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Introduction

 Goals

« To show how modern optical design and analysis software can be
used to model and predict the color effects in LED lighting systems.

« This can help to shorten the design process, speed time to market,
and reduce developement costs by allowing new designs to be
created and analyzed virtually, possibly delaying the need for actual
prototypes to much further along in the design process.
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Introduction

 What do we need to acheive these goals?

A good optical analysis software program

An accurate 3D solid model of the LED lighting system including
accurate surface and material properties

An accurate source model, either a surface source model or a
rayfile

Trace enough rays to get an accurate answer
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What is Color?
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What is Color?

« Color (American English) or colour (British English; see spelling differences) is the

visual perceptual property corresponding in humans to the categories called red,

blue, yellow, etc. Color derives from the spectrum of light (distribution of light power

versus wavelength) interacting in the eye with the spectral sensitivities of the
light receptors. Color categories and physical specifications of color are also

associated with objects or materials based on their physical properties such as light
absorption, reflection, or emission spectra. By defining a color space colors can be
identified numerically by their coordinates.

Source: Wkipedia
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What is Color?

 Visible light spectrum

Low energy Py omell AR High energy

Frequency (s™")

3 x 10" 3 x 10" 3 x 10" 3 x 10" 3 x 10"
| | | | | ]! | | | | |
Radio ; y Gamma
waves | Microwaves Infrared Ultraviolet |  X-rays rays
| | I 1 1 | | | | A T
L bt gl 6 T | ¢ s | i B | bt 5 | AR ; | et | ¢ i | S i A (e

Wavelength (m)

S TracePro



What is Color?

» Color is an product of:

Material properties — glass type, plastic type, color filters
Surface properties — paint, coatings, mirror surfaces

Source lighting — spectrum and intensity of source illumination
Ambient lighting — spectrum and intensity of surrounding light
Human Eye effects — color blindness

Plus additional factors
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Color Metrics
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= TracePro

Color Metrics

* Photometry

* Photometry is the measurement of light as it is perceived by the human
eye

 The human eye is sensitive to light from about 0.4 — 0.75um, 400-750nm.
This is known as visible light.

» Peak sensitivity for a light adapted eye is at = 0.555um

« Standard unit of visible, or luminous, flux is the lumen (Im)
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Color Metrics

» Photopic Curve — Light Adapted Eye

Photopic Curve

[\
[\
[

m Effi oy
—
/

S TracePro




Color Metrics

« Radiometry and Photometry

Photometry
L e Visible light R
Low energy = AR A AR ; High energy
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Color Metrics

 Lumens/watt conversion

# | Iradiance/lluminance Map:{Untitledd]

Tot

~True Color Map for Absorbed Flux
TargetRec

(1.1.06) (-11.06

(1-1.0.6) millmeters 1.-1.08)

True Color Total Flc25 574 1m 1000000 Incident Rays

# | Imadiance/Muminance Map:{Untitiedd] =
Total- True Color Mep for Absorbed Flux
arget Receiver

(1-1.0.6) millimeters F1-1.08)

True Color Total Flux669 64Im 1000000 Incident Rays

==~

= Inadiance/lluminance Map:[Lumens per watt model.omi]

Total - True Color Map for Al
Terget Receiver

(11.06) -1.1.06)

(1-1.06) millimeters (1-1.08)

True Color Total Flux178 34 Im 1000000 Incident Reys

A= 0.45um
1 watt = 25.5 lumens

A= 0.55um
1 watt = 670 lumens

A= 0.63um
1 watt = 178 lumens
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Color Metrics

» Scotopic Curve — Dark Adapted Eye

Photopic and Scotopic Curves
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Color Metrics

« Radiometric vs. Photometric Spectrums

Luxeon Rebel Neutral White LED: Radiometricvs. Photometric Spectrum

AN
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Color Metrics

« LED spot light example

I Modek:[LED Downlight, spot.oml] E’@@
ELEDS

.~ Front Lens

- PCBoard

.~ Lamp Base
-~ Lamp Housing
- Target
Surface 0
Receiver
Surface 2
Surface 3
Surface 4
Surface 5
Entity 1

Block

-

1)

#H-E

Model l Source |Luminance
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Color Metrics

« LED spot light example with representative rays

I Modek:[LED Downlight, spot.oml] E}’E|@
ELEDS
.~ FrontL
- PC Board
.~ Lamp B
- LampH g
- Target
Surface0
- Surface 2
Surface 3
- Surfaced
- Surface 5
Entity 1
Block
Model l Source |Lumi nnnnn
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Color Metrics

» Color Coordinates — CIE 1931 xy

5| Iradiance/Tlluminance Map:[LED Downlight, spot.oml]

Total - CIE Color Map for Absorbed Flux
Target Receiver

(()()()

/700

i 4518K

f Jen
{-300.-300,598)

[ oo ¢ -
(300,-300,598) millimeters

460

%o o1 03 04 05 06 07 08

(0.3607x , 0.3662y)

xy Coordinates Total Flux:959.11 Im 1644374 Incident Rays
X:-6.35 Y:-3.53 Z:598 (0.3607x,0.3662y)
N p
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Color Metrics

* Color Coordinates — CIE 1975 u'V’

# | Iradiance/Tlluminance Map:[LED Downlight, spot.oml]

= o

Tatal - CIE Color Map for Absorbed Flux
Target Receiver

(300,-300,598) millimeters {300,-300,598)

(0.2162u’ , 0.4939V’)
u'v' Coordinates Total Flux:359.11 Im 1644374 Incident Rays \
X:-7.76 Y:-4.94 7:598 (0.21624617u',0.49390195v")
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Color Metrics

« LED spot light example — Spectrum from LED datasheet

e« Osram Luxeon Rebel — Neutral White

LXML-PW31 (5000K), LXML-PW21 (5700K) and LXML-PWI 1 (6500K)
at Test Current, Thermal Pad Temperature = 25°C

L
Jo

N

350 400 450 500 550 600 650 700 750 800

Relative Spectral Power Distribution

Wavelength (nm)

Figure 13. Color spectrum of LXML-PW3I[, LXML-PW2I and LXML-PWI1 | emitters, integrated measurement.
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Color Metrics

* Color Rendering Index (CRI)

» Describes how accurately a source will reproduce colors compared to a
standard source. Value ranges from 0-100. The higher the value, the more

accurate the color rendition.

Wavelengths editor
Spectrum type: Table

Spectrum data:

-

Reset
-

[¥] Relative Center Intensity

Wavelength:

Wavelength Weight Patter 0_547gt
0 Pattern #1 he Weight:
0.36879 0.001542 |Pattern #1 - 1
0.377737 0.003753 |Pattern #1 M l:'
0.386684 0.000331 |Pattern #1 n
0.395631 0 Pattern #1 bt
0.404579 0.000708 |Pattern #1 n
0.413526 0.040384 |Pattern #1 b
0.422473 0.148794 |Pattern #1 b
0.43142 0.363173 |Pattern #1 o
0.440367 0867219 |Pattern #1 hd B — —
0.449314 0.818769 |Pattern #1 Do
0.458261 0.567791 |Pattern #1 h

s

CCT = 5878K
CRI=71.1

Spectrum input helper [¥] Spline
1 0 9
f
¢}
08
0]
06 [ ~“O-a
| P o a
04 ‘ f o
0
(o] Q
0.2 i 2
? 0g
/ Q
o i i
0 B6—=55 5
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

SetRef1
SetRef2

Wavelength Intensity Auto Sample

0.35

0.8

1 Sample
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Color Metrics

 TrueColor — RGB values

« Shows an 8-bit RGB representation of the light falling on a surface

-
[ Modek{LED Downlight, spot.oml] = ECR=)
&3] LEDs
Front Lens
PC Board
Lamp Base

#

- E-E

Lamp Housing
Target

- Surface 0

@

#- Surface 2

- Surface 3

- Surface 4

- Surface 5
Entity 1
Block

0]
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Color Metrics

* Photorealistic rendering

» Presents a lit appearance view of the luminaire or illuminated surface.
Used to show how the light will appear to a viewer.
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Color Effects in LED Lighting
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Color Effects in LED Lighting

» Factors that can effect color in LED lighting systems

Transmission
Reflection

Refraction

Coatings

Chromatic aberration
Diffraction/Interference

Fluorescence
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Color Effects in LED Lighting

 Transmission

» The transmission and absorption of a material as a function of wavelength

can affect the color. Red colored glass shown below.
[ Modek{Red tinted glass.oml] |E=H E=R =

./ Block1
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Color Effects in LED Lighting

+ Reflection

» The reflection and absorption of a material as a function of wavelength can
affect the color. A green painted surface is shown below.

= Modek[Green Painted Surface.oml]
-/ Painted Object

el lew

4

Model [ Source Radiance Tra C ep ro




Color Effects in LED Lighting

» Coatings

» Coatings such as thin film coatings can exhibit a combination of reflection,
transmission, and absorption. A Cold Mirror coating is shown below.

f £ Model:[Thin Film Coating Example.oml] E

-/ Thin Film Coated Object
Y,
79 /
g13 7
% 7
w’
/

a
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Color Effects in LED Lighting

» Refraction

« Lightis bent at angles as a function of wavelength and difference in index
of refraction between incident and surrounding medium according to

Snell’'s Law.
= Model:{Prism.oml] o=

JJJJJJJ

Model I Source |Radiance[
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Color Effects in LED Lighting

 Chromatic Aberration

» Lenses will focus light of different wavelengths to different points due to the
differences in index of refraction for the different wavelengths.

XUWI-LensDrawing’ |E RS
HEGSS BES HE S
Double Gauss, 50mm f/2 20deg UNITS: MM
FOCAL LENGTH = 49.99 NA = 0.2501 DES: 0SLO

8.63
— i ]
| \\
TracePro




Color Effects in LED Lighting

 Chromatic Aberration

» Lenses will focus light of different wavelengths to different points due to the
differences in index of refraction for the different wavelengths.

RUuwi- Spot Diagram Analysis * [EI =2
HESETER A28

ON-AXIS
Odeg
-0.05 -0.025 Q 0.025 0.05
FOCUS SHIFT
SPOT SIZE & FOCUS SHIFT: UNITS = m Double Gauss, 50mm f/2 20deg 0sL0
WAVELENGTHS (1) 22 Sep 15
W1 0.55 W2: 0.45 W3: 0.65 SPOT DIAGRAM ANALYSIS 04143 PH
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Color Effects in LED Lighting

» Diffraction/Interference

» Light can be split into different wavelengths by diffraction and interference.
For example, a diffraction grating, or a ruled surface with parallel lines/
grooves.

£ Modek{Grating.oml] o] &=

. Grating

Model [ Source [Radiance | Tracepro




Color Effects in LED Lighting

 Fluorescence

» Fluorescence from LED phosphors can create rings of different colors
arond the central illumination spot of an LED due to light leakage through
the phosphor.
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Examples

« Example 1: Radiometric vs Photometric Spectrum Differences
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Examples

« Radiometric vs Photometric Spectrum Differences

Luxeon Rebel Neutral White LED: Radiometricvs. Photometric Spectrum
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Examples

» Radiometric vs Photometric Spectrum Differences

» TrueColor — RGB display results

[E=8 EoR )

5 Trradi i i icvs ic Spectrum.oml]

|E=8 EoR )

5 Trradi i i icvs ic Spectrum.oml]

Total - True Color Map for Absorbed Flux
Target Receiver

(5.-5,3.5) millimeters (5-5.35)

True Color Total Flux:0.77539 W 7753876 Incident Rays

Total - True Color Map for Absorbed Flux
Target Receiver

(5.-5,3.5) millimeters (5-5.35)

True Color Total Flux:0.77539 W 7753876 Incident Rays

Radiometric spectrum / radiometric units

Photometric spectrum / radiometric units

ETracePro
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Examples

» Radiometric vs Photometric Spectrum Differences

» TrueColor — RGB display results

I (x.y) = (0.3611487, 0.3611487) : (u'v) = (0.2153948, 0.2153948) : (R. G. B) = (255, 192, 125) I (x.y) = (0.4153317,0.4153317) ; (u'v) = (0.1917814, 0.1917814) ; (R. G. B) = (204, 255, 0)

Radiometric spectrum / radiometric units Photometric spectrum / radiometric units
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Examples

 Example 2: Phosphor based white LED example
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Examples

* Phosphor based white LED example

Physical information about the LED model including the die and mount
Optical properties such as surface properties, material properties, and flux

Geometric shape of the optical components, such as the epoxy and/or
secondary optics

Specifications of the phosphor material including excitation, absorption,
and emission spectra

Experimental/measured data for calibration of results
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Examples

* Phosphor based white LED example

H Tt il
'— 134 —'
(=I5 — (1) Size
N\ Chup size: 15 mil x 15 mil (380£20 pum x 380120 pum)
| p-pad Chup thickness: 3.5 mil (90+10 pm)
/\ /\ P bonding pad: 4.0 mil (100£10 pm)
(f W[ [13415 N bonding pad: 4.0 mil (100210 pm)
/ ?\I (2) Metallization
‘/Cp; \ P electrode: Au alloy
h A N electrode: Au alloy
= (3) Structure

Refer to drawing

0.3X0.4MIN. FLAT AREA

20.89>
92003 QID]

0.4X0.4MIN, FLAT AREA
20.6 7CINTERSECTIOND
(#0,6£0.025 FLAT AREA)

6

'/ |=lo.01 |

0.25£0.04
8.47
8.62

Intensities(a.u)

2.00E+00

Emission

1.50E+00

1.00E+00

5.00E-01

0.00E+00
470

520

570 620 670 720
Wavelength(pm)
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Examples

* Phosphor based white LED example

o5 Interactive Optimizer - D:\/AZ]Z#\ T Z15%\Customer Suppor luti go_Phosph del-2.50d - [(XY) = ( 1.93182,-13517... lecaul s S

8l File Export Optimize Options Tool Help

is vrr\ G

For a layered phosphor caused by sedimentation, the side-view image is used
to create the solid model

TracePro




Examples

* Phosphor based white LED example Epoxy + Phosphor

mixture (lower
N concentration = 1x)

| |

Phosphor sedimentation
(higher concentration =
10x)

Reflector cup
(diffuse reflective surface)

LED die
S TracePro




Examples

* Phosphor based white LED example

Y + Help *

’ A
Excation | Emission | Avsorpton ¢

‘ R:255 G:0 B:117 CCT:12594K

TracePro Fluorescence Property

Generator Utility

Color analysis (CIE, CCT, CRI)

Prediction of mixed col

or

Estimation of the thickness and

concentration of the

phosphor layer

(mole)

(cm)

N

200 ‘1 N
Wil

0675

3500375 045 0525 0600
Wavelength (um)
Residue: xy=(0.21,0.321) CCT=16695K

Light source
Reference Color Temperature: 0 K
Evaluated CRI: 0
Mixed color
Reference Color Temperature: 5910 K
Evaluated CRI: 76.8
s os Calculate




Examples

* Phosphor based white LED example
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Examples

* Phosphor based white LED example

Picture of actual LED illuminance at a TracePro TrueColor Irradiance Map
10cm distance raytrace at a 10cm distance
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Examples

* Phosphor based white LED example

» CCT varies depending on the location in the illumination pattern

4150K

6250K

T 5’,.,"%5’“’;‘;"’1

Total - CIE Color Map for Incident Flux
screen-100 Image

(25,100.-25)

{-25,100,25) millimeters {25.100,25)

xy Coordinates Total Flux:54.574 Im 21780460 Incident Rays

520

700]

0.8
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Examples

* Phosphor based white LED example

» 2 detectors are added to the model to see the spectrum in the center and

the surrounding ring of the illumination pattern

I8 Model:[PhosphorLED, dj]
& ELED Chip

@ Lens-1

@ X Lens-2

[/ screen-. 100

- Surface 0

- Surface 1

3

£
£
- Surface 3
£
£

. Surface 4

- Surface 5
Entity 1
Block

 Leads

 Leads

. Inner Target

- Surface 0

4. Surface 1

[0-E-F

+]- Inner Receiver

- Surface 3

+- Surface 4

- Surface 5
Entity 15
Block

=/ Outer Target

- Surface 0

- Surface 1

#]- Outer Receiver

- Surface 3

. Surface 4

- Surface 5
Entity 14
Block
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Examples

* Phosphor based white LED example

» 2 detectors are added to the model to see the spectrum in the center and
the surrounding ring of the illumination pattern

BT soectun Ao e ED Professional Workshop £D, Inner Targ.. Lo e | R SpesrunfnhaEe Gl
I T R A ————————

ED, Inner Targ...

I (x.y) = (0.3803425, 0.3803425) ; (u'v) = (0.2111754,0.2111754) ; (R, G, B) = (255, 215, 80)

Spectrum in inner portion of LED Spectrum in outer portion of LED
illumination pattern illumination pattern
P P ETracePro




Examples

* Phosphor based white LED example

» Rays that make up the outer yellow ring bounce around inside the reflector
cup before exiting

Rays in central portion of illumination Rays in yellow ring portion of illumination

attern attern
P P S TracePro



Examples

« Example 3: Effect of varying LED phosphor concentration
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Examples

 Effect of varying LED phosphor concentration

» Color spectrum can vary with phosphor concentration — TrueColor plot

ﬁ Model:[PhosphorLED, vary concentration.OML] o =E) @
[ LEW Higher
LED Lower
Ji& LED Base
[/ screen- 100

Surface0
Surfacel
Surface3
Surface 4
Surface 5
Entity 28
Block

S TracePro




Examples

 Effect of varying LED phosphor concentration

» Color spectrum can vary with phosphor concentration — CIE xy plot

] Irradiance/llluminance Map:[PhosphorLED, vary concentration.OML]

[E=8 I X3

Total - CIE Color Map for Incident Flux
screen-100 Image

50,100.-50) millimeters 50,100,50)

xy Coordinates Total Flux:194.15 Im 32061846 Incident Rays
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Examples

 Effect of varying LED phosphor concentration

» Color spectrum can vary with phosphor concentration — spectrums

Professional Workshop\2015\Exemples\Absorption Effecient, .

50% lower phosphor Base phosphor 50% higher phosphor
concentration concentration concentration
S TracePro




Examples

 Effect of varying LED phosphor concentration

» Color spectrum can vary with phosphor concentration — spectrums

Spectrum of 3 LED Phosphor Concentrations

2.00E-04

I\

1.00E-04 \ e 50% Lower

- \\/y \\\\

0.00E+00

w— Base

Spectral Power

e 50% Higher

04 045 05 055 06 0.65 07 0.75

Wavelength (um)
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Examples

 Effect of varying LED phosphor concentration

» Color spectrum can vary with phosphor concentration — spectrums

Spectrum of 3 LED Phosphor Concentrations

4.00E-03

3.50E-03

3.00E-03

2.50E-03

2.00E-03 - w— 50% Lower

Spectral Power

e 50% Higher

1.50E-03 +

1.00E-03

5.00E-04

0.00E+00 \ l

04 045 05 055 06 0.65 0.7 0.75
Wavelength (um)
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Examples

« Example 4: Using rayfiles to model LED color effects
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Examples

» Using rayfiles to model LED color effects

» Rayfiles are an excellent choice for modeling LED sources as they are
based on measurements of the actual LEDs. Since the actual LED is
measured, all of the geometry and properties of the LED are accounted for
in the measurement and there is no need to make a full 3D solid model of
the LED. LED rayfiles are available from most LED manufacturers.

« But...... many rayfiles are defined monochromatically

« Some rayfiles have multiple color options

ETracePro

. 3 -




Examples

» Using rayfiles to model LED color effects

« Candela Plots of 2 LED rayfiles

| Rectangular Candela Distribution Plot:[2 Color Rayfiles, Osram.oml] [fola == | Rectangular Candela Distribution Plot:[2 Color Rayfiles, Osram.oml] ol e ==
Rectangular Candela Distribution Plot Rectangular Candela Distribution Plot
Using Missed Rays Using Missed Rays
135 155
— 00 \ — 00
° AV 84 s il
145
125 < 140 al A
* s e X
130:-- “heeee-
11 e x 125 %
105 / 150 / \v
i i
§ \// V\ 4 / \ m\
AL
8 ! \ 95%------ R B T S \_\ -----
7 // \\
7
- o /J - ; \
5 ey 7 i
2 \ I )
5 gccesll |
a5 2 \ ] \
: // ] I
L \ ] |
. o] |
0
e o e e e e L | a
15 / \ =¥ \
1 |
0 3 R R U SRS SR SS S s SR USROS U SRt AR S SRS PSRN S s R
0
9 80 70 60 50 40 30 20 10 0 10 20 30 40 50 60 70 80 90 9 80 70 60 50 40 30 20 10 0 10 20 30 40 50 60 70 80 90
Degrees Degrees

Osram LW-W5AM — Blue (5M rays) Osram LW-W5AM - Yellow (5M rays)
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Examples

» Using rayfiles to model LED color effects

« Candela Plots of 2 LED rayfiles

| Polar Candela Distribution Plot[2 Color Rayfiles, Osram.omi]

ol s |

Polar Candela Distribution Plot
Using Missed Rays

0 180 gpg

160

T 1

cd
— 00

5| Polar Candela Distribution Plot:[2 Color Rayfiles, Osram.oml] == ECH
Polar Candela Distribution Plot
Using Missed Rays

0 180 gy

cd
— 00

Osram LW-W5AM — Blue (5M rays)

Osram LW-W5AM — Yellow (5M rays)

TracePro




Examples

» Using rayfiles to model LED color effects

» Optical analysis software model using 2 LED rayfiles, a lens, and a target

E Model:[2 Color Rayfiles, Osram.oml] 'E”E‘@
- Grid Source
X Grid Source1
Surface Source
= File Source
Yellow LED

ETracePro




Examples

» Using rayfiles to model LED color effects

 llluminance Map

# | Irradiance/Mluminance Map:[2 Color Rayfiles, Osram.oml] \ = |[-E ’@

Total - llluminance Map for Absorbed Flux
Target Receiver Global Coordinates

6200
5890
5580
52700—
49600
46500
43400
40300
37200
34100

31000
27900
24800

Y (millimeters)

50 -40 30 -20 -10 0 10 20 30 40 50
X (millimeters)

Min:0, Max:61385, Ave:15050

Total Flux:150.5 Im, Flux/Emitted Flux:0.22647, 2787682 Incident Rays @ Tra Cepro




Examples

» Using rayfiles to model LED color effects

 llluminance Map

¥ Irradiance/Illuminance Map:[2 Color Rayfiles, Osram.oml] ‘,797””@7‘@

Total - True Color Map for Absorbed Flux
Target Receiver

(-50.-50.99.5) millimeters (50.-50,99.5)

True Color Total Flux150.5 Im 2787682 Incident Rays ‘ﬁTracepro

&
¥




Examples

» Using rayfiles to model LED color effects

» CIE xy plot

5| Iradiance/Tlluminance Map:[2 Color Rayfiles, Osram.omi] [E=R[E=R/=<= 5| Iradiance/Tlluminance Map:[2 Color Rayfiles, Osram.oml] [folleo ===
Total - CIE Color Map for Absorbed Flux Total - CIE Color Map for Absorbed Flux
Target Receiver Target Receiver

xy Coordinates Total Flux:150.5 Im 2787682 Incident Rays

xy Coordinates Total Flux:150.5 Im 2787682 Incident Rays

Center CCT = 5545K

Center CCT = 3977K
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Examples

« Example 5: LED reading light example
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Examples

« LED reading light example

TracePro
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Examples

« LED reading light example

» Optical analysis software model

= Model:{Bedside Lens Example.oml]
-/ Lensl
-/ Target
-~ Housing

S TracePro




Examples

« LED reading light example

» Optical analysis software model

= Modek[Bedside Lens Example, 2.oml]
 Lens1
 Target
= [gJLED .
o g i - Lens
LED
./ Sedimentation

 LED
 linel
 linel
. lineR Y
. lineR
X Lens-1
 Leads
/ Leads
-~ Housing

Housing S TracePro



Examples

« LED reading light example

» Optical analysis software model — 3D llluminance Map - TrueColor

[§ Model:[Bedside Lens Example.oml]

=0 EoR X

Lens1
-/ Target
Surface 0

ace
Surface 3
Surface 4
- Surface 5
Entity 4
Block
] Housing

ETracePro




Examples

« LED reading light example

* llluminance Map — spatial distribution of light

Total - llluminance Map for Incident Flux
Target Receiver Global Coordinates

-500 -400 -300 -200  -100 0 100 200 300 400 500

D
o]

Y (millimeters)

-500 -400 -300 -200 -100 0 100 200 300 400 500
X (milimeters)

Min:5.7151e-010, Max:117.74, Ave:54 557
Total Flux:54.557 Im, Flux/Emitted Flux:0.13775, 94152818 Incident Rays I racepro



Examples

« LED reading light example
* TrueColor — RGB display

Total - True Color Map for Incident Flux
Target Receiver

500.-500,1+003) millimeters (500.-500,1e+003)

True Color Total Flux:54.556 Im 94152818 Incident Rays

ETracePro
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Examples

« LED reading light example

» Correlated Color Temperature (CCT) — CIE xy color space

Total - CIE Color Map for Incident Flux

Total - CIE Color Magp for Incident Flux
Target Receiver

Target Receiver

520

| | |
(-500-500,1e+003) millimeters (500.-500,1e+003) (-500.-500,1e+003) millimeters (500-500,1e+003)

xy Coordinates Total Flux54.556 Im 94152818 Incident Rays xy Coordinates Total Flux:54.556 Im 94152818 Incident Rays

Center CCT =4077K Center CCT = 2924K

S TracePro




Examples

« LED reading light example

» Correlated Color Temperature (CCT) — CIE xy color space

Total - CIE Color Map for Incident Flux
Target Receiver

| |
(-500-500.1e+003) millimeters (500.-500,1e+003)

u'v' Coordinates Total Flux:54.556 Im 94152818 Incident Rays

Center CCT =4084K

Total - CIE Color Map for Incident Flux
Target Receiver

|
(-500.-500,1e+003) millimeters (500-500,1e+003)

u'v' Coordinates Total Flux:54.556 Im 94152818 Incident Rays

Center CCT = 2750K

S TracePro




Examples

« LED reading light example

* Results with different source models

Total - True Color Map for Incident Flux Total - True Color Map for Incident Flux
Target Receiver Target Receiver

{-500,-500,1e+003) millimeters (500,-500,1e+003) {-500.-500,1e+003) millimeters (500,-500,1e+003)

True Color Total Flux:0.33837 W 2893084 Incident Rays True Color Total Flux54.556 Im 94152818 Incident Rays

2 rayfiles — blue & yellow LED phosphor model

B TracePro
- -




Examples

« LED reading light example

Wim
1.02

0.96!

0.918
0.867
0.816

Results with different source models

2

0.765—
0.714

0.663

Total - Irradiance Map for Incident Flux
Target Receiver  Global Coordinates

-500 -400 -300 -200 -100 0 100 200 300 400 500
500, 500

400)

300]

200)

-100] -100

-200 -200

-300 -300

-400) 400

-500 -500
-500 -400 -300 -200 -100 0 100 200 300 400 500
X (millimeters)
Min:3.1934e-013, Max:1.0085, Ave:0.33837
Total Flux:0.33837 W, Flux/Emitted Flux:0.25065, 2893084 Incident Rays

2 rayfiles — blue & yellow

Y (millimeters)

Total - llluminance Map for Incident Flux
Target Receiver  Global Coordinates

-500  -400 -300 -200 -100 0 100 200 300 400 500

-500 400 -300 -200  -100 0 100 200 300 400 500
X (millimeters)
Min:5.7151e-010, Max:117.74, Ave:54.557
Total Flux:54.557 Im, Flux/Emitted Flux:0.13775, 94152818 Incident Rays

LED phosphor model

TracePro




Examples

« Example 6: Spectral absorption example

S TracePro




Examples

» Spectral absorption example

» Glass and plastic absorption properties can effect the spectral content of

the LED source

Transmission of Kopp Color Filter Glass
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Wavelength (um)

==K 9000 Clear
0305 NVIS White
e KOG605 NVIS Yellow
5600 Amber
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S TracePro



Examples

» Spectral absorption example

« Same LEDs with no filter glass and 4 different color filter glasses — True
Color plot

= Model[Absorption Example.oml] ==
-, K5600 Amber
-~ No Filter
(- K 9000 Filter
-~ K0605 NVIS Yellow
-~ K0304 NVIS White Filter
[

- [ETracePro




Examples

» Spectral absorption example

« Same LEDs with no filter glass and 4 different color filter glasses —

TrueColor plot

% | Irradianc e/ e Map:[Absorption Example.oml]

Total - True Color Map for Absorbed Flux
Target Receiver

(125.-12.5,1) millimeters (-12.5-125.1)

True Color Total Flux:0.17215 W 27189367 Incident Rays

S TracePro




Examples

» Spectral absorption example

« Same LEDs with no filter glass and 4 different color filter glasses — CIE xy
plot

# | Irradiance/llluminance Map:[Absorption Example, 1.oml] = ] [@

Total - CIE Color Map for Absaorbed Flux
Target Receiver

520
1251251 -125,125,1 08| A 2 540
07
560
=
0.6‘ \\
| 4N
500
05 ’xl
y ||
' 60(

04 | |
03|
02

0.1

{125-12.5,1) millimeters 125-125.1) i

0.0 08

xy Coordinates Total Flux:0.17215 W 27189367 Incident Rays

ETracePro
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Examples

» Spectral absorption example

« Transmission curves of 1mm thick Kopp color filter glass examples

Transmission of Kopp Color Filter Glass
100
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% Transmision (1mm thick sample)
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/
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Wavelength (um)
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Examples

» Spectral absorption example

» Spectrum of LED with no color filter

a2 * Spectrum Analysis - C:AUsers\djacobsen\Documents\LED Professional Workshop\2015\Examples\Absorptic

I (x.y)=(0.3833108. 0.3833108) ; (u'.v) = (0.2259121, 0.2259121) : (R. G. B) =(255. 165, 92)

S TracePro




Examples

» Spectral absorption example

» Spectrum of LED with Kopp K-9000 clear glass filter

ol * Spectrum Analysis - C:\Users\djacobsen\Documents\LED Professional Workshop\2015\Examples\Absorption Example, Base Spectrum.tx... |£|EILJ

(x.y) = (0.3833076. 0.3833076) : (u'v) = (0.2258387, 0.2258387) : (R. G. B) =( 255, 165.92)

S TracePro




Examples

» Spectral absorption example

» Spectrum of LED with Kopp K-0305 NVIS white filter

a2/ * Spectrum Analysis - CAUsers\djacobsen\Documents\LED Professional Workshop\2015\Examples\Absorpti

(x.y) =(0.2405851, 0.2405851) ; (u'v) = (0.137131, 0.137131) : (R. G. B) =(6. 255, 180)

S TracePro




Examples

» Spectral absorption example

» Spectrum of LED with Kopp K-0605 NVIS yellow filter

a2/ * Spectrum Analysis - CAUsers\djacobsen\Documents\LED Professional Workshop\2015\Examples\Absorpti

I (x.y) = (0.4008406. 0.4008406) ; (u'.v) =(0.1717764.0.1717764) : (R. G. B) =(134,255,0)

S TracePro




Examples

» Spectral absorption example

« Spectrum of LED with Kopp K-5600 amber filter

a-l * Spectrum Analysis - C:\Users\djacobsen\Documents\LED Professional Workshop\2015\Examples\Ab

o

ple, Base Spectrum.tx... |£@LJ

(x.y) =(0.5372153, 0.5372153) ; (u'v) = (0.2880654, 0.2880654) : (R. G. B) =(255.85.0)

S TracePro




Examples

» Spectral absorption example

» LED spectrum with no filter glass and 4 different color filter glasses

LED Spectrum through Color Glass Filters
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Examples

« Example 7: Color mixing example

S TracePro




Examples

» Color mixing example

« Show resulting color from mixing red, green, and blue LEDs
ﬁ Model:[Color Mixing Example, optimized.oml] E]

@ Red LED Chip
-/ RED LED

./ Green LED Chip
.~ Green LED

& ./ Blue LED

-/ Blue LED Chip
. Target

 Model \I Source lLuminancg

TracePro




Examples

« Color mixing example

» Goal is CIE xy coordinates of (0.344, 0.356), CCT = 5000K

a2/ Color selector (0.9029126,0.4597403) CCT = 0 | o S

0.0 0.1 0.2

Selected color:  (0.3436893,0.3564935)

S TracePro




Examples

» Color mixing example

« Photorealistic rendering plot

[N =8 B T

ETracePro




Examples

« Color mixing example

 After Optimization - (0.3463x, 0.3699y) - CCT = 5000K

% | Irradiance/llluminance Map:[Color Mixing Example, optimized.om| = :E:’_')'('_11
Total - CIE Color Map for Incident Flux
Target Receiver

(-25,-25,24.5) milimeters (25,-25,24.5)

0.0 =38
00 01 02 02 04 05 06 07 08

X

#y Coordinates Total Flux:280.33 Im 1788587 Incident Rays

S TracePro




Examples

« Example 8: Not enough rays traced example

|
S TracePro



Examples

* Not enough rays traced example

 If enough rays are not traced, the results will
terms of color metrics.

 llluminance Map results

not be accurate. Especially in

] inadance/lluminance Map{LED Dewnight spotom] ol

& iradiancelluminance Map:{LED Downlight,spot.om]

= | Iradiance/Mluminance Map{LED Downlight, spot.omi]

=8 EEH 5]

Total - lluminance Map for Absorbed Flux
Target Receiver  Global Coordinates

Total - lluminance Map for Absorbed Flux
Target Receiver  Global Coordinates

Min:0, Max 32355, Ave:271.35
Total Flux 97.685 Im, Flux/Emitted Flux:0.043372, 3313 Incident Rays

3400 700
3230 665
3060 630(
2890 34E+004 505 300 200 100 0 100 200 -300
3
2.8E+
26E+004
24E+004
22100—— 2264004
ki 1 | B
| g 1.6E+004 3
: 5 | :
i +004 3150— =15
. 1E+004 | ” 100 100
1 I
150
1190 245
4 i -200} | -200
1020 i 210 |
I8} 250 250
850 I i 175(
E L300 o ! g L300
6801 300 200 100 0 100 200 -300 300 200 100 0 100 200 300 140 300 200 0 0 00 200 -300
S0 X (millimeters) —  Horizontal — 3 e X (millimeters)
340 70
170 35

Min:0, Max:6830, Ave:265.94

Total Flux95.739 Im, Flux/Emitted Flux-0.042508, 328749 Incident Rays

Total - lluminance Map for Absorbed Flux
Target Receiver Global Coordinates

560
1532
504

476 300 200 100

400 200  -300

0
|

3360——

Y (milimeters)

L300
200 -300

1121 300 200 100

0 0 -
X (milimeters)

Min:0, Max5442.8, Ave:266.41

Total Flux:95 908 Im, Flux/Emitted Flux0.042583, 3290862 Incident Rays

e

-100
Horizontal —

7000 rays traced

4 seconds

700000 rays traced

1 minute 35 seconds

7000000 rays traced

9 minutes 20 seconds

ETracePro




Examples

* Not enough rays traced example

If enough rays are not traced, the results will not be accurate. Especially in
terms of color metrics.

 TrueColor Plot results

LED Downlight, spot.omi]
1= True Colar Mep for Absorbed Flux

7000 rays traced 700000 rays traced 7000000 rays traced
4 seconds 1 minute 35 seconds 9 minutes 20 seconds
B TracePro




Examples

* Not enough rays traced example

 If enough rays are not traced, the results will not be accurate. Especially in
terms of color metrics.

* CIE xy results

= msdiance Muminance MspiLED Downiigh,spotom] =) ] Insdiance/luminance MapiLED Downiight, spot.omi] = ) nadisnce/lluminance Map: 1LED Downiight, spot comi] =
Total - CIE Color Map for Absorbed Flux Total - Cl Map for Absarbed Flux Total - CIE Color Map for Absorbed Flux

eeeeeeeeeee

7000 rays traced 700000 rays traced 7000000 rays traced
4 seconds 1 minute 35 seconds 9 minutes 20 seconds

ETracePro
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Summary and Questions

» Optical modeling can be used to shorten the design process and
speed the time-to-market by allowing numerous designs to be
evaluated in a short period of time virtually rather than as prototypes.
The problems can then be found in software rather than hardware.

ETracePro
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Summary and Questions

* What is needed to get accurate results?

A good optical analysis software program

An accurate 3D solid model of the LED lighting system including accurate
surface and material properties

An accurate source model, either a surface source model or a rayfile

Trace enough rays to get an accurate answer

ETracePro
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Summary and Questions

Thank You

For more information or to sign up for our free 30-day trial please visit us at:

www.lambdares.com

Phone: +1 978-486-0766 E-mail: sales@lambdares.com
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