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ABSTRACT

Ninety years after.the first.LED.was invested in 1906, Nichia developed
high intensity blue and white light LEDs in 1996. Only until then are LEDs
thought to be the lighting sources of next generation. However, unlike the
general lighting sources, LEDs have.very narrow band-width spectrum. Thus,
LEDs have the flexibility: on. synthesizing different spectra with the same

properties, which is called “Metamerism” in color science.

This thesis focused on the combinations of LEDs to fulfill the general
lighting parameters. We first developed a MatLab based GUI simulation tool to
calculate the optimized LED spectrum. We then designed and fabricated a LED
matrix to verify the simulation results, and expected to synchronize the practical

LED clusters with the program.
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Chapter 1

Introduction

Ninety years after the first LED was invested in 1906, Nichia developed high
intensity blue and white light LEDs in 1996. Only until then are LEDs thought to be
the lighting sources of next generation. However, unlike the general lighting sources,
LEDs have relatively narrow band-width spectrum, and are still far away to fulfill the
general lighting criteria. Thus, this research is focused on improving the lighting
quality of LED spectrum, expecting to create the LED light source that can fulfill the

general light source requirements.

1.1 Introduction of the LED
1.1.1 Emergence of the LED

LED was first invented by Henry Joseph Round in 1906, and the technology
was silence for the next ninety years. In.this period; the most popular application for
LED was used as the circuit indicator. However, thanks.to the flourish developments
of the semiconductor industry, new materials were found, and many researchers were
devoted to improve the p-n junction injection, the light extraction ability, and the
fabrication process. In 1990s, Nakamura and other researchers had great
improvements in the InGaN LED technology, and successfully demonstrated the first
high efficiency blue LED. After that, the high brightness white LED can be achieved
by mixing the blue LED with yellow phosphor, and this launched the emergence of
the LED. Besides, the luminous efficiency of primary color LEDs, such as green, red,

and yellow, were also strongly improved in this period [Fig. 1.1].
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Fig. 1.1 Luminous efficiency improvement in LED via Si and organic base

Thus, accompanying with the rising, tide of mobile phone, LED had found the
specific application in keypad and monitor backlight."This market brought the fuel for
the growth of LED industry [Fig. 1.2], and:still takes half of the revenue nowadays

[Fig. 1.3] [1].
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Fig. 1.2 Revenue growth of LED industry
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Fig. 1.3 Market segments of LED industry at 2006

However, the dominant mobile application is seemed to be saturated after 2006,
and the growth of the industry is expected to be led by the display backlight, the
automotive industry, and the illumination.applications. Although the illumination
application only take little share in the whole industry now, it is forecasted that the

illumination will finally play an major role:up to quarter market share in the future

[Fig. 1.4].
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Fig. 1.4 Forecast of the LED market segments
1.1.2 Lighting properties of the LED

White light is the most general color used for general lighting application.
Generally speaking, LED can generate the white light by three methods, multi-color

LED mixing, UV LED with RGB phosphor, and blue LED with yellow phosphor [Fig.
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1.5] [2]. Every approach has their pros and cons. For example, the multi-color LED
mixing method can provide various and flexible light source color and high color
rendering performance. However, the system also needs complex control circuit to
maintain the color stability. Besides, the optical uniformity of mixing color should
also be considered and well designed. The UV LED plus RGB phosphor method is
the easiest way for commercialization thanks for the matured UV phosphor
developments. Furthermore, the color stability of this type white light LED is the best,
due to the reason that all the visible light generates from the same UV source.
However, the luminous efficiency of the UV LED is still low and under developing.
Besides, the penetrating UV light will cause some health issues of the human body.
The last method uses the bluesLED combines with the yellow phosphor. This is
actually the most well-known and popular white-light LED. The advantages of this
method including the mature technology in high-efficiency:blue LED, easy fabrication
process, and simple operation design..However,.the color rendering property of this
white light is about 70, which is.not acceptable for general applications, and the white

point of the LED may slightly drift during the operation.
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Fig. 1.5 Approaches for generating white light from LEDs
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CCT value is the most common parameter used to describe the white point of
the light source. Roughly speaking, high CCT value means the bluish white, and gives
people calm and cool feeling. On the other side, low CCT value stands for reddish
white, and provides people much warm feeling. The sunlight is usually has CCT value
from 4000K~7500K. And the general commercial light sources, such as fluorescent
lamp, incandescent bulb, and tungsten lamp, have the CCT value between
3000K~7000k. There have some interesting researches done to discuss about the
human feeling and the light source CCT value. From a statistic result of the American
families [3], it shows that the north residents love to choice lower CCT lamps whereas
the south families prefer higher CCT ones. Besides, other research also founded out
that people will feel reddish or yellowish of the object color if use the low CCT lamp
in daytime, and will be better if echange to use the high*CCT lamp. On the opposite,
people will feel weird when using high CCT lamp at nighttime, and much comfortable
if choice the low CCT source. Thus;from the.results, *having a light source with
tunable CCT value might bea good thing for generaldight source.

Besides the light source color, the color ‘performance of the object under
illuminant is also an important issue. The most popular parameter used is the CRI
value. In the lighting guideline, the light source should have CRI higher than 70 for
public lighting application, such as park, parking lot, and street light. And the CRI
value should higher than 80 for general application. Besides, some specific
application, such as jewelry story or gallery, might have more severe requirement, for
example, CRI value higher than 90 or 95 [4]. The common light sources in the past
are all have great color rendering ability. For example, incandescent bulb with CRI
value 100, fluorescent lamp with CRI value higher than 85. Although the high

intensity discharge lamps (HID) have lower CRI value, about 65-80, but as mentioned



before, this lamp is used for the outdoor lighting, and the luminous efficiency and
high intensity are more concerned issue.

One of the biggest merits of LED is the tremendous long lifetime. The lifetime
is defined as the time that needed for a light source to have 50% degradation of initial
lumen output. Typically speaking, the lamp type LED has lifetime more than 6,000
hours, and the high power LED is more than 50,000 hours. Both are much longer than
the incandescent lamp, which has lifetime less than 1,500 hours [Fig. 1.6] [5]. Besides,
the luminous efficiency of the LED, generally 60Im/W, is much higher than the
luminous efficiency of incandescent lamp, usually 15Im/W. Thus, in the point source
application, it is well believed that the LED will finally substitute the incandescent

lamp.
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Fig. 1.6 Lifetime of lamp LED (blue), high power LED (red)
, and incandescent lamp (black)

The light intensity of indoor lighting is set between 200Ix to 500Ix. And the
light intensity of the store or the display window is set between 10001x to 20001x [4].
However, those values are just for general case, and may modify by the application
situation. For example, due to the reason that the human visual system will retrograde
as time pass. Thus, children have much accuracy vision, and the luminous intensity
may use lower value than the standard [3]. On the opposite, the luminary designed for

elder usage might increase the intensity little higher than general case. In the past,



LED can only be operated under low electrical power, and provide low intensity light.
This limited the application field of LED. However, the high power LED was
developed to solve the problem, and it can provide really high intensity light with
high luminous efficiency. This progress opened the automotive and general lighting
field of the LED. Besides, the light emit only from the front side of the LED chip,
which is different than the random direction radiation of the traditional light source.
Thus, in the luminaire design, the directional light property of the LED may have less
loss. For example, there have two light sources, one is HID lamp with luminous
efficiency 100lm/W, and the other is LED with luminous efficiency 50lm/W. From
the aspect of light source efficiency, the HID lamp is better than the LED. However,
after considering the luminous efficiency of the luminaire, the LED will have higher
overall luminous efficiency than the HID-lamp. This is due to the reason that less light

is trapped in the luminaire.of the LED [Fig. 1.7]
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Fig. 1.7 Consideration of overall luminous efficiency

1.2 Introduction of the thesis
1.2.1 Motivation and Objective

As the properties aforementioned, LED, have the potential to be applied as the
next generation light source. However, before penetrating into the general lighting
market, many issues, such as the color rendering ability, color binning, heat

management, luminous efficiency, and system stability, need to be considered. Many
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companies and research institutes dedicate to solve the problems. In our research, we
expect to study the lighting quality of the LED lighting system.

Light quality of a light source is complicate to be evaluated. Roughly speaking,
it can be divided into two parts, subjective feelings and objective factors. Subjective
feelings rely on a lot of human factor experiments and statistic data. In the past, some
researches had been done to discuss the relationship between lighting intensity and
work performance [6] [7] [8]. The other research is discussed about the relationship
between moving object sensitivity and the roadway light source spectrum distribution
[3]. All the researches are implemented under accurate research control factors and
experimental setups. However, the experimental results are seemed to be ambiguous.
On the other hand, some objective factors used in the traditional light sources are
much more precise and solid. The-factors include. the eolor of the light source (CCT
value), the color rendering.performance (CR1-value), and.the power efficiency. Thus,
our research will focused on the previous:two color factors'in LED lighting.

The semi-monochromatic. spectrum property: gives LED a chance to have
various combinations. This spectrum flexibility is‘the most different part of the LED
and the traditional light source. Combining the right set of LEDs with right ratios is
not an easy question, and it will be too tedious to calculate by hand. Thus, the
objective of the thesis is developing a GUI program for the multi-color LED mixing.
The program is expected to provide the best mixing ratio, which fulfilling the CCT
value imported by user and with maximum CRI value, for a given set of LEDs. After
developing of the program, we will design a LED matrix to verify the calculating

results and modify the calculating process.
1.2.2 Relative researches about spectrum optimization

Our goal is to find out the best mixing ratio of the LEDs. Thus, here are some

articles mentioned about the optimization of the CRI values and luminance efficiency

8



in the past. In 2002, Neil Holger White Eklund used the genetic algorithm (GA) to
optimize the luminance efficacy and CRI value for a spectrum power distribution
(SPD) with specific chromaticity [9]. In the thesis, the author found out that the target
objective genetic algorithm (TOGA) is better in calculating efficiency than GA for
optimization the SPD. Besides, he also applied the algorithm to design the filters for
the sulphur lamp, which has high luminous efficiency, about 100Im/W, low CRI value,
about 78, and greenish-white apparent color. After adding the filters, the sulphur lamp
was claimed to have CCT values 4000K or 4500K, CRI values 70 or 80, respectively,
with the luminous efficacy still around 80Im/W. Thus, this method is a great solution
for some high efficiency but low lighting quality lamps, such as sulphur lamps, metal
halide lamps, and sodium vaporslamps, because by: designing the appropriate filters,
these lamps can improve their dighting quality. with-=small sacrifice in luminous
efficiency. However, using a filter to change the SPD-of lighting sources is not
practical, due to the high=price in/coating filters. Besides, the general fluorescent

lamps nowadays also have luminous-efficiency over-80km/W with cheap price.

In the same time, Arturas Qukauskas, Feliksas Ivanauskas, Rimantas

Vaicekauskas, Michael S. Shur, and Remis Gaska published a conference paper about
the optimization of white light with multichip LEDs [10]. Based on the concept, they
also published a series articles in this topics [11] [12] [13]. The core concept in their

research was introduced an objective function
F(}\ll ey )\n, Ill ey In) = aK + (1 - O()Ra (Eq 31)

Where a is the weighting that control the trade-off between the efficacy and the
CRI value, 0 =a =1. Therefore, the optimized profile was received by changing a
value and scanning all combinations of the primary LEDs in visible wavelength

range.



By their simulation results, the best dichromatic LED lamps seem to be useless.
Although it have the highest luminous efficacy, the CRI values are all lower than 20.
Besides, with the same luminous efficacy, the trichromatic combinations seem to have
higher CRI values than the dichromatic combinations. Thus, the trichromatic LED
lamps have the best performance of the luminous efficacy when the required CRI
values are lower than 85. Furthermore, the simulation results show that the
quadrichromatic combinations will be the best choices when expected CRI values are
higher than 85 and lower than 97, and the quintichromatic combinations should be
selected for required CRI values higher than 97.

Generally speaking, this research gave a great roadmap for the combination of
primary LEDs. Due to the simulation results, the primary wavelengths and the number
of LEDs were given to get:the best-performance. in both CRI values and luminous
efficacy. However, some practical details are not considered in the simulation. For
example, the overall luminance efficiency is composed by many aspects, such as the
device efficiency, which is determined by the material that used, the transmittance
efficiency or the reflectance efficiency of the ‘optical system, and the luminance
efficiency that perceived by human visual system. All above parameters are relative to
the wavelengths. Therefore, only considering the luminance efficacy is not
complicated, and may not performed the best performance in a real world system.

After all, due to the reasons mentioned above, we decided to establish a
simulation tool that is much more simple than the above two methods. Thus, in our
method, we only consider to calculate the mix ratio of the given LEDs to get the best
CRI values. We do not take the efficacy and the optimization SPD into consideration,
due to the reason that both are not practical. Therefore, the objection of the thesis is to
build a program as a tool for the sophisticated mixing calculation, and present the best

mixing recipe for the further application. The parameters used for the calculation are
10



CCT value and CRI value, which are two most common and well-used standards in

the world.
1.2.3 Organization of the thesis

In the following thesis, basic concepts and terminologies of the human vision
and the color science will be described in the chapter 2. After that, the simulation
flowchart and result will be given in the chapter 3. And finally, the specification of
designed LED matrix and the experimental results will be obtained in the chapter 4.

Finally, the conclusions and the future work will be mentioned in chapter 5.

11



Chapter 2

Foundations in Lighting

Visible light is simply a very small part of the electromagnetic spectrum that
can be received by human visual system. In the thesis, we are studying the lighting
quality of the LED, especially focusing on its unique SPD characteristic. Thus,
realizing the mechanism that how does human percept the light is an important issue.
Therefore, in the chapter, the basic concepts of the human vision and the fundamental

models of the color science will be described.

2.1 Vision
2.1.1 Human visual system

Human visual system..can be gegarded. as photo-detectors with different
spectrum filters. The receptor cells of human eyes:can be functionally divided into
two kinds. They are called rods and cones based on their cell shapes. Rod is very
sensitive to the light intensity,.and-help people.to tell the darkness or brightness in the
darkness environments. On the other hand,-cone can only work under bright
circumstance, and it helps people to perceive the color information of the outside
world. Thus, human eyes can receive color and brightness information in the bright
environments, and only brightness information under the dark surroundings.

Generally speaking, each human eye has about hundred million rods and seven
million cones. However, Rods and cones distribute a little different on the retina [Fig.
2.1]. About 100,000~150,000 cones are concentrated in the vicinity of the optical axis
in the fovea centralis, which is the highest resolution part of the eye [14]. On the
opposite, the rods are rarely found at fovea centralis, but distribute much widely over

the whole retina.
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Fig. 2.1 Distribution of rods (solid line) and cones (broken line)

Human eyes can receive very wide range information of brightness, from about
100,000 Ix, when seeing objects under direct sunlight, to about 0.0003 Ix, when
looking objects at night without moonlight. Although human visual system can adjust
the pupil diameter to adapt different;ambient brightness, but this still can’t afford such
large range variation of brightness. Thus;;human eyes-have a special mechanism for
rods and cones to cooperate for fulfilling the requirement. When the ambient
environment is quite darky lower than 10%Ix, only'the rods will be active, and this
called scotopic vision. However, when surrounding is brighter than 10 Ix, the cones
will take over the work and be active. This stage is then called the photopic vision.
Besides, when the brightness of the environments is between 10%~10 Ix, both cons
and rods will be active in different ratio, and this is called mesopic vision [Fig. 2.2]

[14].

Scotopic vision

Fig. 2.2 Approximate brightness values for different visions
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As a simple example, the ambient light source illuminates on a uniform diffuser
with reflection efficiency ratio, pgrs, equals to 0.5, and then the light reflects into the
eyes. First of all, the relationship between the luminance of the source, Ls, and the

luminous exitance of the reflection surface, Mgs, can be describe by
Mgs = pggTiLs (Eq. 2.1)
The 7 is the solid angle for a lambertian light, and is the luminance. After that,
the incident light of the eye is modified by the pupil size, which assumes to be 15mm?

at luminance of 1cd/m? and 44mm? at a luminance of 0.001cd/m?. Thus, the luminous

flux that illuminate on the retina can be calculated by
¢Gr = Mgs X A (Eq. 2.2)
Where ¢r is the luminous flux of the retinal, Mgs is the luminous exitance of

the reflection surface, and Ag is the receiving area of the retinal.

Thus, the overall relationship between ‘ambient brightness and human vision

can be summed up in the following table [Table 2.1].

Table 2.1 Vision classification with ambient brightness

IHluminance Luminance Retinal Classification Spectral
(Ix) (cd/m?) llluminance Photo- Vision luminous
: (td) receptor efficiency
10
10* —
6x10° —— 103 — Photopic V(A
Cones Vision
102 —
6x10° —— 10° —— 15x10°
10t — Mesopic V*(L)
102 Vision
3 —— 10° —— 4.4x107
6x10 4 Rods Scotopic V()
107 — Vision
10°
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2.1.2 Radiometry and photometry

The rod cells have different sensitivity through the visible spectrum, from
380nm to 780nm, in different ambient circumstances. In general, the spectral
responsivity of a photoreceptor can be measured by the variation of its photocurrent.
However, this method is hard to implement on the human visual system. Thus, the
matching methods are introduced to get the wavelength sensitivity of rod cells. The
most common methods include the direct comparison method, the step-by-step
method, and the flicker method. Roughly speaking, all methods ask subjects to
compare the brightness of the monochromatic light and the reference light, and then to
modify the intensity of the monochromatic light till it is comparative to the reference
one. The intensity of the monochromatic light will finally be recorded. Therefore, the
wavelength responsivity of the rod cellis just.the relative ratio of these intensities.
The distribution of the average values derived from the direct comparison method, V°
b(A), is shown below [Fig=2.3]. Besides; the difference between photopic vision and

scotopic vision can be measured by modifying: the brightness of reference light.

Luminous efficiency (logarithm)

L , .
400 500 600 700
Wavelength (nm)

Fig. 2.3 Spectral luminous efficiency

The International Commission on Illuminance (CIE) then established two
spectral responsivity curves as the worldwide standards. CIE also published the
spectral luminous efficiency for photopic vision, V(L), which is based on the average

observed values from seven studies involving 251 people with normal color vision, in
15



1924. In this standard, the rod has the highest sensitivity at the 555nm in photopic
vision, and the highest sensitivity will translate to about 507nm in scotopic vision [Fig.
2.4]. The distribution variations between V(A) and Vy(A) are significant, thus, the CIE
has recommended V(L) separately in addition to V(A), and still use V(A) as the world

standard.

| Scotopic vision V()

Photopic vision V (A)

Luminous efficiency
=
=8
T

| 1
400 500 600 700
Wavelength (nm)

Fig. 2.4 Spectrum Juminous efficiency in photopic and scotopic visions

Thus, the radiometric quantities can be converted into photometric quantities by
the equation
(Photometric quantity) = K(A) x (Radiometric quantity) (Eq. 2.3)
Where K(A) is the spectral luminous efficacies. One lumen is then defined as
1/683W of a monochromatic light with A, = 555nm. Therefore, the luminous

efficacies of photopic and scotopic vision can be rewritten as

K(A) = K,,,V(A) = 683V(A) (Eq. 2.4)
K'W) =K, V(W) =1700V' (M) (Eq. 2.5)

Where Ky, is the maximum luminous efficacy for the photopic vision, and
K’ is the maximum luminous efficacy for the scotopic vision. They are defined to be

683Im/W and 1700Im/W, respectively [Fig. 2.5].
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Fig. 2.5 Spectral luminous efficacy K(A) and K’(})

The luminous flux of polychromatic light can be calculate by the following

equation
Oy =Ky, [ ©ep MV NAA (EQ. 2.6)

Where @, is the luminoussflux that human perceived, the K, is the maximum
luminous efficacy, @, is thewradiant flux that human eyerreceived.

On the other hand, the spectral responsivities of the.cones can also be measured
by the same method, but the viewing angle of the.observers should be narrowed lower
than 2°, this is due to the reason that cones are concentrated in the fovea centralis.
After all, the spectral responsivities of the rod and cone cells can be measured, and

this can help us to comprehend the mechanism of the visual system much more.

2.1.3 Color vision theory

Human are curious for a long time about the color vision mechanism. Many
hypotheses had been proposed. The two most convincing hypotheses are the
trichromatic theory, proposed by Thomas Young and Hermann von Helmholtz, and
the opponent-color theory, proposed by Ewald Hering.

The trichromatic theory was first proposed by Young in 1802, and extended by
Helmholtz in 1894. The theory postulates that the retina comprises three types of
photoreceptor (cones), which sense red, green, and blue colors respectively. Thus, all

colors are characterized by the degree of response of three photoreceptors [Fig. 2.6].
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In fact, the peaks in the model do not actually correspond to red, green, and blue, so it
is more accurate to describe them as long-, medium-, and short- wavelength
photoreceptors. The theory is based on the experimental result that almost all colors
can be reproduced by properly mixing three lights, usually red, green, and blue.
Besides, trichromatic theory has been used in many fields, such as color TV sets,
photography, color printing, etc., and has been proved to have very great color
reproduction ability. Accordingly, trichromatic theory is not only a simple but also a

realistic and convincing hypothesis.

10.0

60 G

4.0

Spectral responsivity (relative value)

2.0

0 1 1 I
400 500 600 700

Wavelength (nm)

Fig. 2.6 Spectral responsivities of red(R); green (G), and blue (B)
photoreceptors in the trichromatic theory

On the other hand, the opponent-color theory was proposed by Hering in 1878,
which also postulates that the retina comprises three types of photoreceptors, but in
different with the trichromatic theory, they responds to red-green, yellow-blue,
white-black opponencies respectively. The colors are also characterized by the degree
of response of these photoreceptors. However, the response signals are a little
different than the former theory. For example, the first type of photoreceptor responds
in a positive fashion to red, and in a negative fashion to green [Fig. 2.7]. The theory is
based on empirical fact showing that there can be a yellowish red and a bluish red but

no greenish red. Thus, the green and red are opponent color.
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Fig. 2.7 Spectral responsivities of red-green (R-G), yellow-blue (Y-B), and
white-black (W-K) photoreceptors in the opponent-color theory

Both theories are based on experimental results and can explain various color
vision phenomena without facing any contradictions. Besides, in 1964, Brown and
Wald used microscopic techniques to confirm the presence of three types of cone with

peak wavelength 450, 525, 555nm respectively [Fig. 2.8J:

0.02

0.01

Change in absorption

400 500 600
Wavelength (nm)

Fig. 2.8 Spectral absorption in human cones

This gives the direct evidence of the trichromatic theory. Furthermore, attribute
to the improvement in electrophysiology, in 1953, Svaetichin had found an
opponent-type spectrum response by inserting microelectrodes into the retina, which
is known as the S potential 1953. The S potential was first thought to support the

opponent-color theory.
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Fig. 2.9 S potential in the crap retina

Tomita also did the same experiment on carp in 1967 [Fig. 2.9]. By his much
detailed measurements, it shown that the signals actually came from a region that is
several tens of um distance from the cones. Thus, from the experimental results given
above, human eyes can be regarded as three photoreceptors with peak responses at
450,525, 555nm, and the ‘received :response .signals will be translate into
opponent-color information before they are transmitted to the brain.

Based on the knowledge of ‘human-visual response, a lot of models were
developed to explain the phenomena of color vision..Fhe most convincing one is the
stage theory, which is based on the ‘results“of psychological experimentations, of
microscopic spectral measurements, and of electrophysiological measurements. In this
model, the brightness response of the rods and the red, green, blue response of the
cones are received at first stage. After that, the rods response is directly related to the
brightness in scotopic vision. Besides, the cones responses are divided into three
signals, two opponent-color responses (R-G, Y-B) and the brightness response in

photopic vision [Fig. 2.10].
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Fig. 2.10 Color vision model based on stage theory

Thus, the human visual system is assumed to have a trichromatic response at

the cone level and an opponent-colors response in later stage.

2.2 Fundamental Color Science
2.2.1 CIE color system

Based on the human visual model.constructed before, two color models were
proposed to quantify the color information. They are'color appearance system and
color mixing system. Color appearance system is based on color perception, but are
defined in terms of material standards (ex:.color chips) and their appearance under
specific illumination conditions.;On-the other hand,:color mixing system is based on
the amounts of mixed colored light necessary to obtain a color match to a test color in
a color mixing experiment. Generally speaking, the color appearance systems are
usually used in the dye industry and house decorations, and the color mixing systems
are common applied in lighting and display fields. Thus, we will only introduce the
color mixing system here.

The most famous color mixing system was developed by the CIE. CIE
established the standard color matching functions in 1931 based on the following
principles (CIE 1986, 2004a).

1. The reference stimuli [R], [G], [B] are monochromatic lights of wavelength

Ar=700.0nm, Ac=546.1nm, Az=435.8nm, respectively.
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2. The basic stimulus is the white color stimulus of the equienergy spectrum. The
amounts of the reference stimuli, [R], [G], and [B], are required to match the basic
stimulus are in the ratio 1.0000:4.5907:0.0601 when expressed in photometric units,
and 72.0966:1.3791:1 when expressed in radiometric units.

Color matching functions are the amounts of the reference stimuli needed to
match monochromatic stimuli of each wavelength. Due to the requirements set above,

CIE adopted an average data from Guild and Wright’s experimental results as the

color matching functions [Fig. 2.11].
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Fig. 2.11 Color matching-functions of the CIE 1931 RGB color system

Thus, by additive color mixing  methods, every monochromatic light can be

describe as
[Fal = R[R] + G[G] + B[B] (Eq. 2.7)

Where [F;] is an arbitrary monochromatic light, [R], [G], and [B] are reference
stimuli, and R, G, and B, tristimulus values, are the weighting of each stimulus
respectively. This system is then called the CIE 1931 RGB Color Specification
System, and the RGB color space is received by projecting these three weighting

vectors onto a unit plane by the following equations [Fig. 2.12].
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Fig. 2.12 Chromaticity diagram for the CIE 1931 RGB color system

T R+G+B (Eq. 2.8)
_ G

&~ RtcrB (Eq. 2.9)
B

~ e oop (Eqg. 2.10)

However, in this system, the R value is negative from 435.8nm to 546.1nm, that
is due to the experimental-results that the [G]-and [B] stimulus can’t mix the same as
the test light until using [R] stimulus‘to.deerease-the chromaticity of the test light, and
this may cause some problems in:the following calculations. Thus, CIE introduced a
transformation matrix to receive another color matching functions, [X], [Y], and [Z],
or x(, yo, and za) [Fig. 2.13]. The new tristimulus values, X, Y, and Z can be

received by the following matrix.

Tristimulus values

1
400 500 600 700
Wavelength (nm)

Fig. 2.13 Color matching functions of the CIE 1931 XYZ color system
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X 2.7689 1.7517 1.1302\ /R
Y| =1{1.0000 4.5907 0.0601 || G (Eq. 2.11)
Z 0.0000 0.0565 5.5943/ \B

This is called the CIE 1931 Standard Colorimetric System. One special
characteristic of this system is that the matching function [Y] is identical to the
spectral luminous efficiency function V(A). Therefore, the tristimulus value Y can

directly express the photometric quantity. As the same, the XYZ color space can also

be received by projecting three weighting vectors onto a unit plane [Fig. 2.14].

Fig. 2.14 Chromaticity. dragram for the CIE;1931 XYZ color system

After all, the color of any ‘light spectrum can be described by the tristimulus
values of the system, and find a position on the chromaticity diagram by the following
equations. The constant « is selected such that the tristimulus value Y can yield a

value 100 for the perfect reflecting object (R(A)=1 for all A in the visible range).
X=x fvis P(AM)X(A) dA (Eq. 2.12)
Y=k fvis O(A)F(A) da

Z=1x[, ®MNZ(Q)dA

_ 100
Jois @OFA)dA
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X

X = vz (Eq. 2.13)
Y
Y = Xv+z
v/
7 =
X+Y4Z

Although CIE 1931 XYZ color system is a good system and used widely in
various fields, it also has incomplete in some aspects, especially in color space
uniformity. A uniform color space is expected to have equal distance on the
chromaticity diagram with human perception. Thus, CIE published a series of new
color systems to improve the color uniformity, such as CIE 1964 W*U*V*, CIE 1976
LAB, and CIE 1976 LUV. The new color systems are derived by some linear or
nonlinear transformations of the ‘tristimulus values. The last two systems are also

well-known and applied in many fields:
2.2.2 Correlated color temperature

As mentioned before, a color stimulus can be specified in three dimensions by
the tristimulus values and.in_ two: dimensions by the chromaticity coordinates.
However, when describing the ‘color-stimulus of-a white light, it can also be specified
by one parameter, the correlated color temperature (CCT).

Color temperature, T, indicates that the chromaticity of the given radiation
corresponds to the chromaticity of the radiation from a black body of absolute
temperature T¢. On the other hand, correlated color temperature, T, is defined as the
temperature of the black body whose chromaticity is nearest to the given radiation.
The color distance is generally calculated on the CIE 1960 UCS color space. Thus, the
isotemperature lines are received by connecting the points with the same correlated

color temperature [Fig. 2.15].
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Fig. 2.15 Planck locus and iso-temperature lines

Black body locus is received by calculating the chromaticity of the black body
radiation with different temperature. The black body radiation spectrum is described

by Max Planck in 1901.

JALLRRES <, -1
M., () er=5{exb () - 1 (Eq. 2.13)
C1;=. Pithc? I s
. _ hc !j ;

K |
d 4. - 1

Where h is the Pla;rllck’s con'staﬂt'aﬁd K 18 Boltzmémn’s constant with values
6.626x10™ (Js) and 1.38x1073(IK ") respectively. Besides, ¢ is the speed of light in
vacuum, 3x10%(m/s), T is the férﬁbgrature of black body with the unit in ‘degree

Kelvin’, and A is the wavelength of the radiation.
2.2.3 Color Rendering Index

Color rendering is used to describe the slight color shift of the object color
when using different illuminants. Thus, the higher color rendering properties of an
illuminant stands for the better color appearance performance. There are lots of
methods used to evaluate this property by means of comparing the difference in
spectral distribution or in color appearance of a series of object colors. The most well
known and used one is proposed by the CIE in 1995, called the color rendering index.
This index expresses numerically the degree of matching of color appearance of the

specific color chips under a test light source and a reference illuminant.
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The reference illuminant in CIE calculation is defined by two methods,
depending on the color temperature of the test light source. When the test light source
has color temperature lower than 5000K, the black body radiator is used as the
reference illuminant. On the other hand, when the test light source is higher than
5000K, a CIE daylight illuminant is used as the reference illuminant. The CIE
daylight illuminant comes from the daylight measurement data that collected and
analyzed by CIE in the early 1960s. Due to the measurement result, the daylight
spectral distribution, Sp(L), can be received by the combination of three eigenvectors,

So(A), S1(1), and So(L) [Fig. 2.16] [14].

Sp(D) = So(A)+ My Si(A) + M,S,(A) (Eqg. 2.13)

_ (#1.3515-1.7703xp +5.9114yp)
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Fig. 2.16 Three eigenvectors for constituting daylight

Where xpand yp are the color coordinates from the daylight locus, which are

relative to the chosen color temperature.
When 4000K = T, = 7000K

_ —4.0607x10% | 2.9678x10° | 0.09911x103
XD = T3 T2 T
cp cp cp

When 7000K = T, = 25000K

_ —2.0064x10% | 1.9081x10° 0.24748x103
XD = T3 T2 T
cp cp cp

+0.244063 (Eq. 2.14)

+0.23704 (Eq. 2.15)
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With
yp = —3x3 + 2.87xp — 0.275 (Eq. 2.16)

After defined the reference illuminant, CIE selected fifteen specific color chips
as the test colors, and the color rendering index are calculated by the color difference
of these chips under the test light source and the reference illuminant. The Munsell

color chips and the spectral reflectance are shown as below [Fig. 2.17(a), 2.17(b),

2.18] [15].
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Fig. 2.17 Reflect_ibfl spectra of st_andafa CRI ‘calcf;lation color chips

Fig. 2.18 Standard Munsell color chips of the CRI calculation

Generally speaking, test colors, which in Munsell notation have V/C value,
Munsell value/Munsell chroma, in the range from 6/4 to 6/8, are colors with medium
lightness and medium saturation. They are used to represent the average object colors.
The average number of this eight color rendering indices is known as the CIE General
Color Rendering Index, R..

For the computation of color difference, CIE 1964 W*U*V* color space was
selected due to its great color uniformity [15]. The transformation of the color
coordinates from CIE 1931 XYZ to CIE 1964 W*U*V* can be done by the following

formulae
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1
W* = 25Y3 — 17 (Eq. 2.17)

U*=13W*(u—u,)
V' =13W*(v—v,)

The u and v in equation 2.17 come from the CIE 1960 UCS chromaticity
diagram. The converting formulae are given by

U= 4X _ 4x
T (X415Y+43Z)  (—2x+12y+3)

(Eq. 2.18)

6Y 6y
V = =
(X+15Y+43Z) ~ (—2x+12y+3)

Most applications do not use the CIE 1964 W*U*V* nowadays, and replacing
it by the CIE 1976 L*a*b* or the CIE 1976 L*u*v* color spaces is also theoretically
available. However, there are only minor changes between the different systems. Thus,
CIE still adopted CIE 1964 W*U*V/* for the color rendering computation [14].

In most cases, the chromaticity coordinates of thetest source and the reference
illuminant are not matching, and the chromatic adaptation is used for compensating
this small deviation. The most fundamental-chrematic'adaptation model is proposed
by Johannes von Kries in 1902. In.this hypothesis; he*assumed that human eye have
three types of receptors, each for red,”green; and blue respectively, and these three
receptors will modify their sensitivity due to the environment lighting. For example,
when a human walks from outside, with general daylight, into a house with
incandescent lamp illumination, the sensitivity of red receptor will decrease. This is
due to the reason that the incandescent lamp has larger portion of long-wavelength
spectrum than the daylight does [Fig. 2.19]. Thus, the tristimulus values will also be
changed. The transformation of this phenomenon can be written as the following

matrix.

29



Blluc Gchn R‘ed

~—= i

@
s/ | N
Energy

/
|
Wavelength
Blue Green Red
1 | I
> —
=111
I3
Illumination Eye
Wavelength Balance of eye

responsivity

Spectral distribution
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X 411 a2 413\ /X
Y |=[a2 axz azs||y (Eq. 2.19)
7 dz1 dzz 4dz3z/ \Z

Where the X', Y’, and Z" are the tristimulus values after chromatic adaptation,
and the X, Y, and Z are the original tristimulus values. Beside, elements a;; of the
matrix is obtained from the tristimulus values, ofithe test light and the reference light.
The basic idea of von Kries model is that the object color seen by human eye is the
combination of its original-color and the light source information. Thus, the chromatic
adaptation simply withdraws the light source information from the observed object
color, and then combines the other-light source information into it to represent the
object color appearance under different observing surrounding. The most general term

in color appearance model is come from this idea and are written as

R R
—=— (Eqg. 2.20)
RO RO
& _6
Gy Gy
B B
By B

The R, G, and B are object tristimulus values observed under test illuminant,
and the R’, G’, and B’ are the object tristimulus values observed under reference
illuminant. Besides, Ry, Go, and Bg are tristimulus values of test illuminant, and R’,

G’o, and B’ are tristimulus values of reference illuminant.
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Therefore, CIE developed from von Kries’ hypothesis and established the
following modification equations for calculating the object color difference when the

object is illuminated under different light sources.

U = u, (Eq. 2.21)
Vk = Vr
, (10.872+0.404crcck—'i—4dr dk‘)
— k
uki - Ck,i dkl
16,518 +1.481 ¢, —d, gt
v 5.52
ki — a
(16 518+1. 481cr£—dr dk‘)
k

With coefficients cand d

__ (4—u-10v)

v

(1.708v40.404 £ 1:481u)

A%

d =

In the equation 2.21, the u’k-andv’ are the .chromaticity coordinates of the test
source after applying the chromatic adaptatien-correction, and the u, and v, are the
chromatic coordinates of the reference’illuminant. Besides, the u’x; and v’; are the
chromaticity coordinates of the test colors after applying the chromatic adaptation
correction. The ¢, and d, are coefficients that computed from the chromaticity
coordinates urand v;. As the same, the ck; and dy are coefficients that computed from
the chromaticity coordinates uk; and v .

Thus, using the spectral distribution can calculate the tristimulus values at first,
and then convert the tristimulus values into CIE 1964 W*U*V* color space with
chromaticity adaptation. After all, the rendering index can be obtained by the color
difference AE;.

= (Ug = V) + (V= Vi) o+ (We - Wg)™: (Ea.2.22)
R; = 100 — 4.6AE; (Eq. 2.23)

R, = & {Zi=s ) (Eq. 2.23)
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Generally speaking, the light sources should have R, value higher than 80 for
general applications, and much higher in specific applications, such as jewelry stores,

galleries [16].
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Chapter 3

Simulations

The objective of the thesis is to establish a software platform that can simulate
the objective color performance, CCT and CRI, subjective to the combination of
various light sources, which is first attributed by a LED-based system. Thus, in this
chapter, the frameworks of the software platform will be described at first. After that,
the simulation setups will be given, and finally is a simple demo of the overall GUI

program.

3.1 Introduction of the Simulation

In this section, we aim tosconstruct a MATLAB® based graphic user interface
(GUI) platform to calculate: the (lighting performance*(CCT, CRI) under different
lighting options. This function is not available when using traditional light sources,
which have fixed spectrumspower distributions (SPDs), and their CRI values and CCT
values are unchangeable. However, due to the emergence of LEDs, which have near
monochromatic SPDs, light sources gain the flexibility of changing SPDs but
maintain the same CCT value. Therefore, many CRI values are corresponding to a
given CCT. However, the calculations of the problem are very sophisticated and are
not obvious to solve directly. Thus, developing a tool to solve the problem is an
important issue for LEDs’ future applications.

The basic idea of our simulation tool is that the user can import the measured
SPDs, and the tool can calculate the maximum CRI value under the requirements that
the user sets. The available requirements in our tool are CCT value and the mixing
light source numbers. Besides, in order to give the tool more flexibility, it is defaulted

to have ten import lighting source channels.
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The flowchart of the simulation tool is shown below [Fig. 3.1]. The first step
will ask the user to import the spectrum data, expected CCT, and the number of
mixing light sources. After that, the program will base on the given requirements to
calculate all possible mixing ratios that can fulfill the CCT coordinates in the second
stage. Therefore, in the third stage, the program only needs to calculate the CRI
values of the candidate ratios and then selects the highest one. After the highest CRI
value is received, the program will show the CRI value, the weightings of the light

sources and plot a figure of the mixing SPD.

1

User Input Data:
1. SPD data
2. CCT value
3. Light source number
4. Mixing source number

U

Calculate all possible combinations

U

Select the combination with max CRI

U

Export the combination ratio
with the SPD and coordinate plot

U
C Finish >

Fig. 3.1 Flowchart of the simulation
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3.2 Simulation Setups
3.2.1 Simulation of basic parameters

The SPD of LEDs is the most basic information in the simulation. Thus, the
ability to simulate the LED SPD is important for the preset simulations. The SPD of
the phosphor white LED is much more complicated and case by case. Thus, we only
simulate the primary color LED SPD here. Generally, the primary color LED SPD has
a Gaussian shape distribution with different full-width-half-maximum (FWHM).
Many equations are used to simulate the profile, and they are usually expressed as an
equation with two variables, the primary wavelength and the FWHM value. The most

common model is shown as bellow and comes from Yoshi Ohno [17].

AAo,AN 5)+2x8% (A A0,Ahg 5)
Step (A Ag, Ao 5) = E0dadlys 3><g 04%05)) (Eq. 3.1)

2
g(A, g, Adg5) = exp [— {%} ]

Here we use the same equation as our LED model,-and simulate the LED SPD
of a AVaGO® high power'RGB light:source, ADJD-MJ50, from the data sheet. The
measurement and simulatiop ‘SPD+are shown below [Fig. 3.2]. The correlation
coefficient is larger than 98%. Thus, the variations between the two normalized SPDs

are very small. Thus, this LED SPD model is used for our previous design simulation.
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Fig. 3.2 Simulation LED SPDs and Measurement LED SPDs
(Darker lines for the simulation SPDs and lighter lines for the measurement SPDs)
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In our simulation flow, the program will calculate all possible mixing ratios that
have the same CCT value. Thus, by the black body radiation equations given before,
the SPDs of different temperature can be calculated, and then received the chromatic
coordinates. Therefore, the black body locus can be drawn with the expected CCT

lines [Fig. 3.3].
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Fig. 3.3 Black body-locus with CCT lines

Choosing the correct.reference illuminant Is important for the calculation of
CRI values. As mentioned before, CIE selected.different reference illuminants for the
different CCT value light sources. The CIE daylight illuminant is used when the CCT
value is higher than 5000K, and the black body radiation is used when the CCT value
is lower than 5000K. In order to simplify the application, CIE established the SPDs of
the standard illuminant at general CCT values, such as D65, D55, D50, and A. The
diagrams of the calculated CIE daylight SPDs and the standard illuminants are shown
below [Fig. 3.4], and it is obvious that the simulated SPDs are corresponding to the

standard ones.
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Fig. 3.4 CIE daylight SPDs and standard illuminant SPDs
3.2.2 Modification of the mixing ratio

After showing the ability of simulating some fundamental parameters, the
method of modifying the mixing-ratio will be mentioned here. In our research, we first
proposed a modify method“based on the simplification of the relationships between
SPD and chromaticity coardinates. In this method, we first consider an arbitrary SPD,
and then we try to modify the SPD at twe-wavelengths, A1"and A,, with different signs,

one positive and one negative;and the same weighting [Fig. 3.5].

A
| rel

A(nm)

380 M1 A2 780

Fig. 3.5 Modification concept in the beginning method

After that, the chromaticity coordinates of the original SPD and the SPD after
modification, SPD’, can be calculated by the following equations (Eq. 3.2 ~ Eq. 3.4).
Thus, the movement of the chromaticity coordinates can be described as the functions

of modify wavelength (Eq. 3.5).
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X = [0 SPD x X(A) (Eq. 3.2)

780 N
Y = [, SPD X §(A)

780 N
Z= f380 SPD x Z())

, 780 o
X' = f380 SPD’ x X(A) (Eg. 3.3)

, 780 b~
Y = [, SPD' X §(0)

7' = [7°° SPD' x Z())

380
= (Eq. 3.4)
X = Xz g. 3.
_ Y
Y =N
Z
7 =
X+Y+Z
_ AdIAR Ouahg) =X (ARG ) 17 Ot hg)+ N2 s 12))]
Ax = [X4Y +Z+Aa(AZ (0 22)HAT (A X0) +AZ (i h2))] (Eq. 3.5)
Ay = DAY (M A2)=y(AR g, h)FAT (A 12) +AZ (A 12)]

[XIYHZ+Ba(AZ (A A FAT G 02) A% (A1 12)]

_ Aa[AZ(Ag)=2(AR (A1 h2) +AT (M M) +AZ (01 22))]

Az [X4+Y +Z+Aa(AX (k1 h2) FAY (A1 22) +AZ (Mg ,22))]

The equations show that the movement of chromaticity coordinates is
depending on the difference of three matching functions at wavelength A, and ;. Due
to the reason that the denominators of the equation 3.5 are always positive and the
term Ao can also be defined to be positive, the numerators of equation 3.5 can be
regarded as the indicators of the coordinate movement. Therefore, we expected to use
the parameter, Mgir, as the guideline for the program to modify the mixing ratio (Eq.

3.6).
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Xair = A%(, 09) — (AT (M, 09) +A2(00,02))  (Eq. 3.6)
Yair = A, A2) — (JTY)(APN((M»XZ) + AZ(\, 22))

Zair = D204, 09) = () (AX04,0) + AF(M, 1))

Mdir = (a X Xdir) + (b X Ydir) + (C X Zdir)

Where a, b, and c are the sign factor for the indicator, and the values are
depending on the relative position of current coordinates and the target coordinates.

However, after some previous tests of this parameter, Mgyi,, we found out that
the parameter is only correct for mono-wavelength modulation. This is due to the
reason that the assumption we set in the beginning only considers to modify two
mono-wavelengths. Therefore, the profile of the_light source should be taken into
consideration in practical computation. Fhusgthis.indicator will be too tedious to use.

After all, we gave up using Mg;; as the'indicator for modifying the light source
mixing ratio, and turned back to take the.color difference on the chromaticity diagram
as the parameter for movement judgment. The color difference we take is the AEy, on
CIE 1931 xyz chromaticity diagram. Although the other color system has better
uniformity, the calculation simplicity is the prior issue that we consider here.

Here we use an example to explain the modification process of the program. If
we have four LED with mixing chromaticity points at (0.38, 0.28) and the target point
at (0.30, 0.31) as shown in Fig. 3.6(a). Thus, the program will first calculate the eight
possible modification chromaticity points, each is received by increasing or
decreasing one of the four LED lightness level [Fig. 3.6(b)]. After that, the program
will modify the LED which can reduce the color difference to a minimum value.
Therefore, the program can approach the target coordinates by repeating the
modification. The program will finally stop when the color difference is less than

0.005, which is set by the half distance of the neighboring discrete CCT coordinates
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we setup before, and it is believed that the human eye cannot distinguish the color

difference at this scale [14]
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Fig. 3.6(a) Relative position of the CurrentCoordinates and the target coordinates
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Fig. 3.6(b) Chromaticity coordinates after modifying the mixing ratio
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3.3 Simulation Results

After simulating the basic elements of the calculation, we used the MATLAB®

to create the GUI panel of the program [Fig. 3.7].
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Fig. 3.7 GUI panel

The GUI panel is divided linto four parts, region”l, region I, region Ill, and
region 1V, as also be shown inthe previous-figure. The region | is used for the user to
import the measurement light souree SPBDs=Fhus; it has'ten “Load” buttons for the
import SPDs, a “Clear SPD Data’ button for remoeving the import data, and a “Plot
Spectrum” button to draw the import SPDs in‘the region II. Besides, the “Weighting”
texts behind the “Load” button are used to show the computed mixing ratio of the
SPDs.

The region 111 is used for the user to enter the expected CCT value and the
mixing light source number. The “Calculate” button is used to compute the best CRI
value after the user set up all requirements. After the calculating, the best CRI value
will be shown in the “Max CRI value” text, the chromaticity coordinates position will
be drawn in the figure next to it, and the overall mixing SPD will also be plotted in

the figure in the region IV.
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After the GUI panel has been drawn and the brief functionalities of each region
have been described, the interior computations and the details of each block are also
needed to be set up. In region I, the default file type is the Microsoft® Excel data sheet.
Thus, the user only needs to click the “Load” button and the program will open a new

window for the user to select the import files and load them into the database [Fig.
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Fig. 3.8 Import file interface

When all files are loaded'into the database-of the program, the user can push the
“Plot Spectrum” button, and the SPDs of the import data will be drawn on the “Import
Light Source Spectrum” panel with the line colors describe before their “Load” button
[3.9]. Besides, the user only needs to push the “Clear SPD Data” button to eliminate

the loading data.
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Fig. 3.9 Plot spectrum

After importing basic information about the SPDs, the user can set up the
requirements for the calculation ongthe “Lighting Spectrum Calculation” panel. First
of all, the user needs to give the total numbersof the import SPDs. After that, the
program can let the user._to choice the light,'source number in the SPD mixing
calculation or to choice the *Global sol’’:to receive the maximum CRI value from all
possible combinations, and the range of mixing number is from 2 to the total light

source number [Fig. 3.10].
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Fig. 3.10 Select mixing number
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After selecting the mixing light source number, the user should then select the
CCT value at the “Expect CCT” unit, which has four general CCT values and one
user input option. When user choices the “Other” option, the user should then enter

the CCT value in the text space under the selection menu [Fig. 3.11].
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Fig. 3.11 Select CCT value

After finishing all setup, the user only needs to pushithe “Calculate” button and
the program will automatically. compute the mixing ratio with max CRI value. The
CRI value is then shown at the Max CRI value” text, and the calculated ratio will
display at the “Weighting” texts behind each “Load” button, and the default mixing
ratio is set to be 128 levels. Besides, the mixing SPD and the reference illuminance
SPD are drawn at “Mix Lighting Spectrum” panel with red and blue color
respectively, and the reference position chart is plotted at the right-hand side of the
“Calculate Result” panel, the green line shows the monochromatic light locus, red line
shows the black body locus, blue line shows the correlated color temperature locus,
and the yellow point shows the mixing light chromaticity coordinates [Fig. 3.12].

After all, we demonstrate a GUI program which is easily to use and can help the
user to calculate the relative mixing ratio of multi-light sources to fulfill the expected

requirements.
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Chapter 4

Experimental Results

In the previous chapter, we have demonstrated a GUI program for mixing light
source calculation. Thus, in this chapter, we will use it as a tool to design a LED

matrix, and then verify the calculation results.
4.1 Design of LED Matrix

In the beginning of the chapter, we designed the specifications of a LED matrix
with tunable CCT value and with acceptable CRI value. Due to the reason that only
limited options of primary LEDs are available, we used only four primary color LED
lamps and one phosphor white LED lamp.

First of all, we measured‘three SPDs of each color as the preset database for the
simulation. Topcon® SR-ULIR colorimeter, was used“to measure the SPDs. The
results showed that the LEDs have huge intensity variation [Fig. 4.1]. Thus, we used

the average SPD for the following simulations:

Red LED-1
Red LED-2
Red LED-3
Blue LED-1
Blue LED-2
Blue LED-3
Green LED-1

251

Green LED-2
Green LED-3
Amber LED-1
Amber LED-2
Amber LED-3
— White LED-1
— White LED-2
— White LED-3

Relative Intensity
o
T

05

b } . | — |
430 480 530 580 630 680 730 780
Wavelength (nm)

Fig. 4.1 Measurement SPDs

We then imported the average SPDs into the program and simulated the
performance under different combinations. The simulation was divided into two

segments, Sim | and Sim Il. Each segment also includes two sets of intensity ratios,
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labeled as part (a) and part (b). The LED sets used in the simulations are shown as

below [Table. 4.1].

p 1. Blue, green, red, amber, and white LEDs.
art (a) 2. Preset measured intensity ratios.
1. Blue, Green, Red, Amber, and white LEDs.
Part (b) 2. Equalintensity ratios.
Part 1. Blue, green, red, and amber LEDs.
art (a) 2. Preset measured intensity ratios.
1. Blue, green, red, and amber LEDs.
Part (b) 2. Equalintensity ratios.

Table 4.1 Settings of the simulations
The difference between Sim | and Sim Il is the LED number used. Four
primary color LEDs with one phosphor white LED were used in the Sim |, and only
four primary LEDs were used in'th'e'lsjimrll Eéﬁ'des the simulation of part (a) used
the original intensity ratio for 5|mulat|?n andfhe part (b) used the equal intensity

ratio. The chosen CCT vahJes were 6500K 5606K and 2856K These values stand
for reference illuminants D_65, D50, ang;A, respectlvely. 'Ji

Five measured prime;fySPjDé dsed in S|m| par't;(a) are shown in Fig. 4.2. The
CRI values for different CCT. 'Vélhgs are shown |n table 4.2. Besides, the equal

intensity SPDs used for the Sim | part (b) are shown in Fig. 4.3. The simulation

results are also shown below in table 4.3.

1-

= Red LED
= Blue LED
— Green LED
Amber LED
08l = White LED

09

Relative Intensity
o
o

Q f
380 430 480 530 580 630 680 730 780
‘Wavelength

Fig. 4.2 SPDs used in Sim | part (a)
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CCT

6500K 91.71
5000K 91.14
2856K 84.76

Table 4.2 Simulation CRI values of Sim | part (a)

—— Red LED
— Blue LED
— GreenLED
Amber LED
White LED

0 i | ' | T -
380 430 480 530 580 630 680 730 780
Wavelength

‘Fig. 4.3 SPDs L]séd_.‘_i;lfLSim I'part (b)

CCT

6500K 95.17
5000K 94.89
2856K 85.83

Table 4.3 Simulation CRI values of Sim | part (b)

In the next simulation, Sim II, only four primary LEDs were used. The
simulation process was the same as the previous one, and the SPDs used are shown in

Fig. 4.4 and Fig. 4.5. The corresponding CRI values are shown in table 4.4 and table

4.5, too.
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Fig. 4.5 SPDs used for Sim 11 part (b)

CCT
6500K 90.07
5000K

2856K

88.59
82.59

Table 4.5 Simulation CRI values of Sim Il part (b)
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In both simulations, the CRI values are all higher than 80, which is acceptable
for general applications. Besides, we found out that the equal intensity SPDs seem to
have better CRI values, especially for high CCT values. This is due to the reason that
the original green LED we used is not bright enough, thus the mixing SPD is lower
than standard illuminant SPD even when the green LED is turned to maximum
brightness [Fig. 4.6]. Therefore, we expected to increase the number ratio of the green

LED in the matrix.
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Fig. 4.6 Insufficient of the green LED intensity

In the design of the LED matrix, we divided the whole LED clusters into
sixty-four sub-blocks. Each sub-block was designed to have the primary LED number
ratio 1:3:1:1:3 with the color blue, green, amber, red, and white respectively. This

ratio came from the previous simulation results. The specifications of the LEDs we
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adopted are shown in Table 4.6, and the overall arrangement of the LED matrix is

also shown below [Fig. 4.7].

Intensity (mcd) 2000 7000 4000 5000 8700
Viewing Angle(©,,,)| 30° 30° 30° 30° 30°
Forward Voltage(V)| 3.4 3.4 2 2 3.4

Table 4.6 Specifications of the LEDs

Fig. 4.7 Layout design of LED matrix

In the control part of the matrix, the System was designed to have 128 gray
levels for each color LED. PWM is the most general method for the LED dimming,
and only occurs small spectrum deviation during the modulation [18]. Thus, we
adopted PWM for our intensity modulation. The general specification of the matrix is
shown below in table 4.7 and the overall LED matrix system was developed by the

Green Resource Enterprise Cooperation [Fig.4.8].
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Matrix size 32cmx 32 cm (8 unit X 8 unit)
Unit size 4cm X 4em

LED number Total : 1152
Blue : 128 —>1
Green : 384 —=>3
Amber: 128 —>1
Red : 128 —>1
White : 384 —=> 3
Gray level 128

Table 4.7 Specifications of LED matrix

Fig. 4.8 Tunable LED matrix
4.2 Measurement Results

After the tunable LED matrix had been constructed, we first confirmed the
control property of the matrix. The oscilloscope DSO6034A, Agilent Technologies® ,
was used to monitor the control signal of the gray levels [Fig. 4.9, Fig. 4.10]. The
frame time of the full on LED is 6.66ms, and reduce between 0.04ms and 0.06ms for
each decreasing gray level. The measurement result of each color LED is shown in
table 4.8. However, the time variation of each gray level is not stable, and this might

cause some deviation of the mixing SPD.
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Fig. 4.9 Verification of the PWM method
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AX = 6.66000ms | 1/AX = 150.15Hz | AY(M) = -11.8125V

+  Made ~ Source X ¥ 2 Y1 Y2 Y1 Y2
Normal MATH v 23,06V 11.25V
— —
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(e.) PWM signal with gray level 128
Fig. 4.10 Red LED PWM signals with different gray levels

Gray Level\Color(ms)| Blue Green Red White | Amber

1 0.05 0.06 0.06 0.05 0.06
32 1.66 1.67 1.66 1.66 1.66
64 3.32 3.32 3.34 3.34 3.32
96 5 5 5 5 5
128 6.66 6.66 6.66 6.66 6.66

Table 4.8 The pulse width time of LEDs under different gray levels
Then, the SPDs of each LED with.the highest gray-level were measured by the

colorimeter [Fig. 4.11]. As'show in the measurement results, the intensity of the green
light LED is enhanced. Thus,; the blue, green, red, and white LEDs have the
comparable intensity as we expect. However, the intensity of the amber LED is half
lower than the others, which is caused by the dramatic difference SPD between the
previous measured LED samples and the practical matrix LEDs, and this might

decrease the CRI performance of the matrix.
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Fig. 4.11 SPDs of the LED matrix
After receiving the SPDs of the LED matrix, we used the developed GUI

interface to calculate the matrix mixing ratio with CCT values 6500K, 5000K, and
-y | I‘-\

2856K. The simulation also took iwo condmoﬁsﬂ SET I and SET II, into account. In

SET |, four primary LEDs and one ph hor‘whlte LED were used. And only four

—— :.‘1|| .\ll\l- I.

primary LEDs were used In SET I calculatron* The comﬁutatlon results of each case

-

are shown in table 4.9 (a) and table 49'(}5) respecilvely

W'lth w hlte LED
Blue 0 0 0
Green 27 43 22
Red 45 63 63
White 95 79 15
Amber 0 64 67
CRI value 9431 95.94 84.27

(a) Mixing ratios of SET |
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Without white LED

D65 D50
Blue 64 45 7
Green 61 59 27
Red 66 85 60
Amber 64 65 77
CRI value 81.81 74.34 80.29

(b) Mixing ratios of SET Il
Table 4.9 Simulation mixing ratios

We then used the colorimeter to measure the SPD of the matrix [Fig. 4.12]. We
adopted 0°/45° measurement setup, which means that the light illuminate from the
normal side of the white plate, and the_colorimeter measured the reflection SPD from
the 45° degree position. The White plate is a small-disc made by BaSO,4, which has
smooth reflection spectrum 6ver the visible range, and ié‘usually used to measure the
light source SPD. The measﬁrement SPDs and“t‘he GUI SI%’Ds are shown in Fig. 4.13

and the compare of the CCT and GRI Values-are-shown in‘the Table 4.10.

LED Matrix

White Plate T
LED Matrix T

Fig. 4.12 Experimental setup of the spectrum measurement
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Fig. 4.13 GUI SPDs and Measurement SPDs
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With white LED

6500K 5000K

ccr 6529 5021 2859
(GUI Simulation)

CCT 6723 5252 2995
(Measurement)

CRI 94.31 95.94 84.27
(GUI Simulation)

CRI 94.68 96.18 86.15
(Measurement)

(a.) SPDs with white LED

Without white LED
6500K 5000K

ccr 6513 5012 2856
(GUI Simulation)

CCT 7128 5293 2943
(Measurement)

CRL 81.81 74.34 80.29
(GUI Simulation)

CRI 83.47 75.12 81.33
(Measurement)

(b.) SPDs without white LED
Table 4.10 Compare of the CCT and CRI values
4.3 Discussions and Modifications

From the experiment results, the measured SPDs are obviously deviating from
the simulation ones, and the CCT values of the measurements are not confirmed with
the simulation values. Thus, we need more detailed measurements to analysis the
system. First of all, we measured the SPDs of each LED with 4 gray levels separation.
From the results, we found out that the SPDs are increasing linearly over the
wavelengths at low gray levels, but deforming at high levels [Fig. 4.14]. The

deformations were occurred from one edge to the half of the SPD, and the other half
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of the SPD seemed to increase linearly. Thus, the SPD profile might change when
LED is operating at different gray levels. However, only slight difference was

observed from the comparison of the measured SPDs and the simulation ones, [Fig.
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(e.) SPD variations of white LED

Fig. 4.14 Variation ratios of different LED SPDs
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Fig. 4.15 GUI simulation SPDs and Measurement primary LED addition SPDs
Thus, the deformation of the LED profile is not the primary issue for the
variations of the measured SPDs and the simulation ones. By more detailed
observation of the matrix operations, we than found out that the addition of primary
LED SPDs were not actually matched with the mixing SPDs. The oscilloscope

showed that the PWM signal is deforming when more than one kind of LED is turned
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on, here we show the SET | 6500K measurement results in Fig. 4.16. From the
measurement results, the duty cycle of the control signal is increasing and the

operating voltage is descending for the mixing SPDs.
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Fig. 4.16 Measurement results of SET | 6500K PWM signals

61



After that, we use the multimeters to monitor the operating voltage and the
current. We then use the measured result to modify the simulation results. By the
mechanism of the LED, the emitting radiance is proportional to the operating power,
which can be simply written as equation 4.1, where P, is the time average power,
Vave 1S the time average voltage, and I, is the time average current.

Pave = Vave X Iave (Eq. 4.1)

Therefore, we included the operating power as a factor to correct the simulation
process used for synthesizing mixing SPDs. The corrected SPDs are really confirmed
the measured ones [Fig. 4.17]. The CCT values of the two SPDs are also almost equal
[Table 4.11]. Thus, we believed that the variations between the original simulation
SPDs and the measured SPDs are caused by the System circuit crosstalk, and can be

revised by including adequate correcting factor into our.simulation process.
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Fig. 4.17 Modified addition SPDs and measurement SPDs
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Chapter 5

Conclusions and Future Works

In this thesis, we have successfully accomplished a GUI platform for
multi-color LED mixing calculation. The simulation result is well verified by a LED
matrix with tunable CCT value and high CRI value. Although the crosstalk is
occurred by the control circuit, the platform still can modify the simulation result and
expect the synchronized mixing SPD. Thus, this GUI platform will be a powerful tool
for the further LED lighting study.

In the future, the program is able to expand or replace some new elements. For
example, the new generation light.'source qualification factor, color quality scale
(CQS), which is developed hy Yoshi Ohne-and:Wendy Davis at national institute of
standard and technology (NIST), USA [19].-This factor is established to modify the
CRI value in order to achieve better correlations betweensthe human feeling and the
evaluating scores.

CQS pronounced 15 high saturation color-chips to replace the 8 low saturation
samples used in CRI [Fig. 5.1]. The samples are selected to span around the entire hue
circle and are expected to have better representation of the practical object colors.
Besides, the more uniform and advanced color space, CIE 1976 L*a*b* is adopted
than the original 1964 W*U*V* color space. Current research shows that only
decrease in chroma will have negative effects. Thus, CQS also takes this into
consideration, and maintain the evaluating score when the chroma is increased. This is
different than the CRI evaluation, which will decrease the score for any color
deviation. Furthermore, CQS takes root-mean-square (RMS) than the traditional
arithmetic mean to evaluate the overall score. This is used to emphasize the

performance of each sample.
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However, some parts of this new scale are under developing, such as new

Fig. 5.1 Color chips used in CQS

human adaptation model. Besides, the practical human experiment results are not
published, and the CIE still not accepts it as the global standard. Therefore, we
still took the CRI into our consideration until the accurate calculating process is
available.

Besides the modification of the GUI platform, some LED lighting issues can
also be discussed in the future. Some research had done to discuss the impact of the
working performance under diffgrent“ lighting intensity. Beutell is the first one who
attempted to announce a model for specirfying the neééssary illuminance for different

task [6]. And the idea was exploited by'Wésfg”)n]_\}\}ho de"vejl‘oped it into one of the most

1

widely used methods of inQestigating ,thé effects of Iighﬁing and work [6]. Weston

devised a very simple task"which wasj 7Ié‘rgel‘y7visfjal and in which the critical detail
was easy to identify and measure. Fhe task is.well known as the Landolt ring chart
[Fig. 5.2]. Thus, the tester can analysis the experimental scores to evaluate the

lighting performance.
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Fig. 5.2 Landolt ring chart
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However, only luminance issue is considered in the past experiment. Nowadays,
the LED produces a chance to receive many different spectrums with the same
chromaticity. This phenomenon is called the metameric spectrum in color science. As
the previous studies had done on the working performance with different lighting
intensity, we are more interesting in the influence of the metameric spectrum to the
working performance, or the color contrast to the working performance. Although the
parameters, such as CRI value or CQS, can describe the color performance of the light
source, they have no link between these index values and the human working
performance. Thus, our GUI platform can be used to produce different SPD light
sources with the same CCT value, and then two environments that fulfilled the
traditional lighting requirements: with different SPDs can be constructed. Then, we
can compare the working performance under the different spectrum condition and

find out more LED lighting properties.
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