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ABSTRACT

For the past five years, Digital Light Processing™ (DLP™) technology from Texas Instruments has made
significant inroads in the projection display market. With products encompassing the world’s smallest data
& video projectors, HDTVs, and digital cinema, DLP™ is an extremely flexible technology. At the heart of
these display solutions is Texas Instruments Digital Micromirror Device (DMD), a semiconductor-based
“light switch” array of thousands of individually addressable, tiltable, mirror-pixels. With success of the
DMD as a spatial light modulator in the visible regime, the use of DLP™ technology under the constraints
of coherent, infrared light for optical networking applications is being explored. As a coherent light
modulator, the DMD device can be used in Dense Wavelength Division Multiplexed (DWDM) optical

networks to dynamically manipulate and shape optical signals. This paper will present the fundamental s of
using DLP™ with coherent wavefronts, discuss inherent advantages of the technology, and present several
applicationsfor DLP™ in dynamic optical networks.

INTRODUCTION

Texas Instruments began working on a spatial light modulating technology nearly twenty-five years ago.
Starting as he Deformable Mirror Device in 1977, the technology evolved to a hi-stable, or Digital
Micromirror Device in 1987. Over the next decade the DMD technology was perfected, and with the
necessary support electronics, was commercialized in the form of Digital Light Processing™ (DLP™)
technology in the spring of 1996. As of April 2001, over 750,000 systems have been shipped into the
projection display marketplace, making DLP™ the most widely adopted reflective light modulator
technology.

MODULATING LIGHT FOR DISPLAY APPLICATIONS

The DMD is of a class of modulators referred to as pixelated Spatial Light Modulators (SLMs). As the
name implies, a spatial light modulator is a device capable of modulating the amplitude, direction and
phase of a beam of light within the active area of the modulator. A pixelated spatial light modulator is
comprised of a mosaic of discrete elements and can be constructed as a transmissive or reflective device.
In the case of the DMD, the discrete pixel elements are micrometer size mirrors, and hence are operated in
reflection. Each DMD consists of hundreds of thousands of tilting micromirrors each mounted to a hidden
yoke. A torsion-hinge structure connects the yoke to support posts. The hinges permit reliable mirror
rotation to either a +10 degree or —10 degree state. Since each mirror is mounted atop a SRAM cell, a
voltage can be applied to either one of the address electrodes, creating an electro-static attraction and
causing the mirror to quickly rotate until the landing tips make contact with the electrode layer. At this
point the mirror is electro-mechanically “latched” in its desired position (see Figure 1).
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Figure 1. Schematic of two DMD mirror-pixels next to a typical DMD light

Using a typical meta-halide
or mercury arc lamp as a
light source, each tiltable
mirror-pixel can be moved to
reflect light to, or away
from, an intended target (see
Figure 2). In projection
systems, brightness and
contrast are two primary
attributes that impact the
quality of the projected
image. With a reflective
array of moving mirror-
pixels, it is important to
understand the effects of
four critical areas:. fill factor,
mirror  reflectivity, “on
time, and diffraction
efficiency. The product of

modulator consisting of 1024 x 768 individually addressable mirror-pixels. these vyields a light

modulator efficiency in the

range of 65% producing high brightness performance while enabling over 1000:1 contrast ratio at the

system level.
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Figure 2. Two mirror-pixels. One mirror-pixel isturned “ on” and
reflects incoming light through a projection lensto the screen. One

mirror-pixel turned “ off” reflecting the light away fromthe lens.

In addition to being highly efficient, the
~15 microsecond speed at which each
mirror can modulate between the “on”
and ‘off” states is another key DLP™
advantage. Fast switching speed has
enabled a compelling range of end
products including the world’s smallest
video & data projectors, HDTVs, and
digital cinema. In the case of projectors,
the microsecond speed allows the use of
only one DMD light modulator
resulting in small, compact optical
architectures (see Figure 3), and thus
very small projectors. Competitive
approaches using slower modulators
require three separate modulators for
independently modulating red, blue and
green sources. For digital cinema (using
three DMDs, one for each primary
color), the fast switching enables over
14-bits of grayscde per color,

producing images that meet or exceed the quality of film. High efficiency and microsecond switching have
been key to the success of DLP™ technology in the “visible” light regime.

MODULATION OF COHERENT LIGHT

The total integrated reflectivity of a mirror array (i.e. reflectivity into al output angles or into a
hemispherical solid angle) is a function of the area of the mirrors constituting the array, the angle of
incidence and the reflectivity of the mirror material at a specific wavelength. (A consideration of second
order effects on the integrated reflectivity would include weak effects such as light rays scattered from the
mirror gaps) To determine the power reflected into a small, well defined, solid angle, one must know the



pixel pitch or spacing in addition to the factors that control the integrated reflectivity (i.e. mirror area, angle
of incidence and reflectivity). A pixelated reflector, the DMD behaves like a diffraction grating with the
maximum power reflected (diffracted) in a direction q,, relative to the surface normal, determined by the
pixel period, d, the wavelength, |, and the angle of incidence, q;. Figure 4 depicts the optical layout in
which the maximain the reflectivity distribution function is governed by:

d(sing, +sing;) = nl @

where n is the order of diffraction. The
condition in which the direction of
incidence and diffraction are identica

., Projection i | .
Qe ) (i = -qr) isreferred to as the Littrow
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configuration, and equation (1) reduces
to the well known Bragg equation:
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Wheel with an angle equal to the angle of
incidence (qi = gr). When the angle of
the Fraunhofer diffraction is equal to a
diffractive order, the DMD is said to be

Figure 3. A one-chip pLP™ projection system. White light is focused
down onto a spinning color whesl filter system. The wheel spins
illuminating the DMD sequentially with red, green, and blue light. At

the same time RGB video signal is being sent to the DMD mirror- blazed, and greater than 88% of the
pixels. The mirrors are turned on depending on how much of each diffracted energy can be coupled into a
color is needed. The eye integrates the sequential images and a full single diffraction order (Figure 5
color image is seen. illustrates the blazed condition.). The

diffractive behavior of the DMD is
evident for both coherent and incoherent sources but is more obviousin coherent monochromatic sources
as discrete well-resolved diffractive peaks are observed in the reflective power distribution. In many
optical systems, it is possible to use a configuration that collects over a sufficiently large solid angle such
that alarge number of orders are collected.

Another consideration in using a pixelated
modulator with a coherent monochromatic

Npgrrr?wil beam is the relationship between intensity and
o order the number of pixels turned “on” or “off”. Ina

’ typica single-mode fiber application, the

O 4 1%'order gaussian beam from the fiber is focused onto
— S the SLM by means of a focusing lens. The

" 7 2 order light, which is reflected or transmitted by the

modulator, is then collimated and focused back
into a single-mode fiber. By turning “on”
various pixels in the spatial light modulator, the
amount of optical power coupled into the
receiving fiber for each wavelength is varied.

|<d->| The coupling of power into the output fiber,
_ _ _ o _ _ however, is not straightforward since it is
Figure 4. Incident light hitting a grating (DMD) with dependent upon the power of the overlap
periodicity d and mirror-pixelsinactive or “ parked” at O integral between the modulated field and the

degrees. In this example most of the incident light undergoes
specular reflection and gets spread out over a number of low-

irradiance orders.

mode of the output fiber 1. Thus, the coupled
power isgiven by:
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where F(X,y) and F,(X,y) are the complex fields of the modulated signal and the fiber mode,

respectively. It is important to note that the efficiency of the fiber coupling depends not only on the
amplitude of the two fields, but on how well they are matched in phase. It can be shown that a similar
relationship can be derived at either the input to the fiber, at the collimated beam, or at the spatial light
modul ator.

APPLICATIONSOF DLP™IN OPTICAL NETWORKING

The demonstration of optical networking o
components utilizing a MicroElectroM echanical
System (MEMS) technology are to alarge extent
using a MEMS component having a large mirror
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surface (typically on the order of a 1-2 mm _ ond

diameter)*®. The flexibility provided via the 7

large surface area of a micromirror is found in a

relaxing of the alignment tolerances between the h

fiber/free-space optical elements and the Fr_aun c_>fer
diffraction

micromirror. The alignment tolerances are
further relaxed via the adjustment inherent the — ===~

pQS|t|0r_1|ng of an analog mirror. - Analog Figure 5. Incident light hitting DMD mirror-pixels under the
micromirrors, however, require complex control  «pazed grating condition. Most of the diffracted radiation is
electronics and feedback mechanismsin order to  concentrated in the second order producing a highly efficient

monitor the precise position of the mirror.  conerent light modulator.

Furthermore, as the device ages, the feedback

control becomes increasingly important in order

to correctly position the mirror for an altered electrostatic/magnetic field. The DMD, due to its digital

construction, does not require feedback control for mirror positioning since the tilt angle is determined via
contact of the yoke to the landing pads.

& —

Although the DMD may appear to be less flexible than an analog counterpart, the inherent flexibility isin
the form of a dense array of micromirrors rather than a freedom of position. Since the individual
micromirrors are on the order of 14 square microns, the feasibility of using a single micromirror for the
incident optical beam is not practical. Rather, the use of a subset of micromirrors, or pixels, is preferred
since use of a single micromirror provides merely a binary function, namely, “on” or “off”. Thus, the larger
the pixel subset, the finer the control over the incident optical beam. Although for incident light near 1550
nm the DMD is most efficient when used as a switchable grating, as described above, the use of a subset of
pixels provides even greater flexibility over abinary switchable grating.

As is rather obvious, the use of a set of micron-sized digital micromirrors is not suitable for an any-to-any
type of optical switch (e.g. alarge port count optical crossconnect). The DMD is, however, quite suitable
for applications such as a series of small optical switches in paralel (e.g. 40 - 1x2 switches), and signal
conditioning and monitoring. The application space suitable for the DMD coincides with the dynamic
nature of the next generation of optical networks. The ability to condition and monitor the optical channels
is highly attractive as the need for dynamic adjustmentsin the newly designed networks increases.

In general, the applications explored thus far for DLP™ technology are based on a Dynamic Optical
Filtering (DOF) platform. The adjustment of the incident beam power, via the manipulation of individual
micromirrorsin a pixel subset, resultsin fine control over the amplitude of the beam returned to the system.
Shown in Figure 6 is a diagram of a future all-optical networking link between two lower speed connection



Figure 6. Schmetic example of a dynamic all-optical network link. OPM - optical performance monitor; DGE — dynamic
gain equalizer; OADM - optical add/drop multiplexer.

points. The components in which DLP™ may be utilized include Dynamic Gain Equalizers (DGEs), Optical
Add/Drop Multiplexers (OADMSs), and Optical Performance Monitors (OPMs). A further application to
which the DLP™ may be applied is a Tunable External Cavity Laser (TECL).

The platform on which optical networking components incorporating a DMD are based is depicted in
Figure 7; an input/output medium (typically a fiber or array of fibers), a dispersion mechanism (typically
reflective), and the DMD comprise the platform. The /O for de/multiplexing a WDM signal and collimator
selection, in conjunction with the dispersion
mechanism, will dictate the specifications of
the remaining optical elements. The
flexibility in choice of spot size incident on
the DMD provides a means of controlling
the desired functional sensitivity level.

Attenuation functions are achievable via the
selection of pixels in order to remove a
portion of the incident beam. Monitoring is
achieved via detection of the removed light.
Furthermore, integration of the attenuation
and monitoring functions is readily
achievable. De/multiplexing performance
may be accomplished via redirecting the
incident light beam to a differing output
port. Although the TECL differs somewhat
from a DGE, OADM, or OPM, the
performance is likewise based on a filtering

DMDT™™ T technique in order to select the lasing
wavelength.

Figure 7. Depiction of the platform for DMD-based optical
networ king components.

THE IMPORTANCE OF RAPID SWITCHING SPEED

As the next generation optical networks are developed, the need for rapid, dynamic provisioning is a key
feature. Furthermore, as the networks migrate towards an all-optical architecture, rapid provisioning
becomes all the more important. The dynamic devices being developed for dynamic networks generally fall
into the following categories: filtering, switching, and monitoring. For a truly rapid, dynamic network, the
technology of choice must respond on atime scale as short as possible.

A significant filtering application in dynamic networks is power equalization. Control of the channel-to-
channel power in a WDM-based system is critical for optimal performance of Erbium Doped Fiber



Amplifiers (EDFAs). The nonuniformity of the amplification (or gain) spectrum of an EDFA versus
wavelength, is a device characteristic requiring compensation in optical networks utilizing a portion of, or
the full, ~30 nm EDFA gain spectrum. The effects of uneven amplification, e.g. of multiple WDM
channels, will multiply as the optical signals propagate through successive EDFAS, resulting in severe
degradation of the signal for wavelengths not positioned at, or near, the gain peak. The signals (or
channels) resident in the lower gain region of the EDFA gain spectrum will not only experience less
amplification, but will also experience a degradation of the Signal-to-Noise Ratio (SNR) due to the
presence of Amplified Spontaneous Emission (ASE).

Current optical networks utilize static gain flattening filters to compensate for the nonuniform gain profile.
Static gain profile compensation is sufficient, however, provided the input power to the EDFA remains
constant. Power alterations, such as those due to transmitter failures, will severely affect the EDFA
behavior. The output power of asingle EDFA will oscillate following a change in the input power level; the
period of these gain oscillations is on the order of 10s of microseconds®. For a series of EDFAs, however,
the power oscillation period is proportional to 1/N, where N is the number of EDFAs in the cascade®. The
output power oscillations degrade the SNR of the remaining signals (or channels) passing through the
EDFA(s), and thus limits the data transmission distance. As optical networks become increasingly
dynamic, the input power levels incident on an EDFA, or EDFA chain, may rapidly vary. Unsuppressed
power surges, unegualized gain, and Polarization Dependent Loss (PDL) all cause large, inter-channel gain
differentials that multiply quickly down a chain of EDFAs. Thus, dynamic equalization of the input
signal(s) must be accomplished as rapidly as possible.

Reconfiguration of the network, and the ability to route signals dynamically, will add significant flexibility
to the communication networks. The ability to reconfigure the network, and refroute signals/channels as
needed, is under development by a number of companies exploring a number of platforms. When adding or
dropping channels, if the channel power can be equalized quickly, before the amplifier responds, power
transients and ripple effects may be minimized. Reconfiguration on both the fiber level as well as the
wavelength level are under development. MEMSS technologies are in the forefront for optical crossconnect
(fiber-to-fiber) applications, while MEM Sbased, waveguide-based, and fiber-based technologies are being
explored for the smaller, wavelength specific OADM applications. The majority of technologies being
explored, however, respond in the range of milliseconds to seconds.

Network performance monitoring is also becoming increasingly important as the number of dynamic
components are added to the optical network. In order to verify the performance of a switch, or close a
feedback loop between an EDFA and a dynamic power equalizer, a monitoring technique is required. The
more rapid the response time of the monitoring technology, the better the performance of the dynamic
optical network. Furthermore, high speed monitoring capabilities enable more rapid modifications to the
network, and thus a decrease in data | oss during network reconfiguration.

In addition to requiring rapid component response times so as to more rapidly provision the network, the
dynamic network components should respond on atime scale commensurate with rapid transient dynamics
and devices [e.g. high-speed polarization scramblers (~500 microseconds) and polarization mode
dispersion compensators (~35 microseconds)]. The DLP™ dynamic filter platform is applicable to a
number of dynamic components for the next generation optical networks, including filtering, switching,
and monitoring. With a~15 microsecond switching speed, DLP™ technology is well suited for dynamically
balanced and dynamically reconfigurable optical networks.

SUMMARY

DLP™ technology is now firmly established in a variety of projection display products providing digital,
light switch solutions capable of producing brilliant images. Although coherent, planar wavefronts present
design considerations different from those in display applications, DLP™ technology is well suited to
optical networking applications. A dense array of thousands of switchable mirrors, all capable of being
independently controlled and switched in ~15 microseconds, provides network systems designers with
another choice to meet tomorrow’s network needs. Thus DLP™ is an extremely flexible technology to be



considered for a wide range of dynamic filtering applications including DGEs, OADMs, and OPMs. And,
with hundreds of thousands of mirrors per device, DLP™ is a platform technology, well positioned to
capture more system functionality as well asprovide aflexible, expandable architecture for the future.
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