral Responsivity of DGT10 detector 

 

Source Of Uncertainty Unit 

Wavelength (nm) 

900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 

Standard Deviation A/W 3,1E-04 2,8E-04 3,2E-04 1,5E-04 1,4E-04 1,3E-04 1,3E-04 1,4E-04 1,7E-04 3,8E-04 5,2E-04 6,3E-04 9,7E-04 1,3E-03 1,1E-03 

Primary Reference A/W 2,2E-03 2,5E-03 2,9E-03 3,1E-03 3,4E-03 3,7E-03 3,9E-03 4,2E-03 4,4E-03 4,6E-03 4,8E-03 5,0E-03 5,1E-03 5,1E-03 3,7E-03 

Interpolation/ Extrapolation A/W 6,3E-04 7,3E-04 8,2E-04 9,0E-04 9,8E-04 1,1E-03 1,1E-03 1,2E-03 1,3E-03 1,3E-03 1,4E-03 1,4E-03 1,5E-03 1,5E-03 1,1E-03 

Uniformity A/W 3,1E-04 3,6E-04 4,1E-04 4,5E-04 4,9E-04 5,3E-04 5,7E-04 6,0E-04 6,3E-04 6,6E-04 6,9E-04 7,1E-04 7,3E-04 7,4E-04 5,4E-04 

Linearity A/W 6,3E-05 7,3E-05 8,2E-05 9,0E-05 9,8E-05 1,1E-04 1,1E-04 1,2E-04 1,3E-04 1,3E-04 1,4E-04 1,4E-04 1,5E-04 1,5E-04 1,1E-04 

Polarization A/W 1,3E-04 1,5E-04 1,6E-04 1,8E-04 2,0E-04 2,1E-04 2,3E-04 2,4E-04 2,5E-04 2,6E-04 2,7E-04 2,9E-04 2,9E-04 2,9E-04 2,1E-04 

Repeatability A/W 4,4E-04 4,6E-04 5,2E-04 4,7E-04 5,1E-04 5,4E-04 5,8E-04 6,2E-04 6,5E-04 7,6E-04 8,6E-04 9,5E-04 1,2E-03 4,5E-03 3,7E-03 

Amplifier A/W 2,4E-04 2,7E-04 3,1E-04 3,4E-04 3,7E-04 4,0E-04 4,2E-04 4,5E-04 4,7E-04 5,0E-04 5,1E-04 5,4E-04 5,5E-04 5,5E-04 4,0E-04 

Voltmeter A/W 7,8E-05 9,1E-05 1,0E-04 1,1E-04 1,2E-04 1,3E-04 1,4E-04 1,5E-04 1,6E-04 1,7E-04 1,7E-04 1,8E-04 1,8E-04 1,8E-04 1,3E-04 

Bandwidth A/W 6,3E-04 7,3E-04 8,2E-04 9,0E-04 9,8E-04 1,1E-03 1,1E-03 1,2E-03 1,3E-03 1,3E-03 1,4E-03 1,4E-03 1,5E-03 1,5E-03 1,1E-03 

Wavelength Dependency A/W 1,1E-04 1,2E-04 1,4E-04 1,5E-04 1,7E-04 1,8E-04 1,9E-04 2,0E-04 2,1E-04 2,3E-04 2,3E-04 2,4E-04 2,5E-04 2,5E-04 1,8E-04 

Stray Light A/W 3,1E-05 3,6E-05 4,1E-05 4,5E-05 4,9E-05 5,3E-05 5,7E-05 6,0E-05 6,3E-05 6,6E-05 6,9E-05 7,1E-05 7,3E-05 7,4E-05 5,4E-05 

Beam Size A/W 1,5E-03 1,8E-03 2,0E-03 2,2E-03 2,4E-03 2,6E-03 2,7E-03 2,9E-03 3,1E-03 3,2E-03 3,3E-03 3,5E-03 3,6E-03 3,6E-03 2,6E-03 

Temperature A/W 2,2E-03 2,5E-03 2,9E-03 3,2E-03 3,4E-03 3,7E-03 4,0E-03 4,2E-03 4,4E-03 4,6E-03 4,8E-03 5,0E-03 5,1E-03 5,2E-03 3,8E-03 

 

Combined Uncertainty (k=1) A/W 3,6E-03 4,2E-03 4,7E-03 5,2E-03 5,6E-03 6,1E-03 6,5E-03 6,9E-03 7,3E-03 7,6E-03 7,9E-03 8,2E-03 8,5E-03 9,6E-03 7,2E-03 

Expanded Uncertainty (k=2) A/W 7,3E-03 8,4E-03 9,5E-03 1,0E-02 1,1E-02 1,2E-02 1,3E-02 1,4E-02 1,5E-02 1,5E-02 1,6E-02 1,6E-02 1,7E-02 1,9E-02 1,4E-02 

Relative Combined 

Uncertainty (k=1) 
% 0,92 0,92 0,92 0,91 0,91 0,91 0,91 0,91 0,91 0,91 0,92 0,92 0,92 1,04 1,07 

Relative Expanded 

Uncertainty (k=2) 
% 1,84 1,83 1,83 1,82 1,82 1,82 1,82 1,82 1,82 1,83 1,83 1,83 1,85 2,08 2,14 
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Table 6. Uncertainty Budget for the Spectral Responsivity of DGT11 detector 

Source Of Uncertainty Unit 

Wavelength nm 

900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 

Standard Deviation A/W 8,4E-04 8,3E-04 5,1E-04 5,0E-04 5,6E-04 5,5E-04 5,7E-04 6,2E-04 6,4E-04 8,3E-04 8,8E-04 6,3E-04 1,1E-03 8,8E-04 1,1E-03 

Primary Reference A/W 2,2E-03 2,5E-03 2,8E-03 3,1E-03 3,3E-03 3,5E-03 3,8E-03 4,0E-03 4,2E-03 4,4E-03 4,6E-03 4,8E-03 5,0E-03 5,0E-03 3,7E-03 

Interpolation/ Extrapolation A/W 6,3E-04 7,2E-04 8,1E-04 8,8E-04 9,5E-04 1,0E-03 1,1E-03 1,1E-03 1,2E-03 1,3E-03 1,3E-03 1,4E-03 1,4E-03 1,4E-03 1,1E-03 

Uniformity A/W 3,2E-04 3,6E-04 4,0E-04 4,4E-04 4,7E-04 5,1E-04 5,4E-04 5,7E-04 6,0E-04 6,3E-04 6,6E-04 6,9E-04 7,1E-04 7,2E-04 5,4E-04 

Linearity A/W 6,3E-05 7,2E-05 8,1E-05 8,8E-05 9,5E-05 1,0E-04 1,1E-04 1,1E-04 1,2E-04 1,3E-04 1,3E-04 1,4E-04 1,4E-04 1,4E-04 1,1E-04 

Polarization A/W 1,3E-04 1,4E-04 1,6E-04 1,8E-04 1,9E-04 2,0E-04 2,2E-04 2,3E-04 2,4E-04 2,5E-04 2,6E-04 2,8E-04 2,9E-04 2,9E-04 2,1E-04 

Repeatability A/W 9,0E-04 9,1E-04 6,5E-04 6,6E-04 7,3E-04 7,5E-04 7,9E-04 8,4E-04 8,8E-04 1,0E-03 1,1E-03 9,3E-04 1,3E-03 3,4E-03 3,8E-03 

 Amplifier A/W 2,4E-04 2,7E-04 3,0E-04 3,3E-04 3,5E-04 3,8E-04 4,1E-04 4,3E-04 4,5E-04 4,8E-04 5,0E-04 5,2E-04 5,4E-04 5,4E-04 4,0E-04 

 Voltmeter A/W 7,9E-05 9,0E-05 1,0E-04 1,1E-04 1,2E-04 1,3E-04 1,4E-04 1,4E-04 1,5E-04 1,6E-04 1,7E-04 1,7E-04 1,8E-04 1,8E-04 1,3E-04 

 Bandwidth A/W 6,3E-04 7,2E-04 8,1E-04 8,8E-04 9,5E-04 1,0E-03 1,1E-03 1,1E-03 1,2E-03 1,3E-03 1,3E-03 1,4E-03 1,4E-03 1,4E-03 1,1E-03 

Wavelength Dependency A/W 1,1E-04 1,2E-04 1,4E-04 1,5E-04 1,6E-04 1,7E-04 1,8E-04 1,9E-04 2,1E-04 2,2E-04 2,2E-04 2,4E-04 2,4E-04 2,5E-04 1,8E-04 

Stray Light A/W 3,2E-05 3,6E-05 4,0E-05 4,4E-05 4,7E-05 5,1E-05 5,4E-05 5,7E-05 6,0E-05 6,3E-05 6,6E-05 6,9E-05 7,1E-05 7,2E-05 5,4E-05 

Beam Size A/W 1,5E-03 1,8E-03 2,0E-03 2,1E-03 2,3E-03 2,5E-03 2,6E-03 2,8E-03 2,9E-03 3,1E-03 3,2E-03 3,4E-03 3,5E-03 3,5E-03 2,6E-03 

Temperature A/W 2,2E-03 2,5E-03 2,8E-03 3,1E-03 3,3E-03 3,6E-03 3,8E-03 4,0E-03 4,2E-03 4,4E-03 4,6E-03 4,8E-03 5,0E-03 5,1E-03 3,8E-03 

 

Combined Uncertainty (k=1) A/W 3,8E-03 4,3E-03 4,7E-03 5,1E-03 5,5E-03 5,9E-03 6,3E-03 6,6E-03 7,0E-03 7,4E-03 7,7E-03 8,0E-03 8,3E-03 9,0E-03 7,3E-03 

Expanded Uncertainty (k=2) A/W 7,6E-03 8,6E-03 9,4E-03 1,0E-02 1,1E-02 1,2E-02 1,3E-02 1,3E-02 1,4E-02 1,5E-02 1,5E-02 1,6E-02 1,7E-02 1,8E-02 1,5E-02 

 Relative Combined 

Uncertainty (k=1) 
% 0,96 0,95 0,92 0,92 0,92 0,92 0,92 0,92 0,92 0,92 0,92 0,92 0,93 0,99 1,08 

 Relative Expanded 

Uncertainty (k=2) 
% 1,92 1,89 1,84 1,84 1,84 1,84 1,84 1,84 1,84 1,85 1,85 1,83 1,85 1,97 2,16 

 

 


