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ABSTRACT and later at Gretag AG, oil film projectors (including the GE
Talaria) have been the workhorse for applications that require

Electronic projection display technology for h|gh-br|ghtnessErojection displays of the highest brightness [1]. But the oil

lications had i rigins in th r Ei hor, an oil. . . . .
applications had its origins in the Gretag Eidophor, an o Im projector has a number of limitations including size,

film-based projection system developed in the early 1940s. A . . - .
number of solid state technologies have challenged thveve|ght, power, setup time, stability, and maintenance. In re-

. : : ] : ponse to these limitations, LCD-based technologies have
Eidophor, including CRT-addressed LCD light valves andzhallenged the oil film projector. These LCD-based projec-

Zponse 10 various imitations of the LCD technologies ©1S &€ 0f buo general types: (1) CRT-addressed LCD igh
high-brightness systems have been developed based on Diéﬁlves’ and (2) active-matrix (AM) LCD panels.

tal Light Processin@ technology. At the heart of the DI LCD-based projectors have not provided the perfect solution
projection display is the Digital Micromirror Devité  for the entire range of high-brightness applications. CRT-ad-
(DMD™), a semiconductor-based array of fast, reflective digidressed LCD light valves have setup time and stability
tal light switches that precisely control a light source using dimitations. Most active-matrix LCDs used for high-bright-
binary pulsewidth modulation technique. ness applications are transmissive and, because of this, heat
Snerated by light absorption cannot be dissipated with a

Thi r ri h ign ration, performan . S
s paper describes the design, operation, performance, a eatsink attached to the substrate. This limitation is mitigated

advantages of DLP-based projection systems for high-bright- ) : .
ness, high-resolution applications. It also presents the curre %w:vléflaiton:?rgsﬁl_lal;g?j:;ficc:[ljlft% ni(;,;l]s I\g’ &heaﬁrgggéigecgggng'
status of high-brightness products that will soon be on the 1t may Stil P

market. Ing at the highest brightness levels.

In response to these and other limitations, as well as to pro-

Key Words: Digital Micromirror Device, DMD, Digital Ligh . L . !
ey Words: Digital Micromirror Device, - Digital Light vide superior image quality under the most demanding

Processing, DLP, spatial light modulator, SLM,
microelectromechanical systems, MEMS, digital imaging,
projection displays.

1.0 INTRODUCTION

Large-screen, high-brightness electronic projection displays
serve four broad areas of application: (1) Electronic presen-_ /A CRT-LCD
tations (e.g., business, education, advertising), (2)2
entertainment (e.g., home theater, sports bars, theme park§, °°%°
electronic cinema), (3) status and information (e.g., military, » A
utilities, transportation, public, sports) and (4) simulation (e.g., £
training, games). The electronic presentation market is beinge 4000
driven by the pervasiveness of software that has put sophisti®
cated presentation techniques (including multimedia) into the
hands of the average PC user. 2000~
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A survey of high-brightness (>1000 lumens) electronic pro- ©)
jection displays is shown Figure 1 The brightness (lumens) | | | | |
is plotted against the brightness efficiency (lumens/watt). 1 15 2 25 3 35 4
Three types of projection display technologies are compared Brightness Efficiency (lumens/watt)

in Figure 1, oil film, CRT-LCD, and AM-LCD. Developed in

the early 1940s at the Swiss Federal Institute of Technologligure 1. Survey of high-brightness projection displays




environmental conditions, high-brightness projection displayauditorium environment. This photo was taken at the Texas
systems have been developed based on Digital LigHtstruments Digital Imaging Business Center in Dallas, Texas.
Processin§" technology. DLPY is based on a
microelectromechanical system (MEMS) device known a
the Digital Micromirror Devic& (DMD™). The DMD, in-

DLP-based projection displays are well-suited to high-bright-
hess and high-resolution applications: (a) the digital light

vented in 1987 at Texas Instruments, is a semiconductor-bass itch is reflective and has a high fill factor, resulting in high

. N . : tical efficiency at the pixel level and low pixelation effects
array of fast, reflective digital light switches that preC|serin the projected image: (b) as the resolution and size of the

contro_l a light source using a binary.pulg,ewidth modula‘giorbMD increase, the overall system optical efficiency grows
technique. It can be combined with image Processing, . cause of higher lamp-coupling efficiency; (c) because the

memory, a light source, an_d optics to_form abLp sys.tenE)MD operates with conventional CMOS voltage levels (~5
(Figure 2 capable of projecting large, bright, seamless, high-

contrast color imaaesiaure 3shows a DLP oroiector in an volts), integrated row and column drivers are readily employed
gesig proj to minimize the complexity and cost impact of scaling to

higher resolutions; (d) because the DMD is a reflective tech-

v nology, the DMD chip can be effectively cooled through the
‘ chip substrate, thus facilitating the use of high-power projec-
tion lamps without thermal degradation of the DMD; and
D L P X (e) finally, DLP-based systems are all-digital (digital video
Image processing %Z @ » in, digital light out), so reproduction of the original video
Memory A source material is accurate and the image quality is stable
Reformatting L with time [2]
DMD DM .
Light Source The general movement of the display industry is in the digi-
Optics : . L .
- Unmodulated tal direction. Digital sources that are currently available
Digital Light Lir;r?tomu ate include digital video disk (DVD), digital satellite system
Switch / (DSS), and the Internet (World Wide Web). In the future, the
e e recently approved Advanced Television Standard (ATV) and
/ Optical Words Out the digital distribution of movies (digital cinema) will be added
to the list of digital sources. Interfacing these digital sources
f to currently available analog displays requires digital-to-ana-
Electrical Words In log conversion and, in some instances, analog encoding (e.qg.,
_ o ) ) s-video or composite), which result in degradation of the
Figure 2. Digital Light Processing system source image quality. DLP-based displays, on the other hand,

preserve the digital integrity of the source image all the way
to the eye. The result is the best possible video quality.

A comprehensive, chronological list of DLP and DMD pub-
Digital Imaging Business Center lications and presentations [2-59] is presented in Section 8.0.
The list includes general DLP review papers and papers on
early DMD development, system electronics, optics, DMD
mechanical modeling, manufacturing, and reliability. It also
includes references to DMD-based digital printing technol-
ogy [4,24,37,56].

2.0 DMD LIGHT SWITCH
2.1 The mirror as a switch

The DMD light switch Figure 4 is a member of a class of
devices known as microelectromechanical systems. Other
MEMS devices include pressure sensors, accelerometers, and
microactuators. The DMD is monolithically fabricated by
CMOS-like processes over a CMOS memory. Each light
switch has an aluminum mirror, i square, that can reflect
light in one of two directions, depending on the state of the
underlying memory cell. Rotation of the mirror is
Figure 3. DLP projector in auditorium environment accomplished through electrostatic attraction produced by
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Figure 4. Two DMD pixels (mirrors are shown “‘““

as transparent)

voltage differences developed between the mirror and the
underlying memory cell. With the memory cell in the on (1)
state, the mirror rotates to +10 degrees. With the memory cell

in the off (O) state, the mirror rotatestb0 degrees. A closeup K
of DMD mirrors operating in a scanning electron microscope
(SEM) is shown irFigure 5

Projection
Lens

Light From
Illuminator

By combining the DMD with a suitable light source and pro-
jection optics Figure 6, the mirror reflects incident light
either into or out of the pupil of the projection lens by a simple
beam-steering technique. Thus, the (1) state of the mirror ap-
pears bright and the (0) state of the mirror appears dark.
Compared to diffraction-based light switches, the beam-steer-
ing action of the DMD light switch provides a superior tradeoff
between contrast ratio and the overall brightness efficiency

of the system. \ Pixel /
Mirror

+10°

2.2 Grayscale and color operation Figure 6. DMD optical switching principle

Grayscale is achieved by binary pulsewidth modulation of
the incident light. Color is achieved by using color filters,
either stationary or rotating, in combination with one, two, or
three DMD chips (Section 3.2).

The details of the binary pulsewidth modulation (PWM) tech-
nigque are illustrated ifrigure 7. For simplicity, the PWM
technique is illustrated for a 4-bit word*@ 16 gray lev-
The DMD light switch is able to turn light on and off rapidly els). Each bit in the word represents a time duration for light
by the beam-steering action of the mirror. As the mirror ro-to be on or off (1 or 0). The time durations have relative
tates, it either reflects light into or out of the pupil of the values of 2, 2%, 22, 25 or 1, 2, 4, 8. The shortest interval (1) is
projection lens, to create a burst of digital light pulses thatalled the least significant bit (LSB). The longest interval (8)
the eye interprets as an analog imdgjgyre 2. The optical s called the most significant bit (MSB). The video field time
switching time for the DMD light switch is ~&5. The me- s divided into four time durations of 1/15, 2/15, 4/15, and
chanical switching time, including the time for the mirror to 8/15 of the video field time. The possible gray levels pro-
settle and latch, is ~15 [36]. duced by all combinations of bits in the 4-bit word &rer2

. . : 6 equally spaced gray levels (0, 1/15, 2/15 .. . 15/15). Cur-
The technique for producing the sensation of grayscale to th% . ; .
observer’sqeye is Ealled bir?ary pulsewidth m%dallation. Th rent DLP systems are either 24-bit color (8 bits or 256 gray

DMD accepts electrical words representing gray levels O?evels ber primary color) or 30-bit color (10 bits or 1024 gray
éevels per primary color).

brightness at its input and outputs optical words, which ar

interpreted by the eye of the observer as analog brightned8 the simple example shownfigure 7, spatial and tempo-
levels. ral artifacts can be produced because of imperfect integration



(Note: for clarity, only central column is and yoke rotation in the positive or negative direction. The
addressed and no light source is shown) .

mirror and yoke rotate until the yoke comes to rest (or lands)
against mechanical stops that are at the same potential as the
yoke. Because geometry determines the rotation angle, as
opposed to a balance of electrostatic torques employed in ear-
lier analog devices, the rotation angle is precisely determined.

The fabrication of the DMD superstructure begins with a com-

llll pleted CMOS memory circuit. Athick oxide is deposited over
(1111 _ metal-2 of the CMOS and then planarized using a chemical
8288 (Se"sggo\zzx;f;?yg’ades mechanical polish (CMP) technique. The CMP step provides
(0010) (4-Bit Example) a completely flat substrate for DMD superstructure fabrica-
(0001) tion, ensuring that the projector’s brightness uniformity and
(0000) contrast ratio are not degraded.

Through the use of six photomask layers, the superstructure
is formed with layers of aluminum for the address electrode
(metal-3), hinge, yoke and mirror layers and hardened photo-
r?esist for the sacrificial layers (spacer-1 and spacer-2) that
- - o . orm the two air gaps. The aluminum is sputter-deposited and
reduced to negligible levels by a “bit-splitting” technique [26]'Elasma—etched using plasma-deposited, &ihe etch mask.

a

Figure 7. DMD binary pulsewidth modulation
(4-bit example)

In this technique, the longer duration bits are subdivided int; R : g
X - L ater in the packaging flow, the sacrificial layers are plasma-
shorter durations, and these split bits are distributed throug 3hed to form the air gaps.

out the video field time. DLP displays combine pulsewidth
modulation and bit-splitting to produce a “true-analog” senThe packaging flow begins with the wafers partially sawed
sation, but with greater accuracy and stability than can k@ong the chip scribe lines to a depth that will allow the chips
achieved by analog projection systems. to be easily broken apart later. The partially sawed and cleaned

2.3 DMD cell architecture and fabrication (Layers)

The DMD pixel is a monolithically integrated MEMS super- Mirror
structure cell fabricated over a CMOS SRAM cEiglre 8

[51]. An organic sacrificial layer is removed by plasma etch-
ing to produce air gaps between the metal layers of the
superstructure. The air gaps free the structure to rotate aboh
two compliant torsion hinges. The mirror is rigidly connected  mirror ; Torsion Hinge
to an underlying yoke. The yoke, in turn, is connected by twoAddress
thin, mechanically compliant torsion hinges to support postsectrode
that are attached to the underlying substrate.

Mirror

gnding Tip

Yoke

The address electrodes for the mirror and yoke are connected Yoke
to the complementary sides of the underlying SRAM cell, Address
The yoke and mirror are connected to a bias bus fabricated@gctrode
the metal-3 layer. The bias bus interconnects the yoke and
mirrors of each pixel to a bond pad at the chip perimeter [36].
An off-chip driver supplies the bias waveform necessary forB.

L ; . . ias-Reset
proper digital operation (Section 2.4). The DMD mirrors are Bus Landing
16 pm square and made of aluminum for maximum Site
reflectivity. They are arrayed on 1im centers to form a
matrix having a high fill factor (~90%). The high fill factor
produces high efficiency for light use at the pixel level and a
seamless (pixelation-free) projected image.

CMOS
Memory

Electrostatic fields are developed between the mirror and its
address electrode and the yoke and its address electrode, cre-
ating an efficient electrostatic torque. This torque works
against the restoring torque of the hinges to produce mirrdrigure 8. DMD pixel exploded view



bistable mode by the application of a bias voltage to the mir-
ror to minimize the address voltage requirements. Thus, large
rotation angles can be achieved with a conventional 5-volt
CMOS address circuit.

The organization of the DMD chip is shown Rigure 10
Underlying each DMD mirror and mechanical superstructure
cell is a six-transistor SRAM. Multiple data inputs and
demultiplexers (1:16) are provided to match the frequency
capability of the on-chip CMOS with the required video data
rates. The pulsewidth modulation scheme for the DMD re-
quires that the video field time be divided into binary time
intervals or bit times. During each bit time, while the mirrors
of the array are modulating light, the underlying memory ar-
ray is refreshed or updated for the next bit time. Once the
Figure 9. Packaged DMD chips memory array has been updated, all the mirrors in the array
are released simultaneously and allowed to move to their new

1 Data Input for Every 16 Columns address states.

[]1:16 Demux This simultaneous update of all mirrors, when coupled with
lrnTrn'anmlln‘rmrrn‘nﬂ'nJ the PWM bit-splitting algorithm described in Section 2.2, pro-
columns duces an inherently low-flicker display. Flicker is the visual
n+1 artifact that can be produced in CRTs as a result of brightness
decay with time of the phosphor.

ST

Rows

mimie

c" 6T-SRAM Cell C
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Because CRTs are refreshed in an interlaced scan-line for-
mat, there is both a line-to-line temporal phase shift in
brightness as well as an overall decay in brightness. DLP-
based displays have inherently low flicker because all pixels
are updated at the same time (there is no line-to-line temporal
phase shift) and because the PWM bit-splitting algorithm pro-
duces short-duration light pulses that are uniformly distributed

T
|
|

I

I

I

I
Complement+
Address |
Electrode 1

|

N Address Inputs for Every 2N Rows

E’*.Sé’{riife throughout the video field time (no temporal decay in bright-

— ness).

Figure 10. Organization of the DMD chip Proper operation of the DMD is achieved by using the bias

. and address sequence showrFigure 11 and detailed in
wafers then proceed to a plasma etcher that is used to Selq‘%ble 1
tively strip the organic sacrificial layers from under the DMD
mirror, yoke, and hinges. Following this process, a thin lubriThe bias voltage has three functions. First, it produces a
cation layer is deposited to prevent the landing tips of thbeistable condition to minimize the address voltage require-
yoke from adhering to the landing pads during operation.
Before separating the chips from one another, each chip is
tested for full electrical and optical functionality by a high- @ @ @
speed automated wafer tester [55]. Finally, the chips are
separated from the wafer, plasma-cleaned, relubricated, and_| memory
hermetically sealed in a package. Further manufacturing de- Ready
tails are contained in references [36, 43, 51, 52, 57].

Unlatch

Reset (Bias Off)

Figure 9 shows packaged DMD chips in two array sizes, A A
SVGA (800x 600) and SXGA (1288 1024). The diagonals @ @ @
of the active area, as discussed in Section ad 0.7 in.

i Updat Land &
(SVGA) and 1.1 in. (SXGA). Mgm?)r?/ Ifgtch Differentiate |—
2.4 Electronic operation Array (Bias On)

The DMD pixel is inherently digital because of the way it is
electronically driven [5]. It is operated in an electrostaticallyFigure 11. DMD address and reset sequence



ment, as previously mentioned. In this manner, large rotatio
angles can be achieved with conventional 5-volt CMOS. Sec

ond, it electromechanically latches the mirrors so that the
cannot respond to changes in the address voltage until t
mirrors are reset. The third function of the bias is to reset th
pixels so that they can reliably break free of surface adhesiv

forces and begin to rotate to their new address states.

Although the metal surfaces of the superstructure are coate
with a passivation layer or lubrication layer, the remaining
van der Waal or surface forces between molecules requi
more than the hinge-restoring force to reliably reset the mir:
rors. A reset voltage pulse applied to the mirror and yok

causes the spring tips of the yokagure 12 to flex. As the

producing a reliable release from the surface [52].

2.5 DMD reliability

A “bipolar reset” address scheme that leads to greater

dynamic address margin.

An improved hinge material that reduces metal creep that
can occur under high-duty-factor and high-temperature

operating conditions.

Table 1. DMD address and reset sequence

1. Memory ready—AIl memory cells under the DMD

=

).

spring tips unflex, they produce a reaction force that cause
the yoke landing tips to accelerate away from the landing pad

Figure 12. SEM photomicrograph of yoke and
spring tips (mirror removed)

Steady improvements in DMD reliability have been made [28,

49, 52]. Some of these are listed below:

* Improved packaging techniques that preserve the “lubric-
ity” of the landing surface over a wide range of
environmental conditions.

A new architecture that incorporates spring tips at the
landing tip of the yoke. The result is greater operating
margins as the yoke releases (resets) from the underly-
ing surface.

e A particle reduction program that has dramatically re-
duced particle contamination within the DMD package.

have been loaded with the new address states for|the The DMD has passed a series of tests to simulate actual DMD

mirrors.

2.Reset—All mirrors are reset in parallel (voltage pulde
applied to bias bus).

3. Unlatch—The bias is turned off to unlatch mirror
and allow them to release and begin to rotate to flat
state.

o7

4.Differentiate—Retarding fields are applied to the yoke
and mirrors in order to rotationally separate the mir-
rors that remain in the same state from those that pre
to cross over to a new state.

5.Land and latch—The bias is turned on to capture the
rotationally separated mirrors and enable them [to
rotate to the addressed states, then settle and latgh.

6. Update memory array (one line at a time)—The bigs
remains turned on to keep the mirrors latched solas
to prevent them from responding to changes in the
memory, while the memory is written with new vide¢
data.

7. Repeat sequence beginning at step 1.

environmental operating conditions, including thermal shock,
temperature cycling, moisture resistance, mechanical shock,
vibration, and acceleration testing and has passed all of these
tests. In addition to these, other tests have been conducted to
determine the long-term result of repeated cycling of mirrors
between the on and off states. Mirror cycling tests look for
hinge fatigue (broken hinges) and failure of the mirrors to
release because of increased adhesion (reset failure). To date,
in accelerated tests, a lifetime of more than 765 billion cycles
has been demonstrated (equivalent lifetime >76,000 hours)
for a 10-bit/primary color, three-chip projector configuration).

3.0 DLP SYSTEM DESCRIPTION AND
OPERATION

3.1 System desigif0, 27, 42].

Figure 13illustrates a generic three-chip DLP system broken
down into its functional components (video front-end, digital
processor, digital formatter, and digital display). The generic
video front-end accepts a variety of video sources (digital,
digital compressed, digital graphics, analog composite, ana-
log s-video, and analog graphics). The video front-end
performs the functions of decompression, decoding, and ana-
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Figure 13. Generic DLP system diagram

log-to-digital conversion, depending on the nature of the videfhinance and color difference encoding (e.g., &, G) into
source. R,G,B. Next, a degamma (inverse gamma) function is per-

' L . . , formed because, unlike CRTs, DMDs are linear displays. The
The first operation in the digital processor is progresswe-scqglegamma operation can produce low-light-level contouring

conversion. This conversion is required if the original SOUrC@yo syt these are minimized by using an error diffusion
material is interlaced. An interlaced format provides even Ime?echnique

of video during one video field time and odd lines during the

next field time. Progressive-scan conversion is the process bfnally the R,G,B signal is input to the digital formatter. First,
creating (by an interpolation algorithm) new scan lines bethe scan-line format data is converted into an R,G,B bit-plane
tween the odd or even lines of each video field. format. The bit planes are stored in a dual-synchronous DRAM

(SDRAM) frame buffer for fast access of the bit-plane data.

Interlacing has been historically used in CRT-based systemg, . bit-planedata is then output to the DMDs in a PWM bit-
to reduce the video bandwidth requirements without producir!gp”,[ting sequence (Section 2.2). As explained in Section 2.4,

objectionable flicker effects created by the temporal decay if,, pyp chip has multiple data inputs that allow it to match

phosphor brightness. For progressively scanned CRTg, frequency capability of the on-chip CMOS with the

interlacing is unnecessary because additional bandwidth @quired video data rates. The bit-plane data coming out of

allocated so that every line of the CRT is refreshed duringne frame buffer is multiplexed 16:1 and fed to the multiple
each field time. Progressive scanning that incorporates mOtioﬂ'ata inputs of each DMD. The bit-plane data is then

adaptive algorithms helps to reduce interlace scanning artifac&%multiplexed 1:16 and fed to the frame-memory underlying
such as interline flicker, raster line visibility, and field flicker. the DMD pixel érray.

These are particularly noticeable in larger display formats.

The next operation in the digital processor is digital resamplina'2 Projection optics[44].

(or scaling). This operation resizes the video data to fit the)Lp optical systems have been designed in a variety of con-
DMD's pixel array, expands letterbox video sources, andigurations distinguished by the number of DMD chips (one,
maintains a correct aspect ratio for the square pixel DMRwo, or three) in the system [44]. The one-chip and two-chip
format. After the scaling operation, the video data is input tgystems rely on a rotating color disk to time-multiplex the
the color space conversion block. If the video is not alreadyolors. The one-chip configuration is used for lower bright-
in ared, green, blue (R,G,B) format, it is converted from luness applications and is the most compact. Two-chip systems
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Figure 15. DLP three-chip prototype projection engine
Figure 14. DLP three-chip optical system (Resolution) (Diagonal)

——1920 x 1080 -
yield higher brightness performance but are primarily intende¢r——21280 x 1024 P 1sin”
to compensate for the color deficiencies resulting from sped- L1lin. I
trally imbalanced lamps (e.g., the red deficiency in many metg| 1024 x 768 R Pt 16:9
halide lamps). For the highest brightness applications, threg- 0oinl .- (Aspect
chip systems are required. ——— 800 x 600 —— . -7 Raﬂo)

. . . . 0.7in.| .- :
A DLP optical system with three chips is showirigure 14 A ”j~ a4
Because the DMD is a simple array of reflective light switches Pt . 4:3 o
no polarizers are required. Light from a metal halide or xe s DMD Fl’;xe:ns'ze
non lamp is collected by a condenser lens. For proper operatipn ,5': -7 ' -
of the DMD light switch, this light must be directed at 20 727

degrees relative to the normal of the DMD cHigg(re 6). SVGA XGA SXGA HDTV
To accomplish this in a method that eliminates mechanical

interference between the illuminating and projecting opticsF9uré 16. DMD resolution versus chip diagonal

a total internal reflection (TIR) prism is interposed between

:)r:;ﬁqr:jection lens and the DMD color-splitting/-combining 4.0 DISPLAY PERFORMANCE

The color-splitting/-combining prisms use dichroic interfer—4':L Resolution

ence filters deposited on their surfaces to split the light b{pLP projection systems have been demonstrated at a variety
reflection and transmission into red, green, and blue comp®f resolutions (and aspect ratios), VGA (64@80), SVGA
nents. The red and blue prisms require an additional reflectid®00 x 600) and SXGA (128& 1024). A 16:9 aspect ratio
from a TIR surface of the prism in order to direct the light athigh-definition (1920« 1080) DLP projection system has also
the correct angle to the red and blue DMDs. Light reflectedbeen demonstrated [20, 27, 35]. Currently there are DLP-based
from the on-state mirrors of the three DMDs is directed backroducts on the market for business applications at SVGA
through the prisms and the color components are recombineesolution. Both professional (high-brightness) and business
The combined light then passes through the TIR prism angroducts will be available at XGA resolution by the end of
into the projection lens because its angle has been reduc@97. SXGA products will follow in 1998.

below the critical angle for total internal reflection in the prismr, . /o family of chips uses a common pixel design hav-

air gap. ing a 16um mirror arrayed with a 1{m pixel pitch. As the

A DLP three-chip prototype projection engine is shown inDMD resolution is increased, the pixel pitch is held constant
Figure 15 It projects 1100 lumens with a 500-watt xenonand the chip diagonal is allowed to incredsgifre 19. This

lamp. The size of the engine is 1%5.2.8x 10 in. and it approach to the chip design has several advantages: (1) the
weighs 38 pounds. One of the DMD package assemblies witrigh optical efficiency and contrast ratio of the pixel is main-
thermoelectric cooler and fan is visible. tained at all resolutions, (2) pixel timing is common to all



"~~ area of the light distribution, convolved with the solid angle
3 N of the light [60].

When a beam is modified by a well-corrected optical ele-
ment, etendueis preserved. For example, when a

| well-corrected lens focuses a collimated beam to a spot, the
X ael ) X = area of the beam is reduced, but the divergence angle of the
beam increases ametenduds preserved. The lamp/reflector

combination has aetendueThe DMD/projection lens com-
*Includes projection lens and color disk time-multiplexing loss bination also has aatendue If the etendueof the DMD/
(when applicable). projection lens is smaller than that of the lamp/reflector, then
the system is said to lemendudimited. In this case, not all
of the collected light from the lamp/reflector can be used by
the DMD/projection lens. This is the case for all lamps but

LI § i ,'§ : those with the shortest arc lengths.

To maximize the lamp reflector efficiency, itis necessary to
Diffraction Total minimize theetendueof the lamp in relation to that of the
Efficiency DMD/projection lens. Thetendueof the DMD/projection

lens is given by E \#A/4f2, where A is the area of the DMD
89% | X X | 8% | X | 8% )= andfis thef/# of the projection lens. TH& of the projection
lens for the DMD is determined by the mirror rotation angle

] ) o ] of +10 degrees. To adequately separate the on-state light from
Figure 18. Optical efficiency of DMD pixel the diffracted light produced by the mirror edges and substrate
and to maximize contrast ratio, &# no smaller thafV2.8
designs and high address margins are maintained, and (§)required. To preserve adequate contrast ratio in the resulting
the chip diagonal increases with resolution, which improvegrojected image, the DMD projection lens is typically fixed

Figure 17. Optical efficiency of DLP projection system

Fill Factor "On" Time  Reflectivity

the DMD system optical efficiency (see Section 4.2). atf/3.0. Thus the DMD/projection lee$endués determined
. o . solely by the area (resolution) of the DMD and increases with
4.2 Optical efficiency and brightness resolution.

The optical efficiency of the DLP projection system is thegqy g given resolution DMD, the lamp/reflector efficiency
product of the efficiencies shown Figure 17 namely the i creasess the lamp arc length (atendugdecreass. For
lamp/reflector, color filter/projection lens, and pixel efficien- hig reason, short arc length lamps (<2 mm) are chosen for
cies. DLP applications. For a given lanependugthe lamp/reflec-

The pixel efficiency is composed of the product of the effi-tor efficiencyincreasesas the resolution (aretendugof the
ciencies shown ifFigure 18 namely the fill factor, mirror DMD increasesThis latter relationship is shown graphically
“on” time, reflectivity, and diffraction efficiency. For the in Figure 19,where the modeled optical efficiency (lumens/

DMD pixel design used today, the pixel efficiency is 61%Watt) of DLP three-chip projectors is shown plotted versus
[44]. DMD resolution for lamps of various powers. The SVGAreso-

] o o _lution optical efficiencies (for the 500- and 900-watt lamps)
The color filter/projection lens efficiency depends on the dich-yye actual measurements from prototype projectors. Also

roic filter reflection and absorption losses and reflection lossegnown is the total luminous flux in lumens that can be deliv-

in the projection lens elements. For one-chip or two-Chipsreq at SVGA resolution.

DMD systems that use a rotating color disk, there is an addi-

tional loss associated with the time-multiplexing of the colorsFor lower lamp power (lower brightness applications), the
highest optical efficiencies are achieved with metal halide

The lamp/reflector efficiency depends on the amount of coly\H) jJamps because of their high luminous efficacy. How-

lected light that can be used by the DMD: This is a functionayer, as the lamp power is increased, the arc length of metal
of the arc length of the lamp, the reflector geom'etry, .the arefalide lamps must grow more rapidly than that of xenon (Xe)
of the mirror array, and the cone angi¢4) of the illumina-  |3mps to preserve lamp lifetime (typically determined by the
tion and projection lens. time for the brightness to diminish to 50% of the stabilized
To understand the relationship of these parameters and théifightness of a new lamp). Therefore, in DLP applications
influence on the lampl/reflector efficiency, it is useful to use(for power levels above ~300 watts), xenon lamps, because
the concept oétenduewhich is also known as “optical ex- of their shorter arc, provide better lamp/reflector collection
tent” or the “optical invariant.Etendues a measure of the €fficiencies and higher overall system performance.
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Figure 19. Modeled optical efficiency (lumens/watt) Figure 20. Modeled brightness versus resolution
versus resolution for DLP three-chip projectors for DLP three-chip projectors

It should be noted that a large color gamut and good colagy, Digital Projection Ltd. (formerly Rank-Brimar) antici-
balance (particularly for flesh tones) are important in highpates that brightness levels in excess of 10,000 lumens will
brightness applications such as digital cinema. Although metake achieved in DLP brand products as resolution and format
halide lamps have a higher efficacy (lumens/watt) comparegpproach HDTV standards.

to xenon, not all of the luminous output can be used if color

balance is to be preserved. Most metal halide lamps are typ4—'3 Maximum brightness

cally characterized by having strong green (mercury) angt high luminous flux densities (lumens/&goptical absorp-
greenish yellow (sodium) emission lines. These lines carry fion creates heating effects. Excessive temperature can cause
significant portion of the lamp’s luminous output. However,degradation of performance for both LCDs and DMDs. In
for proper color balance, these lines must be attenuated, wifhe case of LCDs, excessive heating causes degradation of
a resulting drop in the effective efficacy of the lamp. the polarizers. Furthermore, without adequate cooling of the

Often it is difficult to compare projection system performance-CP panel, the temperature of the LCD material can rise
(in terms of optical efficiency) of systems using xenon Iampg?\b?Ve its clearing temperaturg Th|§ renders the I'_CD ma-
versus those that use metal halide lamps. Unless the colgrial usele;s for polarization rotation and 'the display fails.
balance for these systems is adjusted to the same specifi€" ransmissive AM-LCD panels, a heatsink cannot be at-
tion (e.g., SMPTE-C RGB points and a D65 luminant colof@ched to the substrate, so forced air cooling must be relied
balance), the luminous output of metal halide systems willPON- Larger transmissive panels mitigate this problem. Cur-
naturally be overstated. Therefore, the lampBigtires 19 ~ rently, AM-LCD projectors having 3000-lumen outputs use

and20 have been color-balanced to achieve a valid comparp-8* 5.8 in.panels.

son of their performance. Excessive temperatures can also affect the long-term reliabil-

In Figure 2Q the modeled brightness (lumens) of DLP threeity of the DMD by accelerating hinge deformation (metal
chip projectors is plotted versus DMD resolution for lampscreep) that can occur under high-duty-factor operation of the
of various powers. For the 500-, 900-, and 1,500-watt lamp#hirror. Special hinge alloys have been developed to mini-
the SVGA resolution brightness levels are actual measurdize this deformation and guarantee reliable operation [52].
ments from prototype projectors. Brightness levels up to 3000igh duty factors occur when the mirror is operated in one
lumens at SVGA resolution have been demonstrated with shd#rection for a much greater part of the time, on average, than
arc xenon lamps. The modeled performance at HDTV resdd the other direction. For example, 95/5 duty factor opera-
lutions with current lamps is projected to be 3600 lumendion means that a mirror is 95% of the time at one rotation
With further improvements in short-arc xenon lamp technolangle (e.g., -10 degrees) and 5% of the time at the other rota-
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tion angle (e.g., +10 degrees). This situation would correTaple 2. Contrast ratio for standard and improved
spond to DMD operation with a video source having apixel architecture in a prototype system

temporal average brightness of 5% (or 95%) of the pegk

brightness. Although these extreme temporal averages are {in- Original New
likely to occur for extended periods of time, 95/5 duty facto Design Design
is chosen as a worst case reliability test condition for hing Full on/full off 255:1 370:1
deformation. With current hinge metal alloys, long-term, re Checkerboard (4 4) 142:1 177:1
liable DMD operation at the 95/5 duty factor is assured

provided the operating temperature of the hinge is limited tp ~ Note: All data for £/3.0 projection lens.

<65°C.
color balance, and gamma; and, finally, the stability of the

For high-brightness applications, the mirrors can absornage quality once the system is operating. Maintaining sta-
enough energy to raise the hinge temperature abd\@ 65pjlity over a wide range of environmental conditions
unless active cooling is applied to the package. Because tBcountered in outdoor applications is particularly difficult.
DMD is reflective and built on a single-crystal silicon (X- For video wall applications or other applications requiring
silicon) backplane, the absorbed heat can be efficiently,ytiple side-by-side projectors, the setup time to make all
extracted by connecting a thermoelectric cooler (TEC) to thgt the displays look identical is often unacceptable. Even when

backside of the DMD package. fiigure 15 one of the DMD  great care has been taken in this procedure, lack of stability
package assemblies with the thermoelectric cooler is visiblgnakes periodic adjustments necessary.

The DMD package contains a “thermal via” to provide a low-

thermal-impedance path between the DMD chip and the TEGLP-based projection systems offer the potential of short
A thermal model predicts that for a three-chip SXGA projecSetup time and stable, adjustment-free images. Initial stabili-
tor producing 10,000 screen lumens, the hinge temperatu?é‘“on time is minimal. Convergence is fixed by internal
can be held to <6& (with TEC cooling and an internal am- alignment of the three DMDs and is stable with time and in-

bient air temperature of 56) . dependent of throw distance. Color balance, uniformity, and
) gamma are digitally controlled by pulsewidth modulation and
4.4 Contrast ratio are not affected by temperature. Brightness rolloff is stable

The inherent contrast ratio of the DMD is determined by mea(-ﬁxEd by a light integratpr) gnd can be made small to accom-
suring the ratio of the light flux with all pixels turned on versusmOdate video wall applications.

the flux with all pixels turned off. The system contrast ratio is 5.0 DLP BRAND PRODUCTS

determined by measuring the light flux ratio between bright ) ) L .
and dark portions of ax4 checkerboard image according to Texas Instruments is teamed with numerous projection dis-

ANSI specifications. The checkerboard measurement takégay manufacturers spanning the busingss (cor.1feren'ce room),
into account light scatter and reflections in the lens, whicfyonsumer (home theater), and professional (high-brightness)

can degrade the inherent contrast ratio of the DMD. markets [62]. DLP brand products and prototypes serving all
three market segments have been demonstrated at numerous

The full on/off contrast ratio determines the dark level fortrade shows including Cedia, Comdex, CES, Infocomm, EID,
scenes having a low average luminance level (e.g., outdofFA, JES, Photokina, Photonics West, SID, and Satis. Ship-
night scenes) as well as the video black level. The checkefents of the first DLP brand business projectors began in
board contrast ratio is a measure of the contrast for objects iparch 1996. Soon the first consumer and professional prod-
scenes containing a full range of luminance levels. ucts will be available on the market.

The inherent contrast ratio of the DMD is limited by light Currently, Digital Projection Ltd., Electrohome, and Sony are
diffraction from the mirror edges, from the underlying sub-developing high-brightness DLP brand products with SVGA
strate, and from the mirror via (the metallized hole in theesolution and brightness levels ranging from 1100 lumens
middle of the mirror that acts as the mirror support post, ag 3000 lumens. Announcements of the first DLP brand pro-

shown inFigure 4). Recent architectural improvements to thefessional products is expected in the first quarter of 1997.
DMD pixels have led to improved contrast rat{@able 2) 6.0 SUMMARY

[61]. Further improvements are expected.

DLP brand projection displays are well-suited to high-bright-
ness and high-resolution applications. The digital light switch
Current high-brightness projection displays for use in thés reflective and has a high fill factor that results in high opti-
audio/visual rental and staging business and for private arghl efficiency at the pixel level and low pixelation effects in
corporate use have a number of limitations. These includge projected image. The DMD family of chips uses a com-
warmup or stabilization time; setup time for convergencemon pixel design and a monolithic CMOS-like process. These

4.5 Accuracy and stability
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pling efficiency. Because the DMD is a reflective technologyDigital Micromirror Device (DMD) and Its Application to
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