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ABSTRACT

A spectrally tunable light source using a large number of LEDs and an integrating sphere has been designed and being
developed at NIST. The source is designed to have a capability of producing any spectral distributions mimicking
various light sources in the visible region by feedback control of individual LEDs. The output spectrd irradiance or
radiance of the source will be calibrated by a reference instrument, and the source will be used as a spectroradiometric as
well as photometric and colorimetric standard. The use of the tunable source mimicking spectra of display colors, for
example, rather than a traditional incandescent standard lamp for calibration of colorimeters, can reduce the spectral
mismatch errors of the colorimeter measuring displays significantly. A series of simulations have been conducted to
predict the performance of the designed tunable source when used for calibration of colorimeters. The results indicate
that the errors can be reduced by an order of magnitude compared with those when the colorimeters are caibrated
againg Illuminant A. Stray light errors of a spectroradiometer can aso be effectively reduced by using the tunable
source producing a blackbody spectrum at higher temperature (e.g., 9000 K). The source can also approximate various
CIE daylight illuminants and common lamp spectral distributions for other photometric and colorimetric applications.
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1. INTRODUCTION

The radiometric, photometric, and colorimetric properties of light sources play a vita role in a wide variety of human
activities. Consequently, measurement of the relevant properties of the optica radiation, i.e. spectral power distribution,
illuminance, luminance, or color, is important. Photometric and colorimetric quantities of a light source can be
measured with a spectroradiometer (calculated from its spectral power digribution) or with a photometer or a
colorimeter which have a relative spectral responsivity approximated to the spectral luminous efficiency function, V(M),
or the color matching functions defined by the International Committee on Illumination (CIE)™ 2. The spectral correction
filter is an essential component of a photometer or colorimeter. Colorimeters typically use three or four channds of
detectors with filters to mimic the CIE color matching functions as shown in Fig. 1. Some measurement protocols for
display color measurements are available® .

No photometer or colorimeter exactly matches their spectral responsivities to V(A) or the color matching
functions. Due to this imperfect matching of the spectral responsivities, measurement errors are inevitable. These
measurement errors can increase dramaticaly when the relative spectral power distribution (SPD) of a test source is
dissimilar to that of the calibration source. Colorimeters are normally calibrated against an incandescent standard lamp
operated at =2856 K, approximating the CIE Standard Illuminant A. When the instruments subsequently measure the
colors of a display, measurement errors can be significant. For example, inter-instrument variations for chromaticity
measurements of various colors of a display are often found as largeas 0.01in x, y and 10 % in Y (corresponding to =10
AE &) while the manufacturers specifications (specified for Illuminant A) are 0.002 in (x,y) and 2 % in Y. Higher
accuracies are needed in many applications; e.g., international standards™ ° require measurement uncertainty of 0.005 or
lessin x, y chromaticity and 4% or less for luminance when measuring red, green, blue and white colors of CRT or LCD

displays.
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Fig. 1. CIE Color matching functions X, y, Z (solid lines) and an example of areal colorimeter (dashed lines).

Spectroradiometers theoretically do not have the spectral mismatch problem, but they are still susceptible to
measurement errors due to wavelength error, stray light, and bandwidth. These radiometric measurement errors
introduce errorsin calculated photometric and colorimetric quantitiesin asimilar way as the spectral mismatch errors.

A spectrally tunable source, capable of matching its SPD to a variety of light sources, including displays, would
enable accurate and rapid calibration of a colorimeter or photometer used to measure various types of displays and other
sources. Such a spectrally tunable source using multiple LEDs has been designed and is being developed at the National
Ingtitute of Standards and Technology (NIST). A series of simulations have been conducted to predict the performance
of the designed tunable source. The results indicate that the measurement errors of colorimeters or photometers can be
reduced by an order of magnitude compared with those when the instruments are calibrated againg Illuminant A. The
results of the smulation and predicted performance of the spectrally tunable source are discussed.

2. APPLICATIONS OF THE SPECTRALLY TUNABLE SOURCE (STS)

A spectrally tunable source will have a great advantage in the process of the calibration and legalization of the
illuminance/luminance meters because, in some cases, the present photometry calibration facility has to be equipped
with huge number of different standard sources of optical radiation” 8. This is very inconvenient and expensive. A
spectrally tunable light source (STS) that can mimic these different source spectral distributions would eiminate the
need for maintaining a wide variety of different standard sources. Since, in principle, the calibration setup would remain
the same for different source SPDs, calibrations of photometers and colorimeters for different SPDs would be greatly
simplified. Also, a tunable source could approximate novel and unique spectral distributions that cannot be realized
using conventional sources.

Most ingruments are calibrated against incandescent standard lamps that approximate a 2856 K blackbody
(CIE Standard Illuminant A). The SPD of this source peaks in the infrared (IR), around 950 nm. Thisis not an ided
calibration source for photometers and colorimeters, which have maximum responsivities in the visible region. For
example, a small amount of leakage in responsivity in the IR region is magnified by the large amount of IR radiation in
the incandescent lamp, causing large errors in the calibration. Very small power in the blue and ultraviolet (UV) region
of thelamp tendsto cause stray light errors when spectroradiometers are calibrated.

The STS can create source digtributions more suitable for the calibration of photometers and colorimeters. For
example, the source can be used to approximate specific source SPDs, e.g display red, green, blue and white, or the
SPDs of traffic signals. An equi-energy distribution may be used as calibration source for spectroradiometers.  When
the STS is calibrated for absolute spectral irradiance or radiance, it can be used as a standard source for
spectroradiometers as well as for colorimeters, and photometers. The STS can also produce spectra digribution of CIE
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Standard Illuminant D65 and even object colors (such as color checker charts) under different illuminants, and can be
used for colorimetric experiments.

The STS will be useful for a number of radiometric applications as well. For example a source that can mimic
the solar spectral distribution will be useful in the calibration of sun photometers, or mimic the ocean blue color
spectrum for calibration of remote sensing instruments’. Generation of high temperature blackbody radiators with
different temperature (up to 10000 K) will be useful in reducing errors in gellar photometry, and may reduce errors
arising from stray light in single grating monochromators.

3. DEVELOPMENT OF A SPECTRALLY TUNABLE LED SOURCE (STS)

A spectraly tunable source using a conventional lamp and monochromator with a multi-element liquid crystal filter is
reported’. This source suffers from low flux, especialy in the UV, dueto the SPD of the lamp. This means that, using
tunable source based on conventiona lamp, it is difficult to get a good spectral match for the UV and blue region. A
spectrally tunable source (STS) usng a number of LEDs having different peak wavel engths has been designed at NIST
to mimic the spectral distributions of awide variety of light sources over the spectra range from 380 nm to 780 nm.

3.1. Construction of the STS

The STS is an integrating sphere source illuminated by a large number of LEDs having different spectral peaks and
distributions as shown in Fig. 2. The LEDs can be driven and controlled individually with a 256 channel, computer-
controlled power supply. The large number of spectral channels helps facilitate accurate matching of fine structure in
target source SPDs.

Multiple Channel

(7 Power Supply  — /\

Integrating ‘ L(A)

’ ‘ Target Specni]%
/\

LED DataAcquisition& [

Heads
l Control Realized Spectrum
Photometer =-
Fiber-coupled
Spectroradiometer

Fig. 2. Configuration of the STS designed and being developed at NIST.

A diode array spectroradiometer and a photometer are used as monitor devices to determine the real-time
radiometric/photometric output of the STS. A computer logs the output of the spectroradiometer and individually
controls the drive currents of the LEDs to obtain the required target source distribution. The LEDs will be mounted in 8
to 10 heads (Fig. 2 shows only 4 heads) equipped with a temperature-controlled mounting plate to cool the LEDs and
stabilize their temperature.
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3.2. Matching Algorithm

Spectra radiance (irradiance) distributions of the LED-based source are redized usng an optimization agorithm that
calcul ates the difference of the spectral distribution of the STS and the target SPD for each wavelength. Different target
SPDs for specia sources, such as discharge lamps and displays, can be realized using an optimization algorithm, which
is based on the gradient method™ and was modified as follows:

1) Make apre-selection of initial value of power coefficient ki(o), i =1..n of i-th LED
2) Calculation of j -th valueof k; :

| d;{zk (8,00 stGETu)]Z

k()= - 0,000 \i=

ki~

S1'ARGET *

S_ED STARGET (A*
then k(i) isthe final value of coefficient.

Based on this algorithm a program calculates the value of the power coefficients k() for each LED. At Step 1) the
initial values of the algorithm are set. They can actually be any positive numbers. At step 2) the next values of variables
k are determined in an iterative way. This means that for every k the square of the difference of the target spectrum and
the spectrum built up from the LED spectra weighted by variables k is derived by variable k to be iterated further. Based
on the derivative and the previous iterated value of k, the next value of k is computed as shown above. The coefficient
for the step size (0.001) was determined empirically.

Variable k is strongly related to the current applied to the LED belonging to that variable. The equdlity is
obtained from a large number of iterations where the individua LED currents (power coefficients k) are increased or
decreased in amall steps. The individual LED currents are obtained from that optimization. The integral-sum of the
differences at each wavelength shows the qudlity of the realized spectral match. At Step 3) the logical condition for
stopping the iteration is formulated. It can be interpreted that the agorithm stops when the values of k reach a steady-
state solution.

3.3. Simulation of the STS

To give us guidelines on the number of LEDs necessary to match a source SPD for calibration purposes, a number of
simulations were conducted to evaluate the accuracies of calibrating colorimeters for various light sources (i.e. CRT,
LCD) using LED modes™ based on a Gaussian function with spectral width (FWHM) of 20 nm. Simulations were run
with 5 nm, 10 nm, and 20 nm intervals of LED peak wavelengthsin the 380 to 780 nm region. Thus, atota of 80, 40, or
20 LEDs are used for theintervals of 5 nm, 10 nm, or 20 nm, respectively. The resulting spectrum, the sum of al model
LEDs weighted according to optimization given in 3.2, isreferred to asan “STS mode”.

Figures 3 and 4 show the SPD of the STS modd matched to a CRT display producing white color usng model LEDs at
5 nmintervals (Fig. 3) and 20 nm intervals (Fig. 4). The figures depict the SPD of the original white display as well as
that of the STSmoddl. Figures 5 and 6 present the resultsfor an LCD display presented in the same way.

In the next investigation, three different tristimulus colorimeters are analyzed for their measurement accuracy when
using the STS moddl. All three colorimeters were first calibrated with CIE Illuminant A, then with the STS model (5 nm
and 20 nm LED intervals). The errors in chromaticity x, y of display colors (red, green, blue and white) measured by the
colorimeters (calibrated by Illuminant A or the STS) were calculated. Figures 7, 8 and 9 show the results, where the
erors in X and y are presented in two separate graphs, comparing the results when colorimeter is calibrated against
[Huminant A (Fig. 7), the STSmodel a 5 nm LED intervals (Fig. 8), and the STS modd at 20 nm LED intervas (Fig. 9).
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Wavelength (nm)

Fig. 3. SPD of a CRT (white) (dashed line) and the STS
model with5 nm LED intervals.

Wavelength (nm)

Fig. 5. SPD of an LCD white (dashed line) and the STS
model at 5 nm LED intervals (solid line).

Wavelength (nm)

Fig. 4. SPD of a CRT (white) (dashed line) and the STS
model with 20 nm LED intervals.
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Fig. 6. SPD of an LCD white (dashed line) and the STS
model with 20 nm LED intervals (solid line).
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Fig. 7. Errorsin chromaticity X, y when the three col orimeters measure LCD colors and when calibrated with Illuminant A.
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Fig. 8. Errors in chromaticity X, y when the three colorimeters measure LCD colors and when calibrated with the STS modd using
5 nmLED intervals.
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Fig. 9. Errors in chromaticity X, y when the three colorimeters measure LCD colors and when calibrated with the STS mode using
20 nm LED intervals.

As compared in Figs. 7 and 8, errors are reduced to an order of magnitude lower when the colorimeters are calibrated
with the STS (5 nm interval) than when calibrated with [lluminant A. Fig. 9 shows that even 20 nm intervals for the STS
modd still works very effectively.

While more and more LED types are becoming available, LEDs are not readily available in exact peak
wavelengths at a given interval. To analyze the consequences of non-ideal LED distributions, to be encountered when a
rea STSisdeveloped, the simulation analysis reported above was performed again but with the peak wavelengths of the
model LEDs shifted randomly within + 5 nm, centered around the wavelengths at given equal intervals.

Figures 10 and 11 show the results of this simulation for one of the colorimeters analyzed above plotting the
errors in measured chromaticity coordinates of each color when the colorimeter is calibrated against 1lluminant A and
againgt the four STS models with different random deviations in LED peak wavelengths. The results show that the
deviationsin LED peak wavelength do not significantly impact the effectiveness of reducing errors using the STS model
(though errors increase dightly in some cases). Studying the diagrams it is obvious that much higher accuracy can be
reached when applying the STS, even with varied peak wavelength val ues.
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Fig. 10. Errorsin chromaticity X, y when a colorimeter measure LCD colors and when calibrated with Illuminant A (the left-most bar
at each display color) and with the STS model using 5 nm LED intervals with random deviations within £5 nm (4 sets of
randomi zations and no shift) (next five bars with different shades)).
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Fig. 11. Errorsin chromaticity X, y when a colorimeter measure LCD colors and when calibrated with Illuminant A (the left-most bar
at each color) and with the STS modd using 20 nm LED intervals with random deviations within +5 nm (4 sets of
randomi zations and no shift) (next five bars with different shades)).

3.4. LED selection and characterizations

As a dart of the STS development, a large number of LEDs were purchased. The LEDs were seasoned prior to
incorporation into the source to improve their radiometric stability. After seasoning, the LEDs were characterized. The
spectral  power distributions were measured versus drive-current.  Spectral measurements were made with a
spectroradiometer between 190 nm and 800 nm. LED characteristics may vary depending on colors and manufacturers.
The following results show both the variability depending on the LED color and individua variations from the same
batch. Figure 12 shows the values of radiant flux [mW] for these LEDs versus their peak wavelength. The
measurements were made using a 0.5 m integrating sphere against calibrated standard LEDSs, with relative expanded
uncertainty (k=2) of =5 %. Asshown in Fig. 12, the level of the radiant flux depends largely on the LED color (peak
wavelength). The yellow LEDs are dim compared to blue and red LEDs. Additionaly, LEDs between 525 nm and
555 nm (so called “green hol€”) are hard to find (one LED at about 540 nm uses a phosphor). LEDs are also lacking
between 720 nm and 760 nm.
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Fig. 12. Totd radiant flux of the LED samplesto be used for the STS plotted as a function of their peak wavelengths.
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The shift in the peak wavelengths of representative LEDs as a function of drive current is shown in Fig. 13. Figure 14
shows the relationship between the rdative radiant power of the LED and the relative current supplied to the LEDs.
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Fig. 13. Shift of the peak wavelength versus relative value of Fig. 14. Relative radiant power versus relative value of
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4. SPD Realizations by the STS

The STSis designed to match any spectral distribution over the range from 380 nm to 780 nm. The matching of the
SPDs are redlized using an optimization algorithm described in 3.2, based on measurements by a monitor
spectroradiometer. The optimization takes a long time due to a large number of iterations of measurements and
calculations. Once the optimized condition is achieved, the drive currents of all the LEDs are recorded, and the same
SPD can be reproduced by using the same sets of drive currents. Therealized spectral digtribution of the STS, in spite of
the optimization, can be different from the target distribution due to some limitations. The deviations can be caused by
limitations in the availability of LEDs with the appropriate peak wavelengths, their finite spectra widths (SPD curves),
aswdll asdrifts dueto temperature dependence, instability, and aging of the LEDs. When the drifts are small and slowly
varying, a second optimization program (running real time) can be used to maintain the constant SPD of the source.

(a) Equi-energy (b) Numinant A
‘— - -equi-energy realized SPD ‘ ‘ ------- Illumunant A realized SPD ‘
1.15 1.2
c 114 £ 1 f\\
5 g /
32105 2 N
2 = 0.8 \V/
=] -
B 14 i /
° < 06
2 (0]
$ 0.95 g /
® © 0.4
£ 09 £
S (=}
< 0.85 = 0.2
0.8 T T . T 0 T T T .
350 450 550 650 750 350 450 550 650 750

Wavelength [nm] Wavelength [nm]

Proc. of SPIE Vol. 5530 157



(¢) Huminant D65 (e) CRT white

144 [l D65 realized SPD ‘ ---- CRT white realized SPD
1.2
c
il
=] 1.0 = 1.0 ]
z M 8 i
208 3 08 '
8 0.6 . N % H
s ] o S 06 ::
€ 04 2 bt :: (
S E 0.4 bt 1
z © Iy /
0.2 g j i
S 02 —h i
0.0 ‘ ‘ ‘ ‘ = /\/"\J{j{"- "
350 450 550 650 750 0.0 : B0 B N 451 N
Wavelength (nm) 350 450 550 650 750
Wavlength [nm]
(d) 9000 K blackbody (f) LCD white
‘ ----- 9000 K blacbody realized SPD ‘ ------- LCD white realized SPD
1.2

=
[}

o
©
-

o
)

0 T T T T
350 450 550 650 750 350 450 550 650 750

Wavelength [nm] Wavlength [nm]

Normalized distribution
o
n

Normalized distribution
o
n

o
N

o
o

Fig.15. Expected reslizations of some specific SPDs (equi-energy, Illuminant A, [lluminant D 65, 9000 K blackbody, and CRT / LCD
displays) by the STS using the LEDs procured.

Figures 15 (@) through (f) show the expected realizations of some specific SPDs (equi-energy, Illuminant A, Illuminant
D65, 9000 K blackbody, and CRT / LCD displays) by the STS using the LEDs procured so far. Due to some gapsin the
availability of LEDs, some parts of the spectra cannot be matched well. But with the exception of the lack of LEDs near
550 nm, these imperfections are not considered serious for photometric and colorimetric calibration purposes. Also, due
to the spectral width of LEDs, narrowband peaks of spectra cannot be realized well. This shortcoming, also, is not so
much problem for calibration purposes, as demonstrated in 3.3.

5. Conclusions

A spectrally tunable LED source (STS) has been designed and is being developed at NIST. A series of simulations have
been conducted to clarify design requirements and predict the performance of the designed tunable source. The results
of the simulation for the calibration of colorimeters indicate that the errors in color measurements can be reduced an
order of magnitude compared with those when the colorimeters are calibrated against [lluminant A. The source can be
used to transfer the photometric and colorimetric scales from reference insruments to test artifacts with minimal
increase in uncertainty, not requiring various different types of real light sources. The source can also approximate
various CIE daylight illuminants (D65, etc.) and common lamp spectral digtributions for other photometric and
colorimetric applications, and may be useful for visua experiments on colorimetry.
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