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ABSTRACT

Development of an Illumination M easurement Device for Color
Distribution Based on a CIE 1931 Sensor

Do Ky Son
Advisor: Prof. Lee Chung Ghiu, Ph.D.
Department of Electronic Engineering,

Graduate School of Chosun University.

In this thesis, an easy-to-use measurement device for illumination distribution is developed.
The device consists of a sensor array module, a control module, and a PC interface. The sensor
array module incorporates CIE 1931 color sensors and the ARM-based 96 MHz
microcontroller in the controller for measurement and data processing. The sensor array
module contains 64 color sensors arranged in a 16 X4 array. The sensitivity of the sensor array
module can be adjusted to measure a weak light. The measurement data and control signals are
exchanged via USB 2.0 standard. Using the measurement device, the illumination distribution
is measured for colors of red, green, and blue and is graphically determined. The device can be
used for the measurement of illumination distribution, the design, and the adjustment of LED

illumination.



Chapter 1

INTRODUCTION

Nowadays, many visible spectrum light-emitting diodes (LEDs) are actively being developed
and their basic optical and electrical characteristics are well described in [1]. Due to the
commercial potential of LEDs with visible light emission, LED illumination draws a great deal
of attention from LED manufacturers, LED driving IC manufacturers, LED backlight unit
(BLU) manufacturers, illumination designers, and architects seeking new forms of illumination.
LED illumination offers the user numerous advantages, including considerable power reduction,
extreme durability, size reduction, a wide color gamut, improved degree of freedom for the

illumination shape, and a high resistance to shock and vibration.

Furthermore, LED illumination costs less to maintain due to its long lifetime and the fact that
the price for the chips per unit of luminous flux is decreasing [2]. As a result, the LED with
visible light emission is very useful not only for illumination and LED BLU, but aso for the
environment and for indoor decorations and advertisements. Therefore, colorful LEDs will be a
versatile light source for all those applications. From the illumination point of view, the visible
(red, green, blue) LEDs are used to form illumination devices and colorful displays [3]. The
driving current for each LED can be controlled quickly and independently with appropriate
driving circuitry to maintain its brightness and color [4], [5]. These two characteristics makes a
visible LED be a prominent candidate for lighting instruments. In such a case, it is necessary to
measure illuminance to ensure that an LED lamp provides an illumination level of 300 — 1500
IX, based on the | SO standard for office work [6].

Since LED lighting is composed of individual LEDs, the illumination on a target surface is
patterned, depending upon the density of the LEDSs, the LED directionality, the shape of an
LED array, etc. Therefore, the measurement of illumination distribution is substantia for the

design and characterization of LED illumination. Specifically, to analyze the irradiance



performances from the LED arrays, the design expressions for illumination uniformity in a
near-target plane from LED arrays have been derived [7], and the far-field condition for an
array of LEDs is analyzed by LED radiation pattern, array geometry, and the number of LEDs
[8]. Moreover, to achieve uniform illumination, a design process using a surface-tailored lens

has been proposed [9] and an efficient coupler design has been reported [10].

Except for precise measurement in laboratory experiment or an exact calibration process, the
LED is supposed to sufficiently ensure that human eyes perceive that the brightness and color
are evenly distributed or the chromaticity of certain measurement points is well distributed. A
certain color measurement needs multi-point calibration with a calibrating procedure [11] and a
simultaneous color measurement, and white balancing for RGB white LEDs, was demonstrated
by using a buried double p-n junction (BDJ) photo detector, which was fabricated by the same
authors [12]. A chromatic property measurement system for LED was developed based on the
spectroradiometric method using a photomultiplier [13]. These are not easy-to-use simple
measurement devices for LED applications. Furthermore, a hand-held illuminance
measurement system with versatile functions [14] is available. To measure multiple points
simultaneously, the device needs to connect multiple remote detector heads. Therefore, easy-
to-use and fast illumination measurement devices would be useful without a complex

measurement process, such as in a precise measurement or an exact calibration process.

In this thesis, | report a device for easy-to-use illumination measurement using a color sensor
array. The color sensor isin an integrated circuit (IC) and is equipped with an XY Z tri-stimulus
function, based on the known observer function CIE 1931 [15]. Each sensor has a tolerance of
nearly 1 % variation of wavelength. The sensor array module with an appropriate control
circuit makes it easy to measure and analyze the illumination and color distributions over a
two-dimensional surface at one time. Each sensor in the array module can measure a true color,
based on three independent CIE 1931 color matching functions; X, ¥, and Z [16]. The

analog signal from each sensor module is converted to a digital signal. The measurement

device provides the illumination and color distributions over the surface.



1.1 Thesis objectives

In this thesis, | report a device for easy-to-use illumination measurement using a color sensor
array. We could use it to detect the distributions of brightness and colors for a certain
illumination environment. When the LED illumination is widely used in the near future, the
device is expected to be used as a useful tool for illumination distribution or LED illumination
system.

By using true color sensor and ARM microcontroller this device have many advantages:

- Easy to use.

- Fast measurement.

- Without complex and cheap.

1.2 Thesis organization

The paper is organized as follows. Section 2 describes the configuration of the developed
measurement device, including the component descriptions. Measurement and performance
using the device are described in Section 3. Section 4 deals with the discussions on future

development. The paper is concluded with Section 5.



Chapter 2

PHOTOMETRY

2.1 CIE 1931 color space standard

In the study of color perception, one of the first mathematically defined color spaces was the
CIE 1931 XY Z color space, created by the International Commission on Illumination (CIE) in
1931

The CIE XY Z color space was derived from a series of experiments done in the late 1920s by
W. David Wright and John Guild. Their experimental results were combined into the
specification of the CIE RGB color space, from which the CIE XY Z color space was derived.

This article is concerned with both of these color spaces.
Tristimulus values

The human eye has photoreceptors (called cone cells) for medium- and high-brightness color
vision, with sensitivity peaksin short (S, 420-440 nm), middle (M, 530-540 nm), and long (L,
560-580 nm) wavelengths (there is also the low-brightness monochromatic "night-vision"
receptor, called rod cell, with peak sensitivity at 490-495 nm). Thus, in principle, three
parameters describe a color sensation. The tristimulus values of a color are the amounts of
three primary colors in a three-component additive color model needed to match that test color.
The tristimulus values are most often given in the CIE 1931 color space, in which they are
denoted X, Y, and Z.

Any specific method for associating tristimulus values with each color is called a color space.
CIE XY Z, one of many such spaces, is acommonly used standard, and serves as the basis from

which many other color spaces are defined.



The CIE standard observer

In the CIE XYZ color space, the tristimulus values are not the S M, and L responses of the
human eye, but rather a set of tristimulus values called X, Y, and Z, which are roughly red,
green and blue, respectively (note that the X,Y,Z values are not physically observed red, green,
blue colors. Rather, they may be thought of as 'derived’ parameters from the red, green, blue
colors). Two light sources, made up of different mixtures of various wavelengths, may appear
to be the same color; this effect is called metamerism. Two light sources have the same
apparent color to an observer when they have the same tristimulus values, no matter what

spectral distributions of light were used to produce them.

Due to the nature of the distribution of cones in the eye, the tristimulus values depend on the
observer's field of view. To eiminate this variable, the CIE defined the standard
(colorimetric) observer. Originally this was taken to be the chromatic response of the average
human viewing through a 2° angle, due to the belief that the color-sensitive cones resided
within a 2° arc of the fovea. Thus the CIE 1931 Standard Observer is also known as the CIE
1931 2° Standard Observer. A more modern but less-used aternative is the CIE 1964 10°
Standard Observer, which is derived from the work of Stiles and Burch, and Speranskaya.

For the 10° experiments, the observers were instructed to ignore the central 2° spot. The 1964
Supplementary Standard Observer is recommended for more than about a 4° field of view.
Both standard observers are discredited at 5 nm wavelength intervals and distributed by the
CIE. The standard observer is characterized by three color matching functions. The derivation
of the CIE standard observer from color matching experiments is given below, after the

description of the CIE RGB space.

Color matching functions
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Fig 2.1 The CIE standard observer color matching functions

The color matching functions are the numerical description of the chromatic response of the

observer (described above).

The CIE has defined a set of three color-matching functions, called X(1), y(4), and Z(4)

which can be thought of as the spectral sensitivity curves of three linear light detectors that
yield the CIE XY Z tristimulus values X, Y, and Z. The tabulated numerical values of these
functions are known collectively as the CIE standard observer.

The tristimulus values for a color with a spectral power distribution | (4) are given in terms of

the standard observer by:

X = j: 1 (A)X(A)dA, )
Y= [ 1(A)y(A)d, @
Z= f 1 (1)Z(A)dA, €)

Where A is the wavelength of the equivalent monochromatic light (measured in nanometers).



Other observers, such as for the CIE RGB space or other RGB color spaces, are defined by

other sets of three color-matching functions, and lead to tristimulus values in those other spaces.

Thevaluesof X, Y, and Z are bounded if the intensity spectrum | () is bounded.

The CIE xy chromaticity diagram and the CIE xyY color space

i, - . g v - 1 v v .
0n o 0l ; I : 5 e 07 08
Fig 2.2 The CIE 1931 color space chromaticity diagram.

The outer curved boundary is the spectral (or monochromatic) locus, with wavelengths shown
in nanometers. Note that the image itself describes colors usingsRGB and colors outside the
SRGB gamut cannot be displayed properly. Depending on the color space and calibration of
your display device, the SRGB colors may not be displayed properly either. This diagram
displays the maximallly saturated bright colors that can be produced by a computer monitor or
television set.
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Fig 2.3 The CIE 1931 color space chromaticity diagram rendered

The CIE 1931 color space chromaticity diagram rendered in terms of the colors of lower
saturation and value than those displayed in the diagram above that can be produced by

pigments, such as those used in printing. The color names are from the Munsell color system.

Since the human eye has three types of color sensors that respond to different ranges of
wavelengths, afull plot of al visible colorsis athree-dimensional figure. However, the concept
of color can be divided into two parts: brightness and chromaticity. For example, the color
white is a bright color, while the color grey is considered to be a less bright version of that
same white. In other words, the chromaticity of white and grey are the same while their

brightness differs.

The CIE XY Z color space was deliberately designed so that the Y parameter was a measure of
the brightness or luminance of a color. The chromaticity of a color was then specified by the
two derived parameters x and y, two of the three normalized values which are functions of all

three tristimulus values X, Y, and Z:

X
X=——
X+Y+Z

10



Y

Y Xiviz

Z
Z=— —
X+Y+Z

The derived color space specified by X, y, and Y is known as the CIE xyY color space and is
widely used to specify colorsin practice.

The X and Z tristimulus values can be calculated back from the chromaticity values x and y and

the Y tristimulus value;

X:Xx
y

Z:ia—x—w
y

The figure on the right shows the related chromaticity diagram. The outer curved boundary is
the spectral locus, with wavelengths shown in nanometers. Note that the chromaticity diagram
is atool to specify how the human eye will experience light with a given spectrum. It cannot
specify colors of objects (or printing inks), since the chromaticity observed while looking at an

object depends on the light source as well.

Mathematically, x and y are projective coordinates and the colors of the chromaticity diagram

occupy aregion of the real projective plane.

The chromaticity diagram illustrates a number of interesting properties of the CIE XY Z color

space:

e The diagram represents al of the chromaticities visible to the average person. These
are shown in color and this region is caled the gamut of human vision. The gamut of
all visible chromaticities on the CIE plot is the tongue-shaped or horseshoe-shaped
figure shown in color. The curved edge of the gamut is called the spectral locus and

11



corresponds to monochromatic light, with wavelengths listed in nanometers. The
straight edge on the lower part of the gamut is called the line of purples. These colors,
although they are on the border of the gamut, have no counterpart in monochromatic

light. Less saturated colors appear in the interior of the figure with white at the center.

It isseen that al visible chromaticities correspond to non-negative values of x, y, and z

(and therefore to non-negative values of X, Y, and Z).

If one chooses any two points of color on the chromaticity diagram, then all the colors
that lie in a straight line between the two points can be formed by mixing these two
colors. It follows that the gamut of colors must be convex in shape. All colors that can
be formed by mixing three sources are found inside the triangle formed by the source

points on the chromaticity diagram (and so on for multiple sources).

An equal mixture of two equally bright colors will not generally lie on the midpoint of
that line segment. In more general terms, a distance on the xy chromaticity diagram
does not correspond to the degree of difference between two colors. In the early 1940s,
David MacAdam studied the nature of visual sensitivity to color differences, and
summarized his results in the concept of a MacAdam ellipse. Based on the work of
MacAdam, the CIE 1960, CIE 1964, and CIE 1976 color spaces were developed, with
the goal of achieving perceptual uniformity (have an equal distance in the color space
correspond to equal differences in color). Although they were a distinct improvement

over the CIE 1931 system, they were not completely free of distortion.

It can be seen that, given three real sources, these sources cannot cover the gamut of
human vision. Geometrically stated, there are no three points within the gamut that
form a triangle that includes the entire gamut; or more simply, the gamut of human

vision isnot atriangle.

Light with a flat power spectrum in terms of wavelength (equal power in every 1 nm

interval) corresponds to the point (x,y) = (1/3,1/3).

12



2.2 Color sensor

The MTCS - TIAM2 from MAZet Company was used to sense color. MTCS — TIAM2 is a
high integrated True Color Sensor IC with integrated transimpedance amplifier in a small
plastic package on a PCB-carrier. It includes the standard XYZ (RGB) filters based on the
known observer function CIE 1931. So the sensor is specialized for fast and absolute, high

accuracy color measurement.

The True Color Sensors are made of 19 x 3 photo diodes (special PIN silicon technology with
blue-enhanced) integrated on chip. The diodes are carried out as segments of a multiple-
element hexagonal matrix structure with the diameter of 2.0 mm. The technology Si-PIN photo
diodes allow signal frequencies up to high-range. In order to achieve a small cross talk between
the colored photodiodes the individual sectors were separated from each other by additional
structures — separate diode. The photodiodes are sensitized on chip with high-quality and long-
time stabile dielectric spectral filters (hamed True Color Filter). These filters correspond to the

primary color standard CIE 1931(Commission Internationale de I'Eclairage or Internationa

Commission on Illumination) and/or the German standard DIN 5033.

V N

Fig 2.4 True color sensor.
o High-resolution conversion of colored light to voltages.

o Simultaneous measurement of XY Z three colors.

o High sensitiveness, transmission, signal frequency.
o Noageing of thefilter, high temperature stability.
o Reduced crosstalk and linear amplifying.

13



o Programmable adjustment of transimpedance.

o Power down feature.

o Smallinsize, lead free.

o Aliketri-stimulusinterference filter for color measurement to DIN 5033 (CIE 1931).
o LCC package (SMD).

EU RoHS-compliant2.

14



Chapter 3
DEVICE CONFIGURATION

3.1 Device organization

Figure 1 show the organization of the measurement device, which consists of three parts. The
sensor array module includes a two-dimensional color sensor array, multiplexers, and an
analog-to-digital converter. The control module consists of a microcontroller, a power supply,
and various connectors. The other part provides the interface between the control module and

the PC.

illumination

e

Sensor Array Module

1 1 I

MUX MUX MUX
(RED COLOR) (GREEN COLOR) (BLUE COLOR)

1 lf

Analog-to-Digital Converter
(4 chanels, 12bit, 40 KSPS)

I

Measurement data

] ARM-based Microcontroller
Control signals (32hit, 96MHz with USB and Ethernet)

Initialization
l Conditionsfor measurement
Power supply
ﬁ ol Lo il

Fig 3.1 Block diagram of the measurement device.

15



The color sensor array is composed of 64 color sensorsin a 16 x 4 array. Each sensor includes
the standard XY Z (RGB) filters based on the known observer function CIE 1931 [16]. The
photocurrent from a color sensor is converted into the voltage inside the color sensor IC, which
stands for direct coordinates for the standard 1931 color space. The output voltage signals from
the sensor array module are then multiplexed and converted into digital signals. Compact and
portable, the sensor array module is suitable for hand-held applications. Using the two
dimensiona array of color sensors, fast and absolute color measurement over a surface is
possible.

The analog signals containing illumination and color information from 64 sensors are
collected by multiplexers, and the ARM-based microcontroller in the control module processes
digital signals and sends them to the PC through the USB 2.0 interface. The measurement data
fed into the PC is processed to draw a two-dimensiona figure for illumination and color
distribution, which are described in Section 3. The LCD display in the control module shows
the status of the measurement device and the basic parameters for measurement are set by

using four keypads.

3.2 Multiplexer and analog-to-digital conversion

A monolithic CMOS dua 16-channel analog multiplexer (ADG726, Analog Devices) switches
one of 16 inputs, as determined by the 4-bit binary addresslines A0, A1, A2, and A3. With this
multiplexing capability, simultaneous measurement from 64 color sensors is possible. The
multiplexer works well witha1.8V to 5.5V single supply or a2.5V dual supply. It has only 4
Q resistance and needs only 30 ns for switching. Therefore, it provides the number of address

lines and sufficient switching time to ensure accuracy and speed for this development.

The analog-to-digital converter (ADS7824, Burr-Brown Company) is used to convert the
analog signal from the sensor array module to a digital signal. The converted digital signal isa
12-bit data stream, which consumes only 50 mW at its maximum. Laser-trimmed scaling
resistors provide the standard industrial £10V input range and the channel-to-channel matching
of £0.1%.

16



Figure 3 shows the block diagram for connectivity between the multiplexer and the analog-to-
digital converter (ADC). The multiplexing of 64 sensors needs 192 color signal lines. However,
we use only one ADC with four inputs by using the multiplexers to collect the signals from 64
sensors. The microcontroller controls the multiplexer and chooses which of the signal lines is
to be connected to the ADC. The signa conversion processes from multiplexing to ADC are
summarized into the following three steps. 1) choose a specific signal line using a 5 bits

address, 2) convert the analog signal to adigital signal, and 3) obtain the digital values.

Sensor1 RED —

Sensor2 RED —
Sensor3 REDf—l l

Low noise power supply

: RED Analog &’
Sensord2 F!ED——I
Sensor! GREEN —
gensorg 8555“ — Analog to
ensor: : —l l l GREEN Anal Digital Digital
: nalog Convertor Output

ADS7824

Sensor32 GREEN — ADS7825

Sensor1 BLUE —
Sensor2 BLUE —
Sensor3 BLUE —

BLUE Analog

LA i

Sensor32 BLUE —

A4._AO
Mux input select

Fig 3.2 Block diagram for connectivity between multiplexing and analog-to-digital conversion. Analog signals
are multiplexed and converted into digital signals.

3.3 ARM-based microcontroller

The microcontroller used for this development is an ARM-based microcontroller
(STR912FAWA46X6, ST Microelectronics). This microcontroller is a32-bit ARM (advanced

RISC machine) device. The general information on ARM processors is found in [18]. The
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microcontroller is a 96 MHz ARM based microcontroller unit (MCU) with an ARM966E-S
RISC core. It has Harvard architecture, a 5-stage pipeline, and tightly-coupled memories
(SRAM and flash). The microcontroller also has dua burst flash memories, 32-bits wide with a
1 MB main flash memory, and a 128 KB secondary flash memory. Furthermore, it supports 10
communication interfaces, including 10/100 Ethernet MAC with DMA (direct memory access)
and MIl (medium independent interface) [19], as well as a USB full-speed (12 Mbps) save
device [20]. By using the microcontroller with USB full-speed support, we can ensure the data

transmission speed of the measurement device.

3.4 Printed circuit boards

The printed circuit boards (PCBs) are developed in a DXP 2004 Altium environment and are
shown in Fig. 4-5. We adopted 4-layer PCBs. Each PCB has a ground layer and its surface
layers for wiring are covered with ground areas to reduce the noise from the outside of the PCB.

The device includes two modules: a control module and a sensor array module. Figure 4 shows
the control module with the microcontroller, the Ethernet connector, the USB connector, the
power supply unit, the LCD connector, the push button, the sensor connector, and the JTAG

connector.

JTAG Connector Microcontroller

Sensor __
connector

Ethernet
connector

use
connector

LCD connactor Power supply unit

Fig 3.3 Printed circuit board of the control module.

18



3.5V onboard reference ADC: ADSTE24

26-pins +inputs Mux 64 Sensors Array Mounting
Conmector  ype04

(@ frontside

Decoupling capacitors Dual 16-inputs Mux ADGT26

(b) back side

Fig 3.4 Printed circuit board of the sensor array module; (a) front side, and (b) back side.

The top and bottom photos of the sensor array module are shown in Fig. 5. This module
includes the 16x4 sensor array and the ADC (ADS7824), with a 3.5 V onboard reference and
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the 4-input multiplexers (ADG704) with a 26-pin connector. The bottom contains dua 16-input
multiplexers (ADG726) and decoupling capacitors.

3.5USB interface

The USB driver was developed based on a virtual instrument standard architecture (VISA) tool
in LabVIEW [21]. After setting up the developed driver and connecting the control module to

the PC, the module becomes a USB device as shown in Fig. 6.

+ - Kevboards
+ "'_J. Mice and other pointing devices
+ @ Monitors

+- B8 Metwork adapters

# I' B
ﬂ Processors
-8, Sound, video and game controllers

v Syskem devices
Universal Serial Bus controllers

Fig 3.5 Screenshot of USB driver initidization in the PC operating system.

R N [ ] [T O [T N .|.:.

Table 1 shows the frame format for the data packet between the PC and the control module.
The frame packet from the PC to the control module begins with a 1 byte Device ID, a 1 byte
Command ID, and 8 bytes data, successively, and is finished with a 1 byte checksum CRC
(cyclic redundancy code). The frame packet from the control module to the PC begins with a 1
byte Sensor 1D, then a1 byte Color ID, and 32 bytes data, successively, and isfinished witha 1
by checksum CRC.
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@

DevicelD Command ID Bytel .. Byte8 CRC

(b)

Sensor ID Color ID Bytel . Byte32 CRC

Table 1 (a) Frame Packet from PC to Control Module; (b) Frame Packet from Control Module
to PC

3.6 Labview interface

Front panel interface

Fig 3.6 Labview front panel interface
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On the front panel we have 3 3D graphs that show The Red, Green, Blue values of 64 sensors.
The true color was showed on the picture in the bottom of frond panel. We can use the knob to
change value of sensor’s sensitivity from 0 to 7. Sensor is max sensitive if the sensitivity value
is 7. 6 value indicators show the maximum and minimum value of red, green and blue colors.

When Labview is running, we can stop by using Stop button.

Block diagram

By following this chart | made a program to show the measurement result on Labview front

panel.

Open USB connection

*<

- Send sensitivity data
- Ask value of colors.

Save data to
file row1.dat

Save data to
file row2.dat

Save data to
file row3.dat

Save data to
file row4.dat

Load data from file
and show to screen

No

Close USB connection

Fig 3.7 Labview follow chart
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Color Boy 3

Calor Box: 16

Color Box 13
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154 Close:
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:

D0
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Block diagram detail

VISA open function:

Fig 3.7 Labview block diagram

23



WISA Open bmeouk ()
YISA resource name 1954 YISA resaurce name ouk

duplicate session (F)

access mode —I_H
error in {no error)

Fig 3.8 VISA open functionin Labview.

i fooocen gy QUL

VISA Open timeout specifies the maximum time period, in milliseconds, that VISA Open
waits before returning an error. It does not set the I/O timeout. To specify the timeout used for
future operations on the VISA session, use VISA Set Timeout.

VISA resource name specifies the resource to be opened. This control also specifies the
session and class.

If duplicate session is TRUE and there is currently a session opened to the resource, another
session is opened to the resource. If duplicate session is set to FALSE and a session is opened
to the resource, the open session isused. A VISA session is a unique logical identifier used by
VISA to communicate with a resource.

Access mode specifies how to access the device. This input accepts the following values.

Error in describes error conditions that occur before this VI or function runs. The default is no
error. If an error occurred before this V1 or function runs, the VI or function passestheerror in
value to error out. This VI or function runs normally only if no error occurred before this VI
or function runs. If an error occurs while this VI or function runs, it runs normally and sets its
own error statusin error out.

VISA resource name out is the resource to which aVISA session is opened and its class. The
class matches that of the VI SA resour ce name inpuit.

Error out contains error information. If error in indicates that an error occurred before this VI
or function ran, error out contains the same error information. Otherwise, it describes the error
status that this VI or function produces.

VISA write function:

¥YISA resource name L-f-'bS-fl WI548 resource name ouk
- E abc
write buffer wl&' L veturn count
Brrar in {no error) === S grror Quk

Fig 3.9 VISA write function in Labview.

VISA resource name specifies the resource to be opened. This control also specifies the
session and class. Refer to VISA Resource Name Control for more information.

Write buffer contains the data to be written to the device.

Error in describes error conditions that occur before this VI or function runs. The default is no
error. If an error occurred before this VI or function runs, the VI or function passestheerror in
valueto error out. This VI or function runs normally only if no error occurred before this V1
or function runs. If an error occurs while this VI or function runs, it runs normally and sets its
own error statusin error out.
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VI SA resource name out isacopy of the VISA resour ce name that VISA functions return.
Return Count contains the actual number of bytes written.

Error out contains error information. If error in indicates that an error occurred before this VI
or function ran, error out contains the same error information. Otherwise, it describes the error
status that this VI or function produces.

VISA Wait on Event Function:

kimeaut (0} — ]
¥ISA resource nanie [ECE T YISA resource name out
event type (all enabled) — 3 L event bype out
event class (Generic Event) j - event
Errar in {no error) errar ouk

Fig 2.10 VISA Wait on Event function in Labview.

Timeout is the period of time in milliseconds to wait for the event.

VISA resource name specifies the resource to be opened. This control also specifies the
session and class.

Event typeisthelogica event identifier. Y ou can select from the following VISA event types.
Event class specifies the class of event for which the function waits. The default is Generic
Event, meaning the function recognizes any class of event.

Error in describes error conditions that occur before this VI or function runs. The default is no
error. If an error occurred before this VI or function runs, the VI or function passesthe error in
valueto error out.

VI SA resource name out isacopy of the VISA resour ce name that VISA functions return.
Event type out identifies the event type received if the wait was successful.

Event is valid if the wait was successful. Wire event to a Property Node to get further
information about the event. Wire event to the VISA Close function when examination of the
event is complete.

Error out contains error information. If error in indicates that an error occurred before this V1
or function ran, error out contains the same error information. Otherwise, it describes the error
status that this VI or function produces.

VISA Get USB Interrupt Data VI:

¥I5A USE Intr Event uf-'S-ﬂ_+_ WI3A USE Intr Event out
= L data buffer
Error in {no errard B mppr ok

Figure 3.11 VISA Get USB Interrupt Datain Labview.

VISA USB Intr Event isaunique logical identifier to aVISA USB Interrupt Event.

Error in describes error conditions that occur before this VI or function runs.

VISA USB Intr Event out is a copy of the VISA USB Intr Event that is passed out of the
VISA functions.
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Data buffer isthe buffer of USB interrupt data.

Error out contains error information. If error in indicates that an error occurred before this VI
or function ran, error out contains the same error information. Otherwise, it describes the error
status that this VI or function produces.

Error from the shortcut menu for more information about the error.

VISA Close Function:;

YISA resource name (I

Brror in (no error) meeee=lC vm error out

Fig 3.12 VISA Close Function in Labview.

VISA resource name specifies the resource to be opened. This control also specifies the

session and class.
Error in describes error conditions that occur before this VI or function runs. The default is no

error. If an error occurred before this VI or function runs, the VI or function passestheerror in

valueto error out.
Error out contains error information. If error in indicates that an error occurred before this VI

or function ran, error out contains the same error information.
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Chapter 4

MESUREMENTSAND PERFORMANCES

4.1 Illumination distribution

Figure 7 shows three 3D surface plots that show the measured red (R), green (G), and blue (B)
values of the 64 sensors from a single red, green, and blue LED, respectively. An LED is
positioned to illuminate the center area of the sensor module and the distance from the LED to
the sensor module is 25 cm. The highest optical intensity appears in the center area and the
optical intensity decreases in the sensors near the border region. All sensors are set to the
sensitivity level of 2. The color sensors convert the optical intensity (R, G, B) to voltage and
the minimum measured voltage is 0 V when it is completely dark. The maximum measured
voltage is 5 V when the received light is over the maximum received optical intensity. At that
point, the 0 V is digitally encoded to 0, and 5V is encoded to 255. The digital values are scaled
from the received optical intensity. For the sensitivity level “zero”, the irradiance responsivities,
for the red color at 600 nm, is SOgreq = 0.067 MV/ (uW/cm?), for the green color, at 555 nm, the
irradiance responsivities is SOgreen = 0.063 mV/ (pW/cmz), and for blue color, at 445 nm,, the
irradiance responsivities is SOy = 0.044 mV/ (uW/cmz). From these values, we can estimate
the maximum received optical intensity to measure, using TIAM2: SOreg Max = 5V / SOreq =
5000 / 0.067 = 74.62 (mW/cm?) for red, SOgreen Max = 5V / SOgreen = 5000 / 0.063 = 79.37
(mW/cm?) for green, and SOy, Max = 5V / SOy = 5000 / 0.044 = 113.64 (mW/cm?) for blue.
These values are shown in Fig. 7. For the sensitivity level, “seven”, the same calculation can be
applied. The maximum received optical intensities for sensitivity level “seven” are 93.98
(LW/cm?) for red, 99.8 (uW/cm?) for green, and 143.27 (uW/cm?) for blue.
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Fig4.1 Measured optical intensities for (a) red color, (b) green color, and (c) blue color.
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The bottom surface means the geometrical measurement surface and the vertical axis means the
scaled voltage, and, therefore, the relative measured intensity of each color and can be set to

absolute values for measured intensity or illuminance with an exact adjustment process.

Fig. 8 shows the 1931 CIE chromaticity diagrams with the (X, y) coordinates for multiple

sensors for R, G, B, and white LEDs. The chromaticity coordinates (x, y) correspond to its

color. A measure of spread of Y, Gy, can be calculated as

o, =(%Z(Yi,j —m«)sz, @

where M, isthe mean of Y, N is the number of Y values from color sensors, and Y, ; is the

Y vaue of color sensor at (i, j) out of (16, 4). The uniformity of Y is defined in terms of its

averagevalue, M, , as
uniformity (%) = 9¥ 100 5)
m,

The uniformity of Y for an incandescent bulb is approximately 8.77 % with the distance of 50
cm to the sensor array module. Next, the color coordinates for LEDs of different colors are
measured. The color coordinates are evenly distributed for each sensor. The measured color
coordinates for a specific LED coincides with the color of the corresponding LED. As an
example, the color coordinates for the white LED (Fig. 8(d)) are compared with the datasheet
from the manufacturer. The measured X values are distributed around 0.37, while the measured
Y values are distributed from 0.35 to 0.37. The datasheet provides the X values from 0.24 to
0.35, while the Y values are distributed from 0.24 to 0.35. As can be seen from this comparison,
the developed measurement device provides the reliable color measurement for the sample
white LED of the manufacturer. With precise adjustment on experimental conditions, the

differences would be reduced.
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Fig 4.2 Measured 1931 CIE chromaticity diagrams for (a) ared LED, (b) agreen LED, (c) ablue LED, and (d)
awhite LED. The red rectangles connected with the solid lines define the 1931 CIE chromaticity diagram. The
blue overlapped diamonds denote the chromaticity coordinates from al color sensors.
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4.2 M easur ement sensitivity

Figure 9 shows the measured optical intensity for a red LED, with a different level of

sensitivity, while maintaining the LED operating condition. It was tested with a single,

commercial 1 W red-LED source at a distance of 20 cm.

- —
P 4 s
L} - rJ. -
. . o

Level O Level 1

Level 2 Level 3

Level 6 Level 7

Fig 4.3 Optical intensity distribution for the increased sensitivity level with ared LED.

The sengitivity of the sensors is changed from the minimum value (Level 0) to the maximum
value (Level 7). With Level 0, the sensor cannot detect the weak light. To detect the weak light,
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the sensitivity level must be increased. If the sensitivity is too high, the color is expressed as
yellow, for sensitivity Level 6 and sensitivity Level 7. The sensitivity level is changed digitally
by programmable adjustment of transimpedance of the color sensor IC [15]. For a simple
adjustment, with the known source-detector standard, the sensitivity of the sensor module can
be adjusted by using the sensitivity knob on the front panel of the GUI in the PC.

The color sensor is a good candidate for a color measurement device because it
includes the true color filters and an amplifier in a small package. Table 2 shows the electrical
and optical characteristics of the color sensor [15]. From Table 2, the appropriate sensitivity

level suitable for a specific application can be chosen.

Table 2 The PD Sensitivity of the Used Color Sensor [11]

Parameter Symbol Condition Min. Typ. Max. Unit

Az=445nm 0.21 0.23 0.25
PD sensitivity of color Ay=555nm 0.30 0.33 0.36
Shax A/W
ranges Axk=445nm 0.11 0.12 0.13

Ax1=600nm 0.31 0.35 0.38

Figure 10 shows the photograph of the measurement device for a measurement. The control
module is connected to the sensor array module using a 26-pin connector and to a PC through a
USB connector. The sensor sensitivity isin Level 4. The light source is a 1-W red color LED.
The optical intensities of red, green, and blue are shown on the PC screen. Since the
measurement software is developed on the LabVIEW, we can stop the measurement procedure
by clicking the stop button.
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Fig 4.4 Setup using the devel oped measurement device. The sensor array module and the control

module are shown.

4.3 ADC accuracy

We use a four channel, 12-hit sampling CMOS analog-to-digital converter (ADS 7824). The
input range of the ADC is from —-10V to +10V and provides a sufficient voltage range for
converting the output of the color sensor. With this 12-bit ADC, the number of levels (NL) for
each color is
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NL = 22 = 4096 (levels).

By generating the number of levels for three colors, we arrive at the number of color levels
(NCL) asfollows:

N = (2'9)° = 68,719,476,736 (colors).
We have 64 sensors with three colors (R, G, and B), and the number of total samples (NS) is
NS =64 (sensors) x 3 (colors) = 192 (samples).
The maximum sampling rate of ADS7824 is 40 kilo samples per second (ksps). Therefore, the
minimum time required to convert the analog signa from the sensor module to the digital
signal is
Teony = 192 () / 40 (ksps) = 4.8x10° (s) = 4.8 (ms).
The ARM-based microcontroller supports the USB 2.0 full speed interface. Therefore, we can
transmit data to the PC at the maximum data rate of 12 Mbps. Since the 12-bit ADC is used,
the total number of bitsis
BrotaL = Tsx 12 (bits/sample) = 2304 (bits).
Therefore, the minimum time required to transmit data from the control moduleto the PCis
Trran = 2304 (bits) / 12 Mbps = 192 x 10°° (s) = 192 (us).

The minimum time required for conversion and transmission is

TroraL = Tcony + Ttran= 4.8 (mS) +192 (US) =4.992 (mS)
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4.4 M easur ement sensitivity Data processing speed

The ARM-based microcontroller (STR912FAW46X6), with a clock speed of 96 MHz, has
enough processing speed to process and transmit data. In this development, we test the sensor
array module, with the total time of TroraL = 65 ms. 64 msis required to convert data from the
64 sensors (1 ms for each sensor), and 1 msis required for the transmission of data through the
USB (~ 2.3 Mbps).

4.5 Comparewith related work

There are several color measurement devices was developed. For example: “Imaging systems
tackle color measurement” which was public in 2007 by Andrew Wilson. In this project, the

author used three CCD sensor s and color filter to measure red, green and blue color.

____———CCD sensors

Red
Trim filters

Infrared

CCD sensor

Fig 4.5 Imaging systems tackle color measurement
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Other measurement device was public by Katherine Leo’n a. Its name is “Color measurement

in L*a*b* units from RGB digital images”. The author used a digital camera to take a picture

of color sample. Computer analyzes, processes data and give out the result.

RGB|  modsl

™

rab

wesseeees clibration process

5 et
w— gstimationof L,a b

Fig 4.6 Color measurement in L*a*b* units from RGB digital images

Table 3. Compare with related work

Imaging systems | Color measurement in | lllumination Measurement
tackle color L*a*b* unitsfrom Device for Color
Characteristics | measurement RGB digital images Distribution Based on aCIE
1931 Sensor
Using Difficult Difficult Easy
Speed Slow Slow Fast
Shape Big, cumbrous Big, cumbrous Small, sample
Cost price Expensive Expensive Cheap

From this comparing, | believe this device can be used widely in the future.
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Chapter 5

DISCUSSION

The processing of measurement data is performed using the ARM-based microcontroller. The
measurement device can be upgraded by adding more RAM, ROM, and external flash memory
to form an embedded illumination measurement device that works without a PC.

The measurement device can be developed as an embedded system with its own data display.
The ARM-based microcontroller, running on a tiny OS, can collect, process, transmit, save,

and retrieve the measurement data.

The Ethernet port can be used for exchanging measurement and control data with a PC via the
Internet. The Internet-connected remote measurement device can be used to measure the
illumination and color distributions in rea-time inside or outside a building, for example, on
the highway, the subway, etc. Furthermore, the measurement device can communicate with a

GPS module to record the measurement data and measurement position during measurement.

Although 12-bit data for each color in this device is in compliance with the 36-bit color
standard, only the eight most significant bits (M SBs) are used for each color to follow the 24-
bit true color standard, as it is sufficient to display the color data on a PC screen. If the 12-bit
ADC is upgraded to a 16-bit ADC, we can have 48-hit color and the device can measure and
show 281.5 trillion colors [22].

We can use this device as a measurement device to characterize the indoor environment for
developing an LED illumination system or an LED communication system. It will help
illumination designers or interior designers to easily design an optimal illumination system by

measuring the illumination at various positions.
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Chapter 6

CONCLUSIONS

An easy-to-use, portable measurement device for illumination distribution has been developed.
The device was designed with the purpose of providing a measurement tool useful for
developing an LED illumination system and measuring indoor illumination. The array of CIE
1931 color sensors detects the illumination distribution and the CIE 1931 color coordinates.
The measured data is transmitted to the PC through a USB interface and processed to draw
graphsin the GUI.

The measurement of color coordinates from a white LED, using the measurement device, was
tested by comparing the measured coordinates with the values in the data sheet from the
manufacturer. The result shows a small difference. The development has provided a prototype

measurement device for measuring the illumination distribution and the color coordinates.
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