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Topics

* Introduction to DLP Technology
 DMD Optical Properties

* Projection Architecture and Design
« Light Source llluminator System Design
* lllumination Relay Design
» Projection Lens Considerations

* Resolution Enhancement
« Colorimetry & Systems Lumens Budgeting
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Introduction to DLP Technology

For more information, refer to application report “Getting Started With TI DLP® Display Technology”
https.//www.ti.com/lit/pdf/dipa059
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DLP Technology: Millions of Mirrors

TEXAS INSTRUMENTS

The industry leader in:

Digital Cinema, Projection,
and MEMS

Extremely Flexible and Programmable Light Management
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How DLP Technology Works
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How DLP Technology Works
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How DLP Technology Works
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How DLP Technology Works
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How DLP Technology Works
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How DLP Technology Works

/ DLP Chip®

Optics TIR

AN

Dichroic R
Mirrors e "

Prism

Projection
Lens
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How DLP Technology Works
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Digital Micromirror Devices (DMD)
Optical Properties
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Etendue - Important concept

* Quantifies how much space the light takes up
spatially and angularly

» Measure of system throughput capability
— Sometimes called “extent” or “invariant”
— Throughput limited by element with smallest etendue

« DMD Etendue
— Solid angle limited by mirror tilt angle
— Smaller DMD diagonal = smaller area
— Small Etendue makes it more difficult to couple light Practical definition:

Etendue = m X Area X sin?6
Etendue = Area X Solid Angle

For more information, visit: https://training.ti.com/etendue-how-brief-introduction-etendue-projection-systems
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Etendue: LED source illustration
Note: inverse relationship between beam size and beam angle
d; >d, >d; and 6;> 6, > 65 but...

d, sinf; =d, sinf, = d5 sinf; = constant

/

Constant depends on
source Etendue

0

3
T v
e — w d
‘ <— L
Electrical transformer analogy:

Power (constant) = current x voltage
Etendue (constant) = area x tilt angle
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Cantilever vs Torsional Pixel

DLP types of pixels:

FTP: fast-track pixel, 13.68 um pitch Torsional Desian
« SPD: small-pixel development, 10.8 um pitch orsional besig

» HEP: high-efficiency pixel, 9.0 um pitch ﬁ
» VSP: voltage-scale pixel, 7.56 um pitch

« TRP: tilt-and-roll pixel, 5.4 um pitch Illumination

» SST: single spring tip, 5.4 um pitch

« RDP: resolution density pixel, 4.5 um pitch

ﬁ

Off-state

Torsional pixel designs Pa
« FTP, SPD, HEP, VSP, SST, RDP : :
 lllumination direction is toward a corner of the pixel Cantilever Des_"lgn
« 12° and 14.5° tilt depending on device/ pixel (compound tilt)
(refer to datasheet) -

Cantilever pixel design ;
* TRP lllumination
 lllumination direction is orthogonal to a pixel side

« 17° effective tilt (refer to datasheet)

15

Tl Information — Selective Disclosure

Wi TEXAS INSTRUMENTS



Corner vs. Bottom lllumination

Example: DLP650NE (VSP pixel)

FOR WINDOW AND ACTIVE

é, o (2.568)
/DATUM PLANE 'E"

INCIDENT LIGHT DATUM PLANE 'F' SEE WIEW E (SHEET 3
ARRAY DIMENSIONS
[E] 3.000£0.500
| I I
3.000£0.500
e ’ /
|
/
fa
52,200+0.250 I
23.330£0.150 A-'"_'¢'A '_':_"
, I
-
(13.500) +
|
1 ) i
326420150 | M

(#3.065) =

~— 2,994£0,150
—— (14.900)

28.037£0.150

35.0004£0.250 ——

(ez.mn) 1
| i

OFF STATE LIGHT

AN
[Loz00[e] fi]

Example: DLP480RE (TRP pixel)

SEE VIEW E (SHEET 3)
FOR WINDOW AND ACTIVE
ARRAY DIMENSIONS

|—3.ooo;to.5o<}
3.000+0.500 !
T 3,649+0.150
A R
A *‘r ——————— 1
22.30040.220 i i
i
] 1 15.665£0.150

b
INCIDENT LIGHT

- 3.61120.150

2517£0.150
32.200+0.320
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Corner Manhattan DMD lllumination Example

Angular size of on state is the F/#
F/i# = 1/(2*sin(0))

lllumination Direction of incident light

Example:

12.0 degrees = F/2.4
14.5 degrees = F/2.0
17.0 degrees = F/1.7

Projection
On lens stop
— (fr24)

DMD active
mirror array

Off
Manhattgn DMD mirror Direction of
array in package off state
129 On state is limited by a physical aperture in the projection lens (STOP)
*DMD mirror does not have a flat state. Flat state is referred to as flat optical surface Fresnel reflections
(i.e. DMD window, prism, etc.) that may enter the projection pupil and impact system contrast. 17
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Pupil locations for Pixel Architectures

Torsional — Corner llluminated Cantilever — Bottom llluminated
Incoming L
Night
- Off-State v
Light Compound
Hinge Axis

/\ % ncoming Light
Hinge Axis Off-State
Light

Pupil

: Pupil
Diagrams Diagrams
+ Limited to symmetric /2.4 (for 12° pixel) or F/2.0 (for 14.5°
pixel) max due to flat state overlap + Symmetric Expansion up to f/1.7 = 2X etendue vs. /2.4
+ Overdrive possible at expense of contrast loss. * Overdrive possible at expense of contrast loss
« 24°illumination angle; 12° pixel tilt angle * not recommend faster than F/1.5
« 29°illumination angle; 14.5° pixel tilt angle » 34° degree illumination angle; 17° pixel tilt angle 18
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Matching Source Etendue with DMD

Source Etendue<DMD Source Etendue=DMD Source Etendue>DMD

+  Small etendue sources (i.e. laser) +  Matched source and DMD Etendue * Large Etendue sources (i.e. high brightness LEDs)
+  System capable of high contrast +  Some separation between illumination and projection »  Canincrease illumination angle to prevent
+  Best tradeoff between brightness and contrast (usually) interference with projection pupil

*  “Overdrive” condition allows illum & proj pupil overlap
* Increase brightness at expense of reducing contrast
»  Apertures recommended to block flat state light

1=~

Onstate

Onstate (pI'O:Je(i:It)IOH
{projection pup
pupil) !
I 0 i
. : \ '
N ' \ ]
5 .‘ \ :
‘\‘ i \ i
. — |
A ' % ! Y |
s i 7 | 7 \ 1 Overlap
y : : 3 region
Cone angle i Cone angle \ : Cone angle :
< 2x tilt angle i = 2x tilt angle ! > 2x tilt angle E
y i “\ : “‘ E
¥ | .
y b 4 |
DMD window A Y %
DMD Miffors o ot i g g =D =D == -t gl gt gt
(on-state)
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LED matching to DMD Example

e 0.47” TRP DMD
— 10.368mm x 5.184mm
— 17° Mirror Tilt

»

Etendue = 1 * Area * sin(6)?
=1 * 10.368 * 5.184 * sin(17°)?
= 14.43 mm?sr

Break up Etendue in X and Y dimensions (“optical invariant”)

DMD
E

XDMD EJ’DMD

= XDMD * Slnx(e) = YDMD * Slny(e)

= 10.368 * sin,(17°) = 5.184 * sin, (17°)
= 3.03 = 1.52

Note: overfill & anamorphism not included in these example calculations

LED (Lambertian £90° emission)

E)’DMD = EyLED

= 0.85

= YLED * Slny(e)
= YLED * Siny(g()o)

- YLED = 152

E

XDMD

= 1.52

= Xygp * Siny(6)
= XLep * Sin,(90°)
— X;gp = 3.03

=E

XLED
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DMD Efficiency

Example: 7.6um pixel with f/2.4 optics

Efficiencypyp = transmission,, ;. .., X reflectivity,....., X efficiency jg...on * €fficiency e cior

Where
transmission,,;.4,, 1S Window transmission including four anti-reflection surfaces

reflectivity o, is the mirror reflectivity
efficiency yig action is the mirror array photopic diffraction efficiency into a given F/#
efficiencygactor is the fractional mirror coverage (on-state mirrors) projected in the direction of the illumination

It should be noted that the first three factors depend on wavelength so more accurate results are obtained by
calculating efficiency as a function of color and f/#

DMD efficiency = 0.96 x 0.89 x 0.84 x 0.93 = 0.67

For more information, refer to application note “DMD Optical Efficiency for Visible Wavelengths” https:/www.ti.com/lit/pdf/dlpa083
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What is Diffraction Efficiency?

« DMD diffracted energy is reflected scattered light due to the periodic structure of the DMD micromirror array — similar to a grating
+ Diffraction efficiency is a measure of the amount of light in the ON-STATE that enters the projection lens aperture (F/#)

« Higher order energy is scattered beyond the projection lens aperture and lost Typical RGB light source
wavelength peaks

\
1.00 / / \
o '_/—“\\_/_\\_/_‘\
. . - \_/
Diffracted energy g0
depends on wavelength, 5,0
tilt, and pitch- this 3
energy is lost £ 060
——F/1.7 - 34 deg illum.
0.50 F/2.4 - 34 deg illum.
F/3.0-34 deg illum.
T _ |
0.40
Pro]ec“on Iens 400 450 500 550 600 650 700
aperture- collected Wavelength (nm)

energy
5.4um Pitch DMD Mirror Calculated Diffraction Efficiency
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DMD (system) Contrast

Limited by collection of diffracted light into projection lens entrance pupil

Strong linear relationship in system F/# for matched illumination and projection lens pupils

Contrast generally increases with illumination angle

Contrast decreases with increased stray light in projection path

No light enters
projection pupil
for good contrast

Pixel Orientation

On-state pupil with DMD in on-state (exaggerated) On-state pupil with DMD in off-state (exaggerated)

23
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Additional DMD (system) Contrast Notes

+ Contrast is limited by scatter from the mirror array (previous slide)

» Projection system F/# affects contrast (higher is better)
- Higher F/# increases contrast (but lets less light through)
- Must match illumination and projection lens f/# to achieve maximum contrast

» lllumination incidence angle affects contrast
- Higher incidence angle (> 2x Pixel Tilt) increases contrast but lowers light throughput

» Flat state light entering the projection lens pupil will significantly degrade contrast

» Good control of stray light is needed to maximize contrast
—  Examples: Lens edge blackening / baffles and masks / off state control

Example of OFF STATE
projection pupil image
filled with scattered light

Flat state light
entering projection
lens pupil

24
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Flat State Light

Light from the illumination beam reflecting
from any flat surface between the DMD and
the projection lens

Prism faces, the DMD coverglass or the flat
surface outside of mirror array contribute to
flat state light

Reflections from the coverglass or prism
faces that are directly above the mirror array
cause lower contrast if allowed to pass
through the projection lens

Reflections from outside of the mirror array
create a magenta border (if this is seen, there
is flat state light entering the projection lens
lowering system contrast)

Projection lens

TIR Prism
Flat state
lllumination reflections
/ \‘/ / (red)
DMD coverglass [ 7

= //\ __l_l DMD mirror plane

DMD active mirror array

Magenta border in off state
projected image caused by flat state
light entering projection lens pupil
(DMD mirror array is grey)
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“The Magic Eye” Technique

« A simple method for examining the exit pupil of a projector
1. Mount a lens in front of the projection lens
2. Image the stop of the projection lens to a screen

» Shows where light is leaking through the pupil when mirrors are off

» To improve contrast, add system apertures to block unwanted light

Off State Pupill

On State Pupil

Projection Lens
lens stop Stop image
on screen
DMD ==
Positive, longer
focal length lens
typically works best %
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Projection Architectures and Design
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Projector System Layout & Design Options

* There are many options for designing a DLP projector

* Goal is to select the best configuration for the application:

o lllumination source (and system F/#)
o LED, laser phosphor, or direct RGB laser

o lllumination architecture (main interface optic)
o RTIR prism, TIR prism, Field lens, prism free (non-telecentric)

o Light mixing optic (aka light integrator or homogenizer)
o Tunnel or fly's eye array

o Projection lens
o Throw ratio, zoom, image offset (lens shift), MTF, etc.

Basic parts of a single chip DLP projector

28
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Four Basic DLP Projector Architectures

# UUS s #2 RTIR Prism
T Projection lllumination
Projection

lllumination

Small air gap \

DMD (~5-10microns) Upper wedge
DMD (optional)
#3 Field Lens #4  Prism Free (non-telecentric)
DMD II -\ > Projection
Projection DMD
lllumination [llumination
29
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Light source llluminator System Design
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llluminator: LED layout options

f2
RGB
f High Efficiency f
(3 channel) | ‘ (4 Channel)

2

. Compact
RGBB - Top Side Pump f (3 Channel)

(4 channel)

Long Wavelength Red
Assist
(5 channel)

P3 (wide) Color Gamut
(3 Channel)

fg

\ =/

For more information on LEDs, refer to application brief “ LED Guide for Mainstream Projectors” https.//www.ti.com/lit/pdf/DLPA 130
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llluminator: LED layout

4 channel using fly’s eye example
Green LED

Deep Blue LED

(For top-side green

Blue LED
phosphor pumping)

Optional
Corrector lens

Red LED

Collimating
Lenses ’
Fly’'s eye Array

(2 plates) 32

Dichroic filter
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llluminator: Laser Phosphor

Traditional layout

! path _H_ﬂl_>

I
!
: Optional blue
path diffuser

Blue reflective

Reflective . o
dichroic mirror

1
|
1
:
1
phosphor wheel ,

Color filter

Beam steering mirror
wheel

‘Beam
reducing
optics

Laser spot on phosphor

Laser beam spot diffuser/shaper
(i.e. lens array)

Blue laser
module

Compact layout
(eliminating blue wrap path)

Reflective W
phosphor wheel

Blue

dichroic Condenser

lens

Focusing/ Color filter
collecting optics i wheel
eam
reducing
Laser beam spot diffuser/shaper optics_

(i.e. lens array)

Blue laser
module

L

Other “hybrid” architectures where adding a separate green and/or red channel
using LED or Laser are possible to improve color gamut or system efficiency.
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Collimator design example for LED and LaPh

+ Typically designed for ideal LED size, matched to DMD for maximum efficiency
— Don't forget to include LED coverglass if included with LED. Efficiency is sensitive to LED collimator focus/alignment

» LED collection half angle of £70° to +80° out of Lambertian £90°
— Smaller collection angle results in easier design and manufacturability while trading off efficiency

» Optimize for a specific focal length or illumination pupil size (‘angular radius’ in Zemax)
— Focal length and pupil size must be Etendue compatible with rest of the system (i.e. fly’s eye array, relay optics, DMD) for maximum efficiency

S-LAH53 Polycarbonate or B270
(n,=1.806) / moldable glass
. __-___'____'________...,-—-—‘-"-_-" 1.57E-003

Recommend less than 65° AOI R e : —
on this surface due to coating e 2 =
transmission limitation

1.26E-003

1.10E-003

S.41E-004

7.85E-004

€.28E-004

4.71E-004

3.14E-004

1.57E-004

0.00E+000

. . e Image Diagram
High index allows better shape for 13/2/2015
manufacturing and clearance to LED. T PSDGCG for dichroic Eiel et .00, T * P P
Watch out for blue absorption. : S —

Asphere (Can be both sides.
(Watch out for inflection points)

(Bl ol Wimrm e
SFemers 1
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LED/Phosphor to Fly’s Eye Array (FEA) / Tunnel

Tunnel-based
LED/ o \; J{ kk =
Phosphor [ iyl 57 1
Pre- i
Collimator  Collimator Condenser
(High index (Asphere) (Asphere)
glass) uJ

Collimated Space :
Diameter is dependent on Etendue which tell you size of dichroic
needed (leave enough distance between lenses for filter)

Color filter

wheel location

(LaPh
architecture)

N

Tunnel Input

Typically designed for ~F/1 input.

+26°-30° optimized for good
homogenization at a reasonable
tunnel length

FEA-b

ased

]
11

I 0N I

111

Collimator |

(High index Collimator
glass)  (Asphere)

I 1 A

~
_/ B\&ﬂj—

Dichroic

FEA Input
Must be collimated light

wimyrrar

T

AU
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llluminator: RGB Laser layout example

Redlaser B ;
modulg I I I l

Condenser
lens

Polarized

‘ Dptional beam
beam splitter

Dichroic . .
bducing optics

filters

High angle diffuser

Low angle diffuser (typ. moving for

(static or moving for

despeckle) — expands
_ despeckle) - light cone (F/#)
increases spot into
tunnel

_ L 3in1 RGB laser modules also available which reduce overall optics
mog e e Jemm—— . . . . . .
P E— Blue laser—— architecture size and complexity for lower brightness applications.

module Multiple 3in1 modules can be coupled together for higher brightness.
channel
Note: Red/Green channels show 2 modules split using polarization (rotated

90° to one another) — optional depending on brightness/power needed 36
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Laser Speckle

* High coherence of laser light causes speckle noise
«  Spatial coherence = small etendue
« Temporal coherence = narrow spectrum

* Objective speckle = image intensity fluctuations (noise)
* Relatively easy to mitigate with diffusers, etc.

« Subjective speckle- changes with head movement
*  Very difficult to mitigate
* Limited by system (DMD) etendue
* Longer wavelength = larger grain structure easier to see
* High-gain screens exacerbate problem

37
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Methods for Reducing Laser Speckle

Wavelength diversity
— Multiple diodes with slightly different wavelengths
— Dual or triple wavelength red: 638nm + 642nm for example
— Multiple diodes helps due to tolerances widening the wavelength bandwidth

« Spatial and angular beam diversity
— Beam shaping using static diffusers for better homogenization
— Temporal diversity: moving diffusers to randomize phase

* Polarization diversity

"""H—.___
https.//www.optotune.com/laser-speckle-reducers

55
wavelength (nm)

— Multiple laser paths with rotated polarization — circular vs. linear polarization
— Adding a waveplate for polarization scrambling

« Laser current modulation (square, triangular, sawtooth & other waveforms)
— More impactful for single diode systems

DRIVE CIRCUIT

Speckle
CASE A(Constant current mode) Reduction
Factor=1
OPERATION ~
A E Speckle
or CASE B(Square wave modulation) Reduction
B iy | Factor=1.36
or — :

C

~
JAVava¥ [ caSE c(Triangular wave modulation)
S

Yilmazlar, 1., and M. Sabuncu. "Implementation of a current drive modulator for effective speckle suppression in
alaser projection system." [EEE Photonics Journal 7.5 (2015): 1-6.
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lllumination Relay Design
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Light Mixing Options

* lllumination optics must illuminate the DMD uniformly for a uniform projected image
« Two methods commonly used to mix/homogenize light: Fly’s eye array and Light tunnel

Light Tunnel Fly’s eye array

Non-uniform

focused beam Uniform output
Nput

- =2 /\\/- \ﬂ x>x Uniform

/ m output
-

Non-uniform collimated G
beam input
Tl Information — Selective Disclosure
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Light Mixing Options

« Examples:

Light tunnel

N/

s,.

Hollow light tunnels

Highly reflective interior walls

Tapered or straight

Can be solid glass rods for high brightness

www.materion.com/products

Fly's eye array

Glass or plastic
Single double sided piece or two
piece plates

http://www.isuzuglass.com/products/

41
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Light Tunnel vs. Fly’s Eye Array Relay Optics

e Tunnel
— Typically required for systems that use a color wheel (i.e. lamp, laser
phosphor) or lasers with specific despeckling requirements
— Much larger in overall length than FEA design
— Lowest stray light and easiest for design and alignment

— Recommend hollow tunnel to avoid dust, scratches on ends of
tunnel. Solid fused silica rods may be necessary for very high lumen
projection systems.

. dosi FEA
— Disadvantage: Longer illumination optics Note: des'gns. shown are
for comparison only

* Fly’s Eye Array

— Most common with LED-based illuminators but can be used with

laser systems also (no color wheel)

— More compact with less elements

— Generally does not require aspheric optics Tunnel
» System apertures recommended for stray light from FEA cell Hollow light tunnel minimum

crosstalk or light tunneling at edges of tunnel (see next slide) length ~ 30-35mm (always
check uniformity with raytrace)
42
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Crosstalk and Tunneling in FEA and Tunnel

+ Hollow light tunnel may have light tunneling in walls

* Lens array crosstalk will lead to multiple illuminated areas on DMD

« Mitigation options:

—  Aperture or blacken tunnel wall faces (paint on output / metal mask on input)
—  Design FEA for minimal crosstalk
— Paint aperture on DMD side of prism to mask off unwanted FEA crosstalk

—  Mechanical baffles FEA Illumination Crosstalk
image
N . i i
Light tunnel output Desired light from )
9 P inside tunnel " Degre;:l
illumination
Crosstalk
/ image
N 7 Crosstalk
image ~—]
. —
N Desired DMD
illumination
Light trapped and guided in the glass walls of .
the tunnel overfill DMD with unwanted light Crosstalk images only

(mask this off)

contribute to stray light

43
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TIR and RTIR Prism architectures

Used to separate illumination and projection light bundles

Traditional TIR Reverse TIR
Air gap (~ 7-10um) \
/ \
Incoming ! Projection lens
illumination “
T \
N
\
1 DMD
Projection lens
Q“ Air gap (~ 100-200um)/
‘Incoming
Yillumination =

* Project through air ga
J g gap * llluminate through air gap

« Air gap not as critical (typically <0.2mm)

44

 Tightly control air gap to reduce
aberrations (typically <0.01mm)
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Prism Material Selection

2 3: Footprint Diagram
Update Settings Print_Window Text Zoom

* Critical for RTIR only. TIR prism are typically N-BK7 or equivalent for cost

» Depending on F/# of system, prism material index must be selected to meet
TIR condition at all fields at 45° prism interface

F/2.4 (Bottom lllumination)
Prism refractive index, ng=1.5
75.7% TIR

Apercare Diameter: 20.0080

Lost light
(from TIR —>

failure)

% rays through = 75.71%

Eootprant Diagram

7/15/2016
Suzface §
Ray X Min = -2.9132 Ray X M=
Ray ¥ Min = -4

Max Radius= 5

a.s138

63001 pi7_£1 7 zeix

z prisn 2n
515300 Configurasien L o

£ 1

F/2.4 (Bottom lllumination)
Prism refractive index, ny=1.65
100% TIR

£2) 3: Footprint Diagram X = -23.38, Y = 1287
Update Settings Print Window Text Zoom

No light
loss

22.0000 Millimeters

Heale:

Apervure Diameter: 20.0000

% rays through = 100.00%

Footprint Diagram

7/15/2016

-8.7064 Ray X Max =  8.7064
-610925 Ray ¥ Max =  6.0927
s

Ray ¥ Mi: o
4018 Wavelength=  0.5500

Max Radius=

p47_£1_7 reir prism DX
Configuration 1 of 1

Prism glass nd Symmetric Fit % Flux to PJ lens
material Half Angle 0° offset 1°offset 2° offset
12 2.40( 0.8085 0.8513 0.8917
13 222 0.7909 0.8312 0.8683
14 207 07754 0.811 0.8484
BK7 1517 15 [1.93] 0.7609 | 07954 | 0831
16 1.81| 0.7475 0.783 0.8147
17 1.71 0.736 0.7719 0.8001
12 240( 0.9224 0.953 0.98
13 222 0.8984 0.9319 0.9588
14 2.07| 0.8779 0.911 0.9389
BAK4 1.569 15 1.93| 0.858 0.8903 0.9198
16 1.81| 0.8411 0.8717 0.8997
17 1.71] 0.8259 0.8555 0.883
12 240 0.9553 0.9819 0.9981
13 2.22| 0.9343 0.9607 0.9839
14 2.07| 0.9126 0.9405 0.9647
N-SK5 1589 15 1.93| 0.8922 0.9221 0.9465
16 1.81| 0.8741 0.9028 0.929
17 1.71] 0.8574 0.8853 0.9127
12 240( 0.9867 0.9997 1
13 222 0.967 0.9886 0.9998
14 2.07[ 0.9469 0.9713 0.9898
N-SK4 1613 15 1.93| 0.928 0.9525 0.9753
16 1.81| 0.9108 0.9361 0.9574
17 1.71] 0.8926 0.9192 0.9409
12 240 1 1 1
13 222 0.9999 1 1
14 2.07[ 0.9902 0.9999 1
N-LAK22 1651 15 1.93| 0.976 0.991 0.9999
16 1.81] 0.9582 0.9782 0.9921
17 1.71] 0.9416 0.9614 0.9799
12 240 1 1 1
13 222 1 1 1
14 2.07 1 1 1
NBAFT0 | 167 15 [1.93] 0991 1 1
16 1.81| 0.9782 0.9922 1
17 1.71] 0.9617 0.9801 0.9936
12 240 1 1 1
13 222 1 1 1
14 2.07 1 1 1
N-LAK9 1.691 15 193 1 7 1
16 1.81| 0.9937 1 1
17 1.71] 0.9816 0.995 1
45

Tl Information — Selective Disclosure

Wi TEXAS INSTRUMENTS




Relay Design Example (tunnel-based)

Angled 90°+ to allow
off-state light to
escape prism

Typical Tunnel to DMD relay Design angle to
meet TIR condition
(Bottom Illlumination shown) for all fields + some
tolerance

TIR prism can be
low index (N-BK7)

Lens may need to
be truncated if

] interfering with
[lluminator DMD package

input

optiona

Optional doublet for color ~ aperture
correction in illumination
46
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Relay Design Example (Fly’s eye array - based)

Optional
space for
fold

Fly’s eye
plates

Relay lenses

Optional
space for
fold

* 2-3lens typical

* Aspheres optional
TIR Bottom

Prism

shown * Fly’s eye array (FEA) can be
either 2 independent pieces
or a single molded part

prism input surface to
reduce number of AR

coated interfaces a7
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Fly’s Eye Array Design Method / Tips

* FEA can be separate plates or 1 monolithic molded element

» Glass recommended in high brightness applications due to flux density. Polycarbonate may be okay at lower lumen levels.
+ lllumination pupil size determined by system Etendue and collimator design (focal length)

» Pupil Sampling: 10-12 lens array cells minimum along long dimension for good homogenization and DMD uniformity

* Once cell size is determined, focal length can be calculated based on LED to FEA or FEA to DMD magnification
— Design FEA based on focal length
— Edge Thickness or form depends on manufacturing capabilit

0 - oo i S

Edit Solves View Help

Surf : Type Commnent Radiu= Thicknes= Glas=
QOBJ Standard Infinity Infinity
1 Standard Infinity E.0ooooooo
* Standard £.5200000 2.5000000 E270
3% Standard Infinity 8.9300000
1% Standard Infinity 2.5000000| P E270
Ex Standard —&.5200000 0.0000000
IMA Standard Infinity -

< sl

48
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FEA-based Relay Design Method / Tips

» Easiest design method uses a multi-configuration of several lens array cells sampling the illumination pupil
— Shiftin X and Y after the FEA and design relay system

» Field Size set to lens array cell dimension, “Aperture” set to pupil diameter of each cell (y-height)

» 2 Lensrelay typical
— Aspheres not necessary but do help with some aberration control

€ Muti-Configuration Editor I s - e H
I

B B Pupil diameter set

based on system
Etendue and

Edit Solves Tools View Help

Active

178

Config 1% Config 2 Config 3 Config 4 |  Comfig 5 Config 6 Config 7 Config 8

 HOFF]

0

. PRAH|

61

: PRaH

672

1
2
3
4

HOFE]|

0

0.0000an0 0.0000000] 0.0000000 —6.0000000 —6.0000000] —12 0000000 0. 0000000] |
0.0000000 6. 0000000 12.0000000 0.0000000 0.0000000 6. 0000000 0.0000000 -12.0000000

parameter
calculations
(matched with
collimator pupil)

Y < Relay Lenses

(optional space for fold)

Wedge prism can be low

\/i / index, angle varied to
e compensate for

anamorphism / distortion of

illumination overfill

DMD
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Field Lens Architecture

« Can be used with light tunnel or FEA

* Field lens is shared between illumination and
projection lens, placed directly in front of DMD

* Field lens separates illumination and projection light
bundles without the need of a prism

., i
.. o Relay
* Projection lens tends to be smaller optics
« Telecentricity can be maintained Tunnel
On State Light Field Lens Ghosting

(mirrors in off state)

* NOTE: Specular reflections from illumination light
incident on field lens surfaces may create a stray light ——
reflection on the screen resulting in lower contrast
— Highly dependent on shape (curvature) of field lens

— If considering a field lens architecture, evaluate stray light
reflections created from illumination light incident on field
lens surfaces

Relative 100% 0.52%
Power: 50
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Non-telecentric illumination considerations

DMD
assembly

Typical 3 lens tunnel to
DMD relay design

Fold mirror

Schiempflug (tilt) can be added to
improve distortion and/or
anamorphism of tunnel to DMD relay

Last illumination lens typically cut to
give space for projection lens (this
will incur some efficiency loss)

51
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Non-telecentric pupil matching

* Non-telecentric systems require illumination exit pupil to match projection entrance

pupil (from DMD side) in size and position for maximum system efficiency Sample calculation:

+ For 0.65” 1080p, projection lens pupil is typically 30-40mm from DMD (40mm from DMD)

« Offset must be considered for non-telecentric

DMD

1st Lens/Pupil location

Further pupils, chief ray angles become closer to telecentric

Closer pupils, chief ray angles become steep on DMD - more difficult to correct
anamorphism, distortion without using a prism (DMD recommended to have a 55°
max ray angle)

Needed to separate illumination and on-state light bundles -
A minimum of 100% image offset is typically required S ‘ — \‘\00‘_21,6{}0“‘3\{

0, = 45° due to corner illumination

» Calculation on right assumes the following:

0.65” 1080p s450 (14.592mm x 8.208mm) Illumination angle
Corner illumination — 45° rotation w.r.t. DMD array 5.34mm = 2 X mirror tilt + 0,
12° mirror tilt 6,=7.6° =2x12°+7.6°=31.6°
130% vertical image offset only 40mm

40mm pupil location 52
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Non-telecentric Relay Design Method / Tips

+ Constrain pupil position to match projection pupil
— Can use EXPP operand in Zemax (more accurate for paraxial system not real systems)
— Set individual real ray coordinate operands to zero (chief rays are at 0,0 at pupil planes)

» Constrain F/# using WFNO or through calculated pupil diameter using real ray coordinate operands
» Constrain incident angle onto DMD based on 2x pixel tilt + offset angle to account for image offset (slide 51)

+ lllumination lenses can be off-axis (tilted or decentered relative to tunnel output face) to help correct for

distortion / tilted focus plane — “Scheimpflug” MD
. ' . - Simulated
4 Surface Type Comment Radius Thick i D X D Y  TitAboutX  TiltAboutY  Tilt About2 L .
- | — projection pupil at
‘IB__ Standard * DMD Window Infinity 1.10000 EAGLE... f t
19 Standard ¥ Infinity 0.70300 Some nite
20 Standard ¥ DWMD plane Infinity 0.00000 distance
Pl coordinate Break ~ | Distnce 1o Pupil 3500000 2 0.00000 000000 4070000 P
22_ Standard ¥  Pupil - retroreflect back to DMD -35.00000 -35.00000 MIRROR
23 Coordinate Break ¥ Back to DMD 0.00000 40.70000 P
24 (apen) Standard ¥ DMD Plang Infinity
% e I N
Pupil
. P Retroreflect back to DMD Accounts
distance to allow for spatial and for DMD
angular optimization at illumination
the same time Tun
angle output 53
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Anamorphism in lllumination Optics

+ Anamorphism (unequal magnification in x and y) between the light mixing optic and DMD needs to be taken into account in the design
* Anamorphism is caused by path of light in prisms (TIR and RTIR) and the oblique illumination angle of incidence

» Typical numbers range from ~ 1.05 to 1.3 depending on system
—  TIR prism has very low anamorphism (~1 to 1.1x typical)
—  RTIR with upper wedge has low anamorphism (~1 to 1.1x typical)
—  RTIR (right angle prism) has largest anamorphism (~ 1.3x typical)

* Anamorphism results in loss of etendue (LED usable area is smaller)

lllumination
FEA cell / light lllumination light
tunnel aspect ratio aspect ratio on DMD
To projection lens
e s
\\T ~ 1.3 X stretching from illumination to
— 1 DMD surface
DMD * Note: If bottom illuminated, stretching

(side lluminated example) is in the vertical direction

54
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Zemax Modeling Tip : Irradiance Analysis

+ To model the illumination profile including overfill on DMD, use “Geometric Image Analysis”.
— Other surfaces can also be analyzed

Source width

IMA file simulates
source size

1.5x1.2.ima v =-0X

Haa®? ¢ §iEY

30
PBEACO0REACAO0ARRARADACORAAADE
BBEO00BRAE0E0PARARE0ACORDRE0E
990900000000000000000000000200
111111111111111111113111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111711111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111
111111111111111111111111111111

£00000000000000000900000200000
£00800060A0060000000000008260¢]

1: Geometric Image Analysis

* = 0O X

~) Settings A0 =A 2 A= = 3x4- @ Standard - @
Field Size: 3 Wavelength: | 1 v
20 Field: [4 v
File: 1.5x1.2.ima
Rotation: 0 ‘ Edit IMA File
Rays x 1000: 2000 Surface: 33 DMD Plane v
Show: False Colgr Lo
Source: Lambeytian C # Pixels: 255
NA 0
Use Polarization O Total Watts: |1
Remove Vignetting Factors Plot Scale: 0
Scatter Rays Parity: Even L2
Delete Vignetted
Use Pixel Interpolation Reference: Vertex L2
Save as BIM File:
[V Auto Apply ‘ Save H Load H Reset ‘

Sampling LED is Lambertian

Center field

Analyze at DMD
surface

) 3: Geometric Image Analysis 1 = B8 =%
Update Settings Print Window Text Zoom
0.0127
0.0114
0.008%9 . . . .
Efficiency with obscuration
. Efficiency on DMD Plane
j— 1|l O
- = Energy Overfill %
s
2 4 Geometric Image Analysis 2 =8| &
Update Settings Print  Window Text Zoom
0.0105
Imag;
0.0094
7/14/2016
Image Width = era, 255 x 3 0.0084
o
06E-001 W:
Millimetd 0.0073
0.0063
0.0052
0.0042
0.0031
0.0021
0.0010
0.0000
Tmoe Disran
1/14/2016
Image Width = 20.00! :ra, 255 x 255 pixels
ield position: 0, T’ |
Percent efficienc 0SSE-001 Watts mmmmmpjmmr],mn
Surface: 44. UnitsWgre watts 'r Millimeters squared. Configurali 1 of 3
‘ - E— ==2n L
Add ‘rectangular obscuration’ aperture
to simulate DMD illumination overfill 55
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Zemax Modeling Tip: Far Field Analysis

» Used to analyze F/# and pupil in telecentric systems

£2) Lens Data Editor: Config 2/3

Edit Solves View Help
Surf:Type Comnent Radius Thickness Glass Seni-Dianster Conic [Par 0O Decenter X |Decenter ¥| Tilt About X
36| Coordinat . Center and AQI 0.00000 = 0.00000 0.0000 —3.608 —7. 84786
7% Tilted upper prism| 5.00000 S-BSL7 44 48146 0.0000 0.3840
38 Tilted 0.30000 28 53285 0.0000 1.0000
9% Tilted| Rt Angle Prism 7.00000 S-BSM4 27.90523 0.0000 1.0000
40 Standard Infinity 1.00000 27 83941 0.00
41% Standard| DMD Cowverglass| Infinity 1.10000| [EAGLEXG 25.81214 0.00
42% Standard Infinity 0.00000 26 00227 0.00 o) -
43% Standsrd| wvindow aperture| Infinity 0.51000 25.00227 o.00

Coordinat .

0.00000

0.00000

48 Standard Infinity 1.0000E+004 24 36808 0.00

49% Standard ffp[__ —1.000E+004 —-1.000E+gQ4| P 907532540 0.00

50| Coordinat v g.oopon = 0. ooooo o.oo0o0 ,D/fDDD —24 00000 B
Add radius for solid Set far-field lllumination AOI (if analyzing DMD far-field)
angle (depending on distance

distance set)

Update Settings Print_Window Text_Zoom

&.52E-008
7.67E-008
5.22E-008
s.96E-008

s5.11E-008

Circular
obscuration to
—— match F/#to
determine how
| much light is lost

4.26£-008

s1E-008
2.565-008
1.70E-008

8.52E-009

0.00E£0)

Tmage

Diagram

1/14/2016

002 et
it

ts
illineters squared.

pixels

Note: Circular obscuration radius=
distance*sin(6) where 6 =half-angle
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Projection Lens Considerations

For additional information, visit: https://training.ti.com/common-projection-lens-specifications

57
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Telecentric vs. Non-telecentric

Prism air gap Telecentric

>

S

Pupil at infinity >

[llumination angle constant across DMD

Prism required to separate illumination and projection light paths
— Air gap functions as angular filter via total internal reflection (TIR)

Allows for interchangeable lenses
Lens shift possible in design
Image illumination uniformity is typically good

Lens can be big especially with low F/#

Non-telecentric

\

Pupil at finite distance
(typically at rear of projection lens)

[llumination angle varies across DMD

Lens offset required to separate illumination and projection light

Lens must be pupil size and location matched to the illumination
for maximum efficiency
— More difficult to interchange lenses

Lens shift not possible without sacrificing efficiency/brightness
Image uniformity not as good as telecentric designs

Lens is typically smaller and lower-cost 58
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Trimming lenses in Prism Architectures

+ TIR and RTIR may need lenses trimmed to avoid mechanical interference with DMD package or electronics
» May need to increase back working distance to minimize interference of DMD with projection lens and/or XPR actuator

* Always check mechanical clearances in design and move or adjust optics accordingly

TIR PRISM RTIR PRISM
Check
clearance to \,_.\
projection lens I/ \\ A
Projection lllumination
Projection
[llumination S—
’
' p
{ !
\ | 1 |
AN ,’I ‘\\ 7
/ Sv-—r DMD Package / board / ~~—-~" DMD Package / board

May need to trim lens (often times no need
Y ( ) Often need to trim 1-2 lenses with RTIR with larger DMD packages 59
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Typical Projection Lens Design Targets

» Field Size: At minimum the field is the DMD size + image offset / lens shift (if any)

+ F/#: Matched to the lllumination (for contrast optimization) or higher if aperture is adjustable I‘ ‘ -7.1*7“**'?4[-
I A -
« MTF T HTWL N
4 AT

— As designed: Polychromatic (All wavelengths): 250% at Nyquist Frequency (m) e o o SU R R B B

— Nyquist Frequencies: Image distortion

* 10.8um pixel: 46 line pairs/mm
* 9.0um pixel: 56 line pairs/mm
* 7.6um pixel: 66 line pairs/mm

* 5.4pum pixel: 93 line pairs/mm
» Distortion: £1% (goal) <1.5% (acceptable). Other applications may allow more relaxed distortion.
— TV Distortion: 1%

» Lateral Color: Between any two wavelengths target of < £0.5pixel and max of 0.75pixel at corners of field Lateral color

» Telecentric vs. Non-Telecentric
— Telecentric: Chief rays variation <0.5° preferred, <1.0° acceptable — this creates larger pupil and may introduce flat state light
— Non-Telecentric: pupil position must be matched to illumination otherwise system may experience contrast issues or light loss

+ Back focal/working distance: Must account for prism thickness and material (if applicable) as well as DMD window
—_Add XPR glass plate if applicable

60
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Throw ratio

» Throw ratio quantifies the size of an image created when a projector
is placed a given distance from the screen.

« Small throw ratio systems can be placed closer to the screen and

still create large images. 5
¢ )l
I S

, D distance from lens to image
Throw ratio = — = , , ,
W  horizontal width of image

Throw ratio > 2: “long throw” -

Throw ratio 1-2: “standard throw”
Throw ratio < 1: “short throw” or “ST”
Throw ratio < 0.4: “ultra short throw” or “UST”

61
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Lens Offset

Offset is a shift of the projection lens relative to the center of the DMD
— This results in a corresponding displacement of the projected image.

Offset enables a projector sitting on a table or mounted to a ceiling to display a full image
on the wall without any portion of the image being blocked by the nearby surface

Some projectors are designed with a fixed offset, while others offer adjustable offset by
moving the projection lens.

Larger offsets necessitate an increase in the size and complexity of the projection lens.

0% Offset 100% Offset
; Image
DMD = k_ |
. /
Projection Lens Optical Axis
* Projected image is centered on the lens, extending * Projected image is entirely above the optical axis.

equally above and below the optical axis. .
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Modulation Transfer Function (MTF)

LOW FREQUENCY ' HIGH FREQUENCY

The MTF is a measure of contrast reduction imposed by an imaging system I_I_" """""""
(projection lens) as a function of spatial frequency in line-pairs/mm (Ip/mm) SN whie |
It is the standard metric to describe lens performance for resolution and contrast W_M—!LH mn
The spatial frequency of a DMD is determined by the pixel pitch. One line pair = two |

pIXG|S W|dth “ Imaging lens m |

Y : v

The highest spatial frequency that can be produced by a DMD or any spatial |
modulator is one pixel white + one pixel black. This is called the Nyquist frequency. I I I I """ """I
MA

— 10.8um pixel = 46 Ip/mm

— 9.0um pixel = 56 Ip/mm /\ /\ [\

— 7.6um pixel = 66 Ip/mm AY /

— 5.4um pixel = 93 Ip/mm
Typical requirement for DLP projection lens is 50% MTF at Nyquist by design o \& : 71

— Some customers often may reduce design to 30-40% MTF to tradeoff performance for cost f —N

— Must consider opto-mechanical tolerances will reduce MTF . N .
» Production lenses are often ~20% MTF after tolerances ’ i

Black

==
Frequency in Ipimm

63
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Example Projection Lens Designs

XPR location
(if applicable)

Telecentric oL E
Prism
XPR location
(if applicable)
Non- Telecentric DMD i _::.__u = ===t To
| S Image

To
Image

64
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Modulation

Example Projection Lens Performance

1.0

0.5

0
ikl

5
Polychromatic MTF: All fields >60% E
. o
(92Ip/mm for 5.4um pixel)
0 9.2 184 276 36.8 460 55.2 64.4 736 82.8 920
Spatial Frequency in cycles per mm
- Maximum Field: 5.0000 Millimeters
] I I A
£ ‘ ; Pl | //
= | | |
£ | r:
& 30 . } -
A Lateral Color: | | -
o . | -
£ 2 <0.5pixel | 7
| | ol
& 10 |
: |
i . } ‘
-27 -2.16 ez 108 -0.54 054 108 162 216 27

0.8

0.6

04

0.2

Relative lllumination: >90% for telecentric lens
* No vignetting recommended
Non-telecentric has a natural roll-off
+ >60% center to edge recommended

113

227 34 453 5.66 6.8 7.93 9.06 102 11
Y Field in Millimeters

Distortion: 0.5%

50

4.0

30

20

-20 0 20
Percent

65

Tl Information — Selective Disclosure

Wi TEXAS INSTRUMENTS



Resolution Enhancement

For additional information, refer to:

Sing, Molly N., et al. "Super resolution projection: leveraging the MEMS speed to double or quadruple the resolution." Emerging Digital
Micromirror Device Based Systems and Applications XI. Vol. 10932. SPIE, 2019._https://doi.org/10.1117/12.2512005

66
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What is Super Resolution?

|
Native DMD Resolution Displayed Resolution F
(2716 x 1528) (3840 x 2160) j“

32mm

Bom

[
\
—;T I 7( L 2-way actuator by 4-way actuator by
NuinininsimnnniEjEE Young Optics Inc. Optotune
|
I
\

* Opto-electronic shifting of a DMD pixel using a tilting optical element
(actuator) to create 2x or 4x the resolution within a single image frame

« 2-position actuator shift example above
* 4-position actuator shift available also

* https://www.optotune.com/pixel-shifting

* https://www.minaik.com.tw/
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Actuator Optical Details

« Transmissive tilted plate used for x & y tilt to displace the beam by 2 or 74 pixel size
— Thickness & material will depend on actuator supplier which affects beam displacement

« Actuator plate must be designed into the projection lens optical design
— placed between DMD and projection lens

» Compatible with telecentric and non-telecentric optics

DMD

4

-

i ol | 1—sin%8
y =tsing L= (3 — sin%@
A
6 = angle of incidence

n =index of refraction of plane parallel plate

4 > Example:
> “Vo,;@ N-BK7(ng =1.5168)
. t=0.7mm
Ay =3.818um
® 0~09172°

Note: Angleshould be optimized A C TUA TOR 68
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Colorimetry & System Lumens Budgeting
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Radiometry & Photometry
1 unit square
| Quantity | Radiometric | Photometric | Mostuseful

~ 1 steradian

Flux Watt Lumen Front projection

Irradiance or Watt/m? Lumen/m2 (Lux) Front projection (light falling
Illuminance on screen)

Radiance or Watt/m?/ster. Lumen/mA2/ster. (Nit)  Rear projection (perceived
Luminance brightness)

(brightness)

CIE Phototopic Response Curve

1.0
0.8 Photopic
2 & ° Lumen is a measurement of
% 0.6 power weighted by
S .
2 04 the photopic curve
=
& 0.2 Photopic (lumens)

Blue
source source

400 450 500 550 600 650 700

weighted by eye response

=]

Wavelength {(nm) 70
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Colorimetry

400 500 600 700
A/nm
CIE standard observer color matching functions
- Corresponds to how the human visual system perceives colors
- Used for color mixing

X = J CLDE(D)dA
000

y = f L)F(A)dA
0

Z = JmL(A)Z(A)dl
0

Where L(1) is the source spectrum

CIE chromaticity
diagram

XYZ Tristimulus values can be
plotted for primaries such as red, green, blue, yellow,
and white using chromaticity coordinates:

X These help determine the color

X =
X "‘;""Z gamut achievable of the
= rojector (see color gamut slide
Y= Xtv+z prol ( g )
Z
z= =1-x—y
X+Y+Z 71
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Typical Source Spectra L(A)

LED Laser Phosphor Direct Laser

72
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Color Gamut

CIE 1931 chart represents normalized hue/saturation on

a cartesian grid

Area within the gamut triangle (polygon) represents the
set of all colors reproducible by the projector

Points closer to locus are more saturated or “pure” colors
Color temperature of “white point” is read from chart

— Lower color temperatures — red
— Higher color temperatures — blue

Laser projectors typically have the widest color gamut

Rec. 709 HD TV
standard gamut

0.0 EL,
00 01 02 03 04
b 4

UN
Blue 0.150 0.060

CIE 1931 (2 deg) D65
0.9 white

0.8

-+ - Laser projector

07 |f
| —8— Rec. 709 (xy)

06 || —+—DCl (xy)
0.5
04
03

02

0.1

0 04 02 03 04 05 06 07 08 09
X
73

Tl Information — Selective Disclosure

Wi TEXAS INSTRUMENTS



Creating a Lumen Budget

A prediction for the projector lumen output can be made with basic knowledge of the
optical parameters

» Process for developing a lumen budget
— Determine the etendue of the DMD and projection optics and source
— Determine the fraction of source light sent to the DMD based on etendue (before optical design)
»  Or for more accurate geometric efficiency, use results from optical design raytrace analysis
— Create a straw man transmission efficiency of the projector system
* Higher performance coatings will improve system efficiency

— Calculate the lumen output of the source (color balanced over temperature)
»  Straightforward with LED or laser

» Laser phosphor requires understanding phosphor conversion and flux density/ thermal quenching as well as
spot size blooming (Etendue impact)

— Combine source output and system transmission for projector lumens estimate

74
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Lumens Budget Example for LED-based system

Projector Optics Efficiency Estimation Factor Comment
LED Collimating lenses 0.93 Transmission estimate for 2 lens high angle LED collimator
Dichroic filter plates 0.90 95% transmission per plate (green path)
Fly's Eye Array 0.96 Estimated FEA transmission
Illumination lenses 0.98 2 lenses at 99.5%T per surface
Ilumination fold mirrors 0.99 Silflex fold mirrors (optional). Other reflective materials may be lower reflectance
RTIR Prism Assembly 0.92 Estimated based on previous projector measurements
DMD Efficiency 0.67 Mirror reflectivity + fill factor+ diffraction + coatings (slide 22)
Projection Lens 0.92 Estimated 8 element projection lens at 99.5%T per surface
TOTAL SPECTRAL TRANSMISSION 0.44
Red Green Blue
LED collection angle loss 0.93 Limited collection angle of collimator lenses (75° half cone out of 90° lambertian emission)
Collimator to FEA coupling loss 0.90 LED Collimator to FEA coupling loss correction factor (0.8-0.9 typical) - may vary by color depending on path length
Overfill on DMD 0.85 15% recommended illumination overfill - may vary by color due to chromatic aberration
LED Etendue mismatch or Zemax geometric efficiency 1.00 Perfect match assumed for calculation. Efficiency may vary by color in design - careful not to double dip with overfill
TOTAL GEOMETRIC EFFICIENCY 0.71 0.71 0.71 Estimated geometrical throughput (LED to Screen) - calculation
TOTAL SYSTEM EFFICIENCY 0.32 0.32 0.32  Uses these values to combine with white balance source output (incl. duty cycles) to determine projector lumen output

Note: This starting straw man lumen budget assumes R,G and B all are equal in system transmission.
Optical design raytrace analysis are required for a more accurate lumen budget analysis.
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Thank you for choosing DLP

For additional questions, please post on E2E forum.
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