
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Development of white LED illuminants for colorimetry and recommendation of white
LED reference spectrum for photometry

Kokka, Alexander; Poikonen, Tuomas; Blattner, Peter; Jost, Sophie; Ferrero, Alejandro; Pulli, Tomi; Ngo,
Mathias; Thorseth, Anders; Gerloff, Thorsten; Dekker, Paul
Total number of authors:
16

Published in:
Metrologia

Link to article, DOI:
10.1088/1681-7575/aacae7

Publication date:
2018

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Kokka, A., Poikonen, T., Blattner, P., Jost, S., Ferrero, A., Pulli, T., Ngo, M., Thorseth, A., Gerloff, T., Dekker, P.,
Stuker, F., Klej, A., Ludwig, K., Schneider, M., Reiners, T., & Ikonen, E. (2018). Development of white LED
illuminants for colorimetry and recommendation of white LED reference spectrum for photometry. Metrologia,
55(4), 526-534. https://doi.org/10.1088/1681-7575/aacae7

https://doi.org/10.1088/1681-7575/aacae7
https://orbit.dtu.dk/en/publications/a95bfea1-fa55-4bfb-9a13-5fe3ed05edb1
https://doi.org/10.1088/1681-7575/aacae7


Metrologia
     

PAPER • OPEN ACCESS

Development of white LED illuminants for
colorimetry and recommendation of white LED
reference spectrum for photometry
To cite this article: Alexander Kokka et al 2018 Metrologia 55 526

 

View the article online for updates and enhancements.

Related content
PTB network for realization and
maintenance of the candela
W Erb and G Sauter

-

Method for estimating effects of unknown
correlations in spectral irradiance data on
uncertainties of spectrally integrated
colorimetric quantities
Petri Kärhä, Anna Vaskuri, Henrik
Mäntynen et al.

-

Radiometry in photovoltaics: calibration of
reference solar cells and evaluation of
reference values
J Metzdorf, S Winter and T Wittchen

-

This content was downloaded from IP address 80.71.142.94 on 30/06/2018 at 11:07

https://doi.org/10.1088/1681-7575/aacae7
http://iopscience.iop.org/article/10.1088/0026-1394/34/2/2
http://iopscience.iop.org/article/10.1088/0026-1394/34/2/2
http://iopscience.iop.org/article/10.1088/1681-7575/aa7b39
http://iopscience.iop.org/article/10.1088/1681-7575/aa7b39
http://iopscience.iop.org/article/10.1088/1681-7575/aa7b39
http://iopscience.iop.org/article/10.1088/1681-7575/aa7b39
http://iopscience.iop.org/article/10.1088/0026-1394/37/5/52
http://iopscience.iop.org/article/10.1088/0026-1394/37/5/52
http://iopscience.iop.org/article/10.1088/0026-1394/37/5/52


526 © 2018 BIPM & IOP Publishing Ltd Printed in the UK

Alexander Kokka1, Tuomas Poikonen2, Peter Blattner3, 
Sophie Jost4, Alejandro Ferrero5, Tomi Pulli1, Mathias Ngo4, 
Anders Thorseth6 , Thorsten Gerloff7, Paul Dekker8, Florian Stuker3, 
Adam Klej9, Klaus Ludwig10, Markus Schneider11, Thomas Reiners12  
and Erkki Ikonen1,2

1 Metrology Research Institute, Aalto University, Espoo, Finland
2 VTT Technical Research Centre of Finland Ltd, Espoo, Finland
3 METAS, Bern-Wabern, Switzerland
4 Université de Lyon, ENTPE, LGCB, Vaulx-en-Velin, France
5 CSIC, Instituto de Óptica ‘Daza de Valdés’, Madrid, Spain
6 DTU Fotonik, Technical University of Denmark, Roskilde, Denmark
7 PTB, Braunschweig, Germany
8 VSL, Delft, Netherlands
9 Philips Lighting, Eindhoven, Netherlands
10 OSRAM, Augsburg, Germany
11 OSRAM Opto Semiconductors, Regensburg, Germany
12 LMT Lichtmesstechnik GmbH, Berlin, Germany

E-mail: alexander.kokka@aalto.fi

Received 26 March 2018, revised 21 May 2018
Accepted for publication 6 June 2018
Published 28 June 2018

Abstract
General lighting is undergoing a revolutionary change towards LED-based technologies. 
To provide firm scientific basis for the related colorimetric and photometric measurements, 
this paper presents the development of new white-LED-based illuminants for colorimetry, 
and their evaluation to recommend a new reference spectrum for calibration of photometers. 
Spectra of 1516 LED products were measured and used to calculate eight representative 
spectral power distributions for LED sources of different correlated colour temperature 
categories. The suitability of the calculated representative spectra for photometer calibration 
was studied by comparing average spectral mismatch errors with CIE Standard Illuminant A, 
which has been used for decades as the reference spectrum for incandescent standard lamps 
in calibration of photometers. It was found that in general, when compared with Standard 
Illuminant A, all the potential LED calibration spectra reduced spectral mismatch errors when 
measuring LED products. Out of the potential LED calibration spectra tested, the white LED 
spectrum with correlated colour temperature of 4103 K was found to be the most suitable 
candidate to complement Standard Illuminant A in luminous responsivity calibrations of 
photometers. When compared with Standard Illuminant A, employing the 4103 K reference 
spectrum reduced the spectral mismatch errors, on average, by approximately a factor of two 
in measurements of LED products and lighting. Furthermore, the new LED reference spectrum 
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was found to reduce the spectral mismatch errors in measurements of daylight, and many 
types of fluorescent and discharge lamps, indicating that the proposed reference spectrum is a 
viable alternative to Standard Illuminant A for calibration of photometers.

Keywords: LED, colorimetry, photometry, illuminants, reference spectrum, photometer 
calibration, Standard Illuminant A

(Some figures may appear in colour only in the online journal)

1. Introduction

The advantages of white LED lamps as photometric calibra-
tion sources have been considered [1], as incandescent lighting 
is being phased out and superseded by solid-state lighting 
products [2–6]. Still, photometers used for measuring modern 
LED products are commonly calibrated using tungsten fila-
ment incandescent standard lamps with Standard Illuminant A 
spectrum [7–11], defined by the International Commission on 
Illumination (CIE) in 1931 [12]. This inevitably leads to spec-
tral mismatch between the calibration source and the LED 
product under test, which results in increased uncertainty 
in the quantities measured using the calibrated photometer. 
Previously, it has been shown that the maximum errors due 
to spectral mismatch could be reduced by a factor of three by 
using two LED-based calibration sources instead of an incan-
descent one [1].

In addition to the spectral mismatch issue, future avail-
ability of incandescent calibration sources for photometry 
is also under question [1]. Furthermore, tungsten filament 
standard lamps have far more limited operational lifetime and 
are mechanically more fragile when compared with LEDs 
[13–17]. LED lamps can be built to maintain their luminous 
flux output and correlated colour temperature (CCT) within 
one percent for the operational periods of up to 25 000 h [17].

The aim of this paper is to analyse and propose a set of new 
LED illuminants for colorimetry [18], and to select one of these 
illuminants to complement Standard Illuminant A as the refer-
ence spectrum for calibration of photometers. Currently, the 
official illuminants used in colorimetry have been published in 
CIE Technical Report No. 15: Colorimetry [19]. The published 
set of illuminants includes spectral data for daylight of dif-
ferent types, and for various incandescent, fluorescent, and dis-
charge lamps. LED illuminants are required to allow accurate 
colorimetric analysis of light and materials in LED lighting 
conditions. To achieve this, in this paper, eight representative 
spectral power distributions (RSPDs) are determined from the 
amassed spectral data of 1516 white LED sources to repre-
sent products of eight different CCT categories for colorimetry. 
Then, using spectral responsivity data of 107 photometers, the 
most suitable RSPD for photometer calibration is selected by 
determining the one producing the smallest spectral mismatch 
errors when measuring different types of light. Compatibility 
with existing practices, methods, and equipment used in color-
imetry and photometry is considered in the analysis.

2. Methods

2.1. Collection of white LED spectra

For the study, the relative spectral power distributions of 1516 
LED products of different types were measured; including 
AC- and DC-operated bulbs, spots, tubes, street lamps, LED 
strips, downlight luminaires, prints and textures by a large 
number of manufacturers. Measurements of the products were 
carried out in various laboratories, including manufacturers 
of LED products, test laboratories, and National Metrology 
Institutes (NMIs). The products included in the study were 
manufactured in the timespan of 2009–2016. Throughout the 
measurements, the products were operated in stable operating 
conditions using regulated voltage sources. The spectral data 
were measured using integrating spheres, goniometers, and 
optical rails, equipped with scanning or array spectroradiom-
eters, in the wavelength range of at least 360–830 nm. The vast 
majority of the data were measured in 4π geometry. Table 1 
lists the percentages of the spectra collected per type of the 
system used for the measurement.

The CCTs of the products were calculated using the min-
imum search method [18, 20], which determines the black 
body temperature that results in the smallest difference 
between the chromaticities of the light source and the point 
in the Planckian locus. Figure  1 shows the CCT distribu-
tion of the spectra collected for this study. Nine lamps with 
CCTs of over 20 000 K were marked off as outliers since they 
cannot be considered suitable for regular lighting purposes. 
The CCTs of the remaining lamps ranged from 1705  K to 
17437 K with the median being 3149 K. The rightmost bin 
in figure  1 includes 22 spectra from 8100 K onwards and 
the leftmost bin contains three spectra below 1900 K. These 
spectra were retained because sources with such CCTs may 
turn up as LED products to be measured. However, removing 
these spectra from the analysis would still yield the same rep-
resentative spectra.

Due to the fact that the vast majority of the products were 
based on luminophore-converted blue LEDs, or blue-pumped 
white LEDs, this LED technology was chosen as the basis 
for the analysis of the RSPDs. Furthermore, luminophore-
converted blue LEDs were considered most suitable for actual 
calibration sources due to the good availability, relatively 
simple design, and well behaving ageing characteristics com-
pared with other white LED technologies.
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2.2. Spectral mismatch errors

Figure 2 shows the differences between the spectra of a 
luminophore-converted blue LED and Standard Illuminant 
A. Despite having similar CCTs, 2850 K and 2856 K respec-
tively, the two spectral power distributions are disparate. The 
two local maxima in the LED spectrum are the peak caused by 
the blue LED element of the lamp, at 455 nm, and the broad 
luminophore peak, at 604 nm. Also plotted in the figure is the 
curve, CIE V(λ), representing the spectral sensitivity of the 
human eye [21].

In photometric measurements, the deviating spectral 
shapes of the lamp under test, or device under test (DUT), 
and the calibration source need to be taken into account using 
spectral mismatch correction factor F. This correction factor 
can be calculated using the equation [22]

F =

∫
ΦDUT(λ)V (λ) dλ∫
Φcal(λ)V (λ) dλ

·
∫
Φcal(λ)srel(λ) dλ∫
ΦDUT(λ)srel(λ) dλ

, (1)

where ΦDUT(λ) and Φcal(λ) are the spectral power distribu-
tions of the DUT and the calibration source, respectively, and 
srel(λ) is the relative spectral responsivity of the photometer.

Equation (1) shows that if Φcal(λ) = ΦDUT(λ), then F  =  1, 
and thus the spectral mismatch correction is not required. 
Having an ideal photometer with srel(λ) = V(λ) would render 
the correction redundant as well. If no spectral data for the 
DUT are available, spectral mismatch errors must be included 
as a part of the measurement uncertainty budget.

For the comparison of different calibration spectra in the 
spectral mismatch analysis, the relative spectral responsivity 
data for 107 photometers were used. These data represent 
real photometers that are used in photometric measurements 
at NMIs, industrial test laboratories, and in the field. The 
spectral responsivities of the photometers were measured 
during a time period of several years. The dataset includes 
commercial instruments from eight different manufac-
turers ranging from handheld illuminance meters to labo-
ratory grade photometer heads. The filter technologies of 
the detectors included mosaic, stacked glass, and thin-film 
interference filters. The general V(λ) mismatch indices f ′1 
[23] of these photometers ranged from 0.005 to 0.088, with 
the average being 0.032. Figure 3 shows the mean of spec-
tral responsivities of the photometers along with the range 
of responsivity values measured at each wavelength. The 
responsivities have been normalized to unity at 555 nm. The 
figure  also shows the deviation of the mean responsivity 
from the ideal V(λ) curve.

For the LED spectrum in figure 2 as ΦDUT(λ) and the 107 
photometers, the spectral mismatch errors (F  −  1) would range 
from −1.05% to 1.46% when using Standard Illuminant A  

Table 1. The systems used for acquisition of the spectral data.

Method Spectroradiometer Share (%)

Sphere Array 36.5
Sphere Scanning 6.1
Goniometer Scanning 30.2
Goniometer Array 20.9
Bench Array 6.3
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Figure 1. Correlated colour temperature distribution of the spectra 
measured for the study.

0

0.2

0.4

0.6

0.8

1.0

1.2

300 350 400 450 500 550 600 650 700 750 800
0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

is
ed

sp
ec

tr
al

flu
x

N
or

m
al

is
ed

re
sp

on
si

vi
ty

Wavelength / nm

CIE Standard Illuminant A
White LED
CIE V (λ)

Figure 2. Normalised spectra of Standard Illuminant A (2856 K) 
and a white LED (2850 K), plotted together with V(λ) curve, 
representing the normalised spectral sensitivity of the human eye.
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Figure 3. The blue solid line is the mean of the spectral 
responsivities of the 107 photometers used in this study. The 
shaded area illustrates the range of the responsivities measured for 
these photometers at each wavelength. The dotted line shows the 
difference between the mean curve and V(λ).
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as Φcal(λ). This indicates the magnitude of spectral mismatch 
errors that can arise despite the similar CCT values of the 
DUT and the calibration spectrum.

2.3. Representative white LED spectral power distributions

In order to determine the new candidate LED illuminants, 
the collected LED spectra were first used to calculate the 
representative spectral power distributions for different CCT 
categories. Out of the collected spectral data, 1119 blue-
pumped white LED spectra were normalised and binned 
according to their CCTs into eight bins based on American 
National Standards Institute (ANSI) standard C78.377.2011 
[24]. The bins corresponded to the CCT categories of  
2700 K, 3000 K, 3500 K, 4000 K, 4500 K, 5000 K, 5700 K, 
and 6500 K.

First, for each CCT bin, the centroid spectral power distri-
bution (CSPD) was determined by finding the closest spec-
trum to all the other spectra in the bin. The closeness score C, 
quantifying the cross-similarity between the spectra of a bin, 
was calculated using equation

C(b)
i =

∑
j∈b

10−d(Φi(λ),Φj(λ)), (2)

where b = 1 . . . 8 represents the bin, i and j are the indices of 
the spectra in the bin, and d is the distance function defined as

d(Φi(λ),Φj(λ)) =

780∑
λ=380

√
[Φi(λ)− Φj(λ)]

2. (3)

Distance function d gives the Euclidean distance between 
the two spectra. The eight CSPDs were the spectra with the 
highest closeness score C in their bin. The step of l in the 
summation is 1 nm.

For the purpose of not favouring any specific commercial 
LED product in selection of the representative spectra, several 
different methods of averaging multiple spectra were tested 
[25]. Averaging a CSPD with the nine spectra closest to it in 

the bin was found to be the most suitable for obtaining a spec-
trum with feasible spectral features. Before the averaging, the 
spectral data were corrected for the bandwidths of the spec-
troradiometers employed in the measurements by applying 
Wiener deconvolution.

Finally, the eight spectra obtained by averaging each CSPD 
with the nine closest spectra, were smoothed using Savitzky–
Golay filter [26] to reduce any ripples due to measurement 
noise. To avoid distorting the spectra in the wavelength range 
of 430–470 nm, corresponding to the blue peaks of the spectral 
distributions, smoothing of the averaged spectra was reduced 
in this region. This was done by combining the filtered and 
unfiltered spectral data by using gradual transition between 
each two datasets in the vicinity of the blue peaks. To fur-
ther reduce errors in the lower wavelength regions caused by 
noise, and stray light in single grating spectroradiometers, the 
spectra were linearly extrapolated below 410 nm based on the 
filtered, logarithmically scaled data of the wavelength region 
from 410 nm to 430 nm.

The eight RSPDs obtained as the result are shown in 
figure 4. The RSPDs were submitted to CIE Division 1 tech-
nical committee TC 1-85, in charge of updating CIE Technical 
Report No. 15: Colorimetry [19]. Five of these RSPDs are con-
sidered to be included in the upcoming CIE technical report. 
These RSPDs correspond to the CCT bins of 2700 K, 3000 K, 
4000 K, 5000 K, and 6500 K. In figure 4, they are presented 
using solid lines. Because the CCTs of the obtained spectral 
power distributions naturally deviate from the nominal CCTs 
of the bins, for this article, the RSPDs are named using BL 
prefix, describing their type (blue-pumped LED), followed by 
the first two digits of the CCT bin, e.g. BL27 for 2700 K.

Table 2 shows the colorimetric characteristics of the five 
RSPDs potentially to be used as LED illuminants in color-
imetry. In the table, x and y are the chromaticity coordinates 
of CIE 1931 colour space [19], and Ra and Rf are the CIE 
defined colour rendering and colour fidelity indices [27, 28], 
respectively.

2.4. White LED reference spectrum for calibration  
of photometers

The five RSPDs considered for use in colorimetry were taken 
as the starting point for selecting a potential LED reference 
spectrum for calibration of photometers. To determine the 
RSPD which would on average produce the smallest spectral 
mismatch errors, the average spectral mismatch correction 
factors were calculated for the five RSPDs using equation (1), 
with each candidate RSPD in turn as Φcal(λ), the 1507 mea-
sured LED spectra as ΦDUT(λ), and the 107 spectral pho-
tometer responsivities as srel(λ). In addition to calculating 
the spectral mismatch errors once for every DUT, RSPD, 
and photometer combination, the DUT spectra were grouped 
according to their CCTs, and the groups were weighted to see 
the impact of different CCT distributions of lighting products 
available on the market. Furthermore, the possibility of having 
two or three calibration spectra of different CCTs was studied, 
including the effects of operator mistakes when selecting the 
optimal calibration factor for the instrument based on an 
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Figure 4. The representative spectral power distributions (RSPDs) 
determined from the collected LED spectra. Those five RSPDs 
considered to be included in the upcoming CIE technical report are 
shown using solid lines.
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estimate of the CCT of light being measured. The suitability 
of each RSPD for calibrating photometers measuring non-
LED light was also investigated.

In the case of a single calibration spectrum, the spec-
tral mismatch correction factors were calculated for every 
ΦDUT(λ) and srel(λ) combination, while each RSPD, in turn, 
was acting Φcal(λ). The mean absolute spectral mismatch 
errors (MAE) were obtained for each candidate RSPD using

MAEi =

∑N
j=1 |Fj − 1|

N
· 100%, (4)

where i is the index of the RSPD, j is the index of srel(λ) and 
ΦDUT(λ) combination, and N is the total number of these 
combinations (107 × 1507). For comparison, the analysis was 
repeated using Standard Illuminant A as the calibration spec-
trum Φcal(λ).

Due to the fact that the CCT distribution of the spectral 
data collected for the study did not necessarily represent the 
average market share of LED products, the data in each CCT 
bin were weighted by the market share data [29] published 
by the US Department of Energy. Figure 5 shows the CCT 
occurrence frequency for all LED products in the United 
States (red bars) and for industrial lighting only (green bars). 
The figure also shows the original distribution of the collected 
spectral data grouped into the respective five bins (blue bars). 
The uniform distribution, shown using purple bars, was used 
in the study to give further indication of the sensitivity of the 
final results to the weighting. The weighted spectral mismatch 

errors were calculated by randomly picking DUT spectra 
from the five CCT bins, which were selected according to the 
proportions of the bins for ‘All products’, Industrial, and the 
uniform distributions. The mean absolute spectral mismatch 
errors were then calculated for these DUTs using the five can-
didate RSPDs and the spectral responsivity data of the 107 
photometers.

In addition to using just one available calibration spectrum 
at a time, the analysis was repeated by allowing the combi-
nations of two and three calibration spectra to be used for 
calibration of each photometer. When calculating the spectral 
mismatch correction for a DUT, the calibration spectrum was 
chosen based on the closeness of its CCT to the one of the 
DUT. In practical measurements, the operator would need to 
estimate the CCT of light being measured in order to select the 
calibration factor for the instrument.

Besides using the spectral responsivity data of the 107 pho-
tometers and the spectral data of individual DUTs, an alterna-
tive approach was also employed. In this approach, spectral 
mismatch index M was calculated for every combination of 
the five candidate reference spectra and all the eight RSPDs 
shown in figure 4. The spectral mismatch index was calculated 
using the equation

Mi,j =

∫ ∣∣∣∣
Φcal,i(λ)V(λ)∫

Φcal,i(λ′)V(λ′) dλ′

−
ΦRSPD,j(λ)V(λ)∫

ΦRSPD,j(λ′)V(λ′) dλ′

∣∣∣∣ dλ,
 

(5)

where i = 1 . . . 5 and j = 1 . . . 8 are the indices of the can-
didate spectra and all the RSPDs, respectively. Qualitatively, 
this resembles having one representative spectrum as the cali-
bration source and another one as the DUT. For comparison, 
the spectral mismatch index was also calculated for Standard 
Illuminant A against the eight representative distributions. In 
this approach each CCT category was weighted equally.

Table 2. Colorimetric properties of the representative spectral 
power distributions determined from the collected LED spectra.

Name CCT (K) x y Ra Rf

BL27 2733 0.4560 0.4078 82 84
BL30 2998 0.4357 0.4012 83 84
BL40 4103 0.3756 0.3723 85 85
BL50 5109 0.3422 0.3502 77 77
BL65 6598 0.3118 0.3236 80 80
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Figure 5. Weighting distributions used in the spectral mismatch 
analysis: unweighted (blue), all LED products in the US (red), 
industrial lighting only (green), and the uniform distribution 
(purple).
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To study the effect of using LED-calibrated photome-
ters in measurements of light sources other than LEDs, the 
analysis of spectral mismatch errors was repeated using the 
CIE Technical Report No. 15: Colorimetry [19] illuminants 
as DUTs. These illuminants include spectral data for day-
light (Standard Illuminant D65 and illuminants C, D50, D55, 
D75), incandescent (Standard Illuminant A), fluorescent (illu-
minants FL1–12), and high-pressure discharge (illuminants 
HP1–5) sources.

3. Results

3.1. Single calibration spectrum

Figure 6 shows the mean absolute spectral mismatch errors 
for the five candidate RSPDs. By weighting the CCT bins 
of the DUT data by the ‘All products’ distribution, shown in 
figure 5, the BL40 calibration spectrum resulted in the smallest 
mean absolute spectral mismatch error of 0.30% (red bars). 
This distribution of ‘All products’ should be considered the 
most significant one. Calibrating the photometers using the 
BL40 spectrum would also, on average, produce the smallest 
absolute spectral mismatch error (0.28%) if the CCTs of the 
DUTs were uniformly distributed (purple bars).

The BL30 RSPD produced the smallest mean absolute 
spectral mismatch error of 0.27% when no weighting was 
used (blue bars in figure 6). This is due to the dominance of 
low CCT spectra in the measured LED products as seen in 
figure 5. Out of the five candidate RSPDs, the BL40 spectrum 
also produced the smallest maximum absolute error of 6.33%. 
The maximum absolute errors for the other candidate RSPDs 
ranged from 7.03% to 7.71%.

Because high CCT values are preferred in industrial 
lighting, calibration spectra with higher CCTs yielded lower 
spectral mismatch errors in these applications. The BL50 
calibration spectrum resulted in the smallest mean absolute 
spectral mismatch error of 0.25% when Industrial CCT distri-
bution was used (green bars in figure 6).

Apart from one, all the candidate RSPDs and weighting 
distribution combinations produced smaller spectral mis-
match than Standard Illuminant A. Depending on the utilised 
CCT weighting distribution, the most suitable LED-based 
calibration spectra reduced the mismatch error by approxi-
mately a factor of two or three when compared with Standard 
Illuminant A.

The impact of using a similar spectral shape for the calibra-
tion source as that of the DUT can be seen from the decrease 
in spectral mismatch errors when using the BL30 RSPD as 
the calibration spectrum while measuring the 2850 K LED 
of figure 2. For the 107 photometers, the range of the spec-
tral mismatch errors decreased to −0.18% .  .  . 0.35%, despite 
the increased difference in CCTs between the DUT and the 
calibration source, compared with the case of using Standard 
Illuminant A as the calibration source.

Figure 7 shows the results for the alternative approach 
of calculating the spectral mismatch indices M using equa-
tion (5). The figure shows the indices for the five candidate ref-
erence spectra and for Standard Illuminant A. This approach 

supports choosing the BL40 distribution as the reference spec-
trum, as it presented the lowest average and maximum spec-
tral mismatch indices, 0.13 and 0.21 respectively. Standard 
Illuminant A, in turn, has the average and maximum index 
values 0.19 and 0.29, respectively. On average, all the five 
candidate RSPDs produced smaller spectral mismatch indices 
than Standard Illuminant A. The results of this approach are 
in line with those obtained by calculating spectral mismatch 
errors using equation (1) and uniform weighting distribution 
shown in figure 5.

3.2. Multiple calibration spectra

Figure 8 shows the mean absolute spectral mismatch errors 
when all the combinations of two RSPDs were used as the 
calibration sources. The combination BL30/BL40 produced 
the best result (0.19%) when the DUT data was weighted by 
the ‘All products’ distribution, although three other combina-
tions of calibration spectra performed almost similarly. For 
the unweighted data, the smallest spectral mismatch error of 
0.18% was also given by the calibration spectra combination 
BL30/BL40. For the Industrial distribution, the smallest spec-
tral mismatch error of 0.20% was achieved by using the com-
bination of BL40/BL50 calibration spectra. The combination 
of BL30/BL50 calibration spectra produced the smallest error 
of 0.22% for the uniformly distributed data.

In the case of two calibration spectra, employing Standard 
Illuminant A as the second source would not reduce spectral 
mismatch errors compared with the case of having just one 
LED-based calibration source. The smallest mean absolute 
spectral mismatch errors for Standard Illuminant A as the 
second calibration source were 0.31%, 0.33%, 0.26%, and 
0.28% for ‘All products’, Original, Industrial and the uniform 
distributions, respectively. Except for Industrial distribution, 
for which BL50/Standard Illuminant A produced the smallest 
spectral mismatch errors, BL40/Standard Illuminant A was 
the best combination of LED/incandescent calibration spectra.
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When compared with the case of using just one calibra-
tion spectrum, the decrease in spectral mismatch error is 
on average 0.05–0.11 percentage points depending on the 
weighting distribution. The decrease in the error comes at 
the cost of more complex measurement procedure, where the 
operator has to choose the correct calibration factor for the 
instrument during measurements. For instance, for the DUT 
data weighted using ‘All products’ distribution, if the oper-
ator chooses the incorrect calibration spectrum in more than 
48% of the cases, the benefits of using two spectrally different 
LED calibration sources are lost. Adding a third calibration 
spectrum would reduce the mean absolute spectral mismatch 
errors by additional 0.02–0.04 percentage points but would 
make estimating the CCT of light being measured even more 
complicated for the operator.

3.3. Compatibility with other types of lighting

Figure 9 shows the comparison of the mean absolute spec-
tral mismatch errors for the BL40 calibration spectrum and 
Standard Illuminant A when using the CIE colorimetric illu-
minants [19] as DUTs. The illuminants employed in the anal-
ysis and presented in the figure  are: Standard Illuminant  A 
(Ill.A), daylight (D and C), fluorescent lamp spectra (FL), 
and high-pressure discharge lamp spectra (HP). Out of the 
five candidate LED spectra, the BL40 distribution yielded the 
smallest mean absolute spectral mismatch errors when mea-
suring light represented by these illuminants.

Except for HP1, HP2, and for Standard Illuminant A 
itself, the LED-based BL40 calibration spectrum resulted 
in considerably smaller spectral mismatch errors (average 
MAE  =  0.45%) than Standard Illuminant A (average 
MAE  =  0.67%). For HP1, the performance of the two cali-
bration spectra is similar, making HP2 the only non-incandes-
cent-based source for which Standard Illuminant A results in 
notably smaller spectral mismatch errors. The latter result can 
be explained by larger differences between the V(λ) weighted 
spectra of HP2 and BL40 than between HP2 and Standard 
Illuminant A. On average, all candidate RSPDs produced 
smaller mean absolute spectral mismatch errors than Standard 

Illuminant A, average of mean absolute spectral mismatch 
errors ranging from 0.45% (BL40) to 0.60% (BL27).

4. Discussion

The new LED illuminants, once available, will allow colo-
rimetric analysis of light and materials using LED light of 
different types. This is a major step considering that LED 
lighting has been used for years, yet colorimetric calcul ations 
have been carried out using illuminants describing other con-
ventional types of light, such as incandescent and fluorescent 
light. CIE Division 2 is currently considering starting a new 
technical committee that will develop and publish a new LED 
reference spectrum, which is possibly based on BL40, to 
complement Standard Illuminant A in photometer luminous 
responsivity calibrations. It must be emphasised that the LED 
reference spectrum discussed in this paper is intended for pho-
tometric calibrations only, and not for calibration of spectro-
meters that require emission in wide wavelength range.
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It is important to study the technical properties, including 
repeatability and long-term stability, of potential LED 
standard lamp technologies to prove their capability to replace 
incandescent standard lamps in the future. The Consultative 
Committee of Photometry and Radiometry (CCPR) is already 
investigating possible standard lamp technologies for future 
key comparisons of photometry, as some of the previously 
available incandescent standard lamp types have become 
increasingly difficult to acquire—even by NMIs.

Once developed, LED standard lamps could be used in 
luminous responsivity calibrations of illuminance meters, 
thus ensuring reduction of spectral mismatch errors for the 
majority of modern light source types. This will benefit espe-
cially those who cannot apply the spectral mismatch correc-
tion, e.g. in field measurements of mixed light of different 
types, such as daylight and LEDs.

As in the case of using an incandescent source with broad 
spectral range for luminous responsivity calibration of photom-
eters, possible ultraviolet (UV) and infrared (IR) leakages of 
V(λ) filters should be characterised to avoid spectral errors in 
measurements of light sources whose spectral range differs from 
that of the calibration source. Detailed information of the LED 
reference spectrum in the UV and IR regions should be known 
to allow estimation of measurement uncertainties. This is impor-
tant especially if unfiltered precision detectors, such as predict-
able quantum efficient detector (PQED), are used at NMIs for 
measuring the reference illuminance of LED standard lamps [1].

5. Conclusions

In this study, the spectral data collected for over 1500 white 
LED products were used to calculate eight RSPDs for DUTs 
sorted according to their CCTs into 2700 K, 3000 K, 3500 K, 
4000 K, 4500 K, 5000 K, 5700 K, and 6500 K bins. Five of 
these distributions, which were submitted to CIE for consid-
eration to be included in a revision of CIE Technical Report 
No. 15: Colorimetry, were further analysed to find an optimal 
LED reference spectrum that could complement, or eventu-
ally replace, Standard Illuminant A for photometer calibra-
tions. This was done by studying spectral mismatch errors 
stemming from the deviations in the calibration and LED 
product spectra when spectral responsivity data of different 
photometers were used. The simulations were run by taking 
into account real market share data of LED products with dif-
ferent CCTs. In addition to this, the influence of using mul-
tiple calibration sources was studied.

It was found that, in general, all the five candidate RSPDs 
yielded smaller mean absolute spectral mismatch errors than 
Standard Illuminant A. The LED-based calibration spectrum 
BL40, which was derived from the 4000 K CCT bin, produced 
the smallest spectral errors in measurements of LED products 
of different types, reducing the spectral errors on average by a 
factor of two when compared to using Standard Illuminant A. 
While additional reductions in spectral mismatch errors can 
be obtained by using multiple calibration spectra, in practice 
this improvement could be outweighed by the more complex 

measurement procedure, particularly in the case of three cali-
bration spectra.

In addition, out of the five candidate LED spectra, BL40 
produced the smallest mean absolute spectral mismatch errors 
when measuring light other than LEDs, including daylight, 
fluorescent and high-pressure discharge lamps of different 
types. In most cases, with these conventional types of light 
sources, the BL40 calibration spectrum led to a considerable 
reduction in spectral mismatch errors when compared with 
Standard Illuminant A.

Besides the conclusions drawn on the basis of the per-
formed spectral mismatch analysis, there are practical aspects 
which advocate the selection of an LED reference spectrum 
for calibration use. Obsolescence of incandescent lighting 
may lead to a shortage of tungsten filament standard lamps 
used in photometry. Moreover, LED-based calibration sources 
will bring the benefits of prolonged operational lifetime and 
increased robustness for transportation when compared with 
incandescent calibration lamps.

Acknowledgment

The work leading to this study is partly funded by the European 
Metrology Programme for Innovation and Research (EMPIR) 
Project 15SIB07 PhotoLED ‘Future Photometry Based on 
Solid State Lighting Products’. The EMPIR initiative is co-
funded by the European Union’s Horizon 2020 research and 
innovation programme and the EMPIR Participating States. 
A Kokka acknowledges the funded position of Aalto ELEC 
doctoral school.

ORCID iDs

Anders Thorseth  https://orcid.org/0000-0003-4344-0770

References

	 [1]	 Pulli T, Dönsberg T, Poikonen T, Manoocheri F, Kärhä P  
and Ikonen E 2015 Advantages of white LED lamps and 
new detector technology in photometry Light Sci. Appl. 
4 e332

	 [2]	 Pimputkar S, Speck J S, Denbaars S P and Nakamura S 2009 
Prospects for LED lighting Nat. Photon. 3 180–2

	 [3]	 Jacob B, Mile B J, Jacob B and Mile B J 2009 Lamps for 
improving the energy efficiency of domestic lighting Light. 
Res. Technol. 41 219–28

	 [4]	 Haitz R and Tsao J Y 2011 Solid-state lighting: ‘The case’ 
10 years after and future prospects Phys. Status Solidi 
208 17–29

	 [5]	 Khan N and Abas N 2011 Comparative study of energy saving 
light sources Renew. Sustain. Energy Rev. 15 296–309

	 [6]	 Almeida A D, Santos B, Paolo B and Quicheron M 2014 Solid 
state lighting review—potential and challenges in Europe 
Renew. Sustain. Energy Rev. 34 30–48

	 [7]	 Goodman T M and Key P J 1988 The NPL radiometric 
realization of the candela Metrologia 25 29

	 [8]	 Metzdorf J 1993 Network and traceability of the radiometric 
and photometric standards at the PTB Metrologia 30 403

Metrologia 55 (2018) 526

https://orcid.org/0000-0003-4344-0770
https://orcid.org/0000-0003-4344-0770
https://doi.org/10.1038/lsa.2015.105
https://doi.org/10.1038/lsa.2015.105
https://doi.org/10.1038/nphoton.2009.32
https://doi.org/10.1038/nphoton.2009.32
https://doi.org/10.1038/nphoton.2009.32
https://doi.org/10.1177/1477153509339610
https://doi.org/10.1177/1477153509339610
https://doi.org/10.1177/1477153509339610
https://doi.org/10.1002/pssa.201026349
https://doi.org/10.1002/pssa.201026349
https://doi.org/10.1002/pssa.201026349
https://doi.org/10.1016/j.rser.2010.07.072
https://doi.org/10.1016/j.rser.2010.07.072
https://doi.org/10.1016/j.rser.2010.07.072
https://doi.org/10.1016/j.rser.2014.02.029
https://doi.org/10.1016/j.rser.2014.02.029
https://doi.org/10.1016/j.rser.2014.02.029
https://doi.org/10.1088/0026-1394/25/1/006
https://doi.org/10.1088/0026-1394/25/1/006
https://doi.org/10.1088/0026-1394/30/4/036
https://doi.org/10.1088/0026-1394/30/4/036


A Kokka et al

534

	 [9]	 Cromer C L, Eppeldauer G, Hardis J E, Larason T C and 
Parr A C 1993 National Institute of Standards and 
Technology detector-based photometric scale. Appl. Opt. 
32 2936–48

	[10]	 Toivanen P, Kärhä P, Manoochehri F and Ikonen E 2000 
Realization of the unit of luminous intensity at the HUT 
Metrologia 37 131

	[11]	 Ohno Y and Jackson J K 2003 Characterization of modified 
FEL quartz-halogen lamps for photometric standards 
Metrologia 32 693

	[12]	 International Commission on Illumination 2008 CIE Standard 
llluminants for colorimetry, Standard CIE S 014-2/E:2006/
ISO 11664-2:2007(E)

	[13]	 Harrison N J, Woolliams N J and Fox N P 2000 Evaluation of 
spectral irradiance transfer standards Metrologia 37 453–6

	[14]	 Narendran N and Gu Y 2005 Life of LED-based white light 
sources IEEE/OSA J. Disp. Technol. 1 167–70

	[15]	 Fan J, Yung K C and Pecht M 2012 Lifetime estimation of 
high-power white LED using degradation-data-driven 
method IEEE Trans. Device Mater. Reliab. 12 470–7

	[16]	 Wang F K and Lu Y C 2014 Useful lifetime analysis for high-
power white LEDs Microelectron. Reliab. 54 1307–15

	[17]	 Baumgartner H, Renoux D, Kärhä P, Poikonen T, Pulli T and 
Ikonen E 2016 Natural and accelerated ageing of LED 
lamps Light. Res. Technol. 48 1–13

	[18]	 International Commission on Illumination 2011 ILV: 
International lighting vocabulary, Standard CIE S 
017/E:2011

	[19]	 International Commission on Illumination 2004 Colorimetry, 
Technical Report CIE 15:2004 3rd edn

	[20]	 Robertson A R 1968 Computation of correlated color 
temperature and distribution temperature J. Opt. Soc. Am. 
57 691

	[21]	 International Commission on Illumination 1983 The basis of 
physical photometry Technical Report CIE No. 18.2

	[22]	 International Commission on Illumination 2007 Measurement 
of LEDs Technical Report CIE No. 127

	[23]	 International Commission on Illumination 2013 
Characterization of the performance of illuminance 
meters and luminance meters, Standard CIE S 
023/E:2013

	[24]	 American National Standards Institute 2011 Specifications for 
the chromaticity of solid state lighting products, Standard 
ANSI NEMA C78.377-2011

	[25]	 Jost S, Ngo M, Ferrero A, Poikonen T, Pulli T, Thorseth A and 
Blattner P 2017 Determination of illuminants representing 
typical white light emitting diode sources Proc. Conf. 
‘Smarter Light. Better Life’ CIE Midterm Meeting pp 
427–32

	[26]	 Savitzky A and Golay M J 1964 Smoothing and differentiation 
of data by simplified least squares procedures Anal. Chem. 
36 1627–39

	[27]	 International Commission on Illumination 1996 Method of 
measuring and specifying colour rendering properties of 
light sources Technical Report CIE 013.3–1996

	[28]	 International Commission on Illumination 2017 Colour fidelity 
index for accurate scientific use Technical Report CIE 
224:2017

	[29]	 U.S. Department of Energy 2014 Indoor LED Luminaires 
Technical Report

Metrologia 55 (2018) 526

https://doi.org/10.1364/AO.32.002936
https://doi.org/10.1364/AO.32.002936
https://doi.org/10.1364/AO.32.002936
https://doi.org/10.1088/0026-1394/37/2/5
https://doi.org/10.1088/0026-1394/37/2/5
https://doi.org/10.1088/0026-1394/32/6/60
https://doi.org/10.1088/0026-1394/32/6/60
https://doi.org/10.1088/0026-1394/37/5/24
https://doi.org/10.1088/0026-1394/37/5/24
https://doi.org/10.1088/0026-1394/37/5/24
https://doi.org/10.1109/JDT.2005.852510
https://doi.org/10.1109/JDT.2005.852510
https://doi.org/10.1109/JDT.2005.852510
https://doi.org/10.1109/TDMR.2012.2190415
https://doi.org/10.1109/TDMR.2012.2190415
https://doi.org/10.1109/TDMR.2012.2190415
https://doi.org/10.1016/j.microrel.2014.02.029
https://doi.org/10.1016/j.microrel.2014.02.029
https://doi.org/10.1016/j.microrel.2014.02.029
https://doi.org/10.1177/1477153515603757
https://doi.org/10.1177/1477153515603757
https://doi.org/10.1177/1477153515603757
https://doi.org/10.1364/JOSA.57.000691
https://doi.org/10.1364/JOSA.57.000691
https://doi.org/10.1021/ac60214a047
https://doi.org/10.1021/ac60214a047
https://doi.org/10.1021/ac60214a047

	Development of white LED illuminants for colorimetry and recommendation of white LED reference spectrum for photometry
	Abstract
	1. Introduction
	2. Methods
	2.1. Collection of white LED spectra
	2.2. Spectral mismatch errors
	2.3. Representative white LED spectral power distributions
	2.4. White LED reference spectrum for calibration 
of photometers

	3. Results
	3.1. Single calibration spectrum
	3.2. Multiple calibration spectra
	3.3. Compatibility with other types of lighting

	4. Discussion
	5. Conclusions
	Acknowledgment
	ORCID iDs
	References


