Color Quality and Spectra

LEDs

Successful commercialization of LED products for general illumination
will depend on a number of factors, such as cost, lifetime,
intensity, luminous efficacy and color quality.
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velopment of solid-state lighting

is the potential for huge energy
savings. The energy efficiency of a
light source is measured by lumi-
nous efficacy (lumens per watt), a
component of which is the luminous
efficacy of radiation (ratio of lumi-
nous flux to optical power or radi-
ant flux). The luminous efficacy of

The primary motivation for de-

radiation (Im/W) is the theoretical

maximum luminous efficacy, deter-
mined solely by the spectrum, not
considering losses from the conver-
sion of electricity into light.

Color quality is a critical charac-
teristic of light sources for general
lighting. Inexpensive, highly efficient
and long-lasting products still will

- be rejected by consumers if color
quality is poor. Color quality en-
compasses the chromaticity of light
itself and the color rendering per-
formance of the source, both of which
are determined by its spectral power
distribution. Thus, accurate evalu-
ation of color quality is critical for
designing solid-state lighting prod-
ucts as well as for developing white
LED technologies.

Light sources for general lighting
must have good white light chro-
maticity. The chromaticity of light is
two-dimensional, expressed in the
CIE 1931 (x,y) chromaticity diagram.
As a practical means of conveying
chromaticity using one number, cor-
related color temperature is fre-
quently used, while the other di-
mension — deviation from the
Planckian locus (yellowish/pinkish
tint) — also is critical. After two years
of committee efforts led by the Na-
tional Institute of Standards and
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Technology (NIST) in Gaithersburg,
Md., an ANSI standard for chro-
maticity of solid-state lighting
products has been published (Fig-
ure 1), and white LED products often
are sorted according to this standard
as well.

Color rendering

The color rendering property of a
light source is tied to how natural
the colors of objects look under the
given illumination. The color ren-
dering index standardized by the In-
ternational Commission on Illumi-
nation (CIE) is widely used to
evaluate the color rendering perfor-
mance of light sources. The difficulty,
however, is that color rendering and
luminous efficacy of radiation gen-
erally have a trade-off relationship.
Based on the color rendering index,
color rendering is best achieved by a
broadband spectrum distributed
throughout the visible region,

whereas the luminous efficacy of ra-
diation is maximized by monochro-
matic radiation at 555 nm. The chal-
lenge in creating LED products for
general illumination is to provide the
highest possible energy efficiency
while achieving the best possible
calor rendering. Therefore, an accu-
rate metric of color rendering is of
critical importance. If the metric is
incorrect, suboptimal products could
be developed, potentially wasting
energy.

The color rendering index is out-
dated and has deficiencies, especially
when used for sources with narrow-
band spectra. For example, it can
give a decent score to a light source
that has unacceptable color quality
(Figure 2). Furthermore, it provides
a scale only on color fidelity (object
colors under the test source com-
pared with object colors under a ref-
erence illuminant). Other important
characteristics are not considered,
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Figure 1. A graphic representation of chromaticity requirements for solid-state
lighting products from ANSI C78.377 is shown. The eight quadrangles are the
specifications for solid-state lighting products. The ellipses are those for compact
fluorescent lamps in the US Department of Energy’s Energy Star specifications.




LEDs

such as chromatic discrimination be-
tween objects, preferences and other
aspects of perceived naturalness. The
problems the index presents in eval-
uating white LEDs have been inves-
tigated by the CIE, which concluded
that a new metric is needed to ac-
curately evaluate color rendering of
white LED light sources.

It is well-known that people pre-
fer object color appearance with
slightly enhanced chroma (colorful-
ness, vividness). This is evident by
the success of neodymium incan-
descent lamps, which have an unim-
pressive color rendering score (R,
=77}, but which are popularly sold
for twice the price of normal incan-
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Figure 2. An example is shown of RGB white light whose color rendering index

(R,) is 82, but it renders red objects brown.

The source spectrum (top left), the

color appearance of saturated colored objects under this light (bottom left) and the
‘plot of 15 saturated Munsell color samples in a CIELAB diagram under this light
(right, red line) are pictured. The distance from the center of the diagram corre-

sponds lo the degree of color saturation.
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Figure 3. This example of an RGB white light source enhances object color
contrast. The source spectrum (top left), the color appearance of saturated color
objects under this light (bottom left) and the plot of 15 saturated Munsell color
samples in a CIELAB diagram under this light (right, red line) are shown. The
distance from the center of the plot corresponds to the degree of color saturation.
Visual experimentation at NIST demonstrated excellent color rendering of this
light, although its color rendering index (R,) is only 71.
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descent lamps having a perfect score
(R, =100).

Furthermore, the color rendering
index uses phases of daylight as ref-
erence illuminants when sources
have correlated color temperature ai
or above 5000 K. However, this
method does not consider the illu-
minance level, which, in typical res-
idential and commercial applications,
can be two or three orders of mag-
nitude lower than real daylight. Per-
ceived object chroma is reduced with
decreases in object luminance.
Chroma-enhancing sources would
compensate for this effect, and per-
ceived object colors under such
sources would be more similar to ob-
ject colors under real daylight.

True fidelity not enough

Recent experiments indicate that
some red-green-blue (RGB) white
LED sources are preferred to incan-
descent lamps in spite of their low
color rendering index values. RGB-
based white light tends to have en-
hanced color contrast, which may be
an important benefit of these sources
for general lighting, but it is penal-
ized by the color rendering index (Fig-
ure 3). These observations suggest
that true fidelity — as defined by the
color rendering index — is not suffi-
cient, and objects with slightly in-
creased chroma appear “better” and
more natural to users.

To address these problems, NIST is
developing a metric called the “Color
Quality Scale,” which is being pro-
posed to the CIE committee. The
committee will produce a new stan-
dard for color rendering of light
sources. The formula of the scale will
be refined with visual evaluation ex-
periments on a namber of phosphor-
type and RGB white LED source
spectra as well as traditional light
sources. A spectrally tunable lighting
facility is being built at NIST to en-
able such experiments. O
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