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ABSTRACT

The use of MEMs technology has enabled the fabrication of micro-optical and micro-electro-mechanical systems on a com-
mon substrate. This hasled to new challengesin computer aided design of optical micro-electro-mechanical systems. We have
extended our opto-electronic system CAD tool, Chatoyant, to attempt to meet the needs of optical MEMS designers. This
paper presents hew component models and analysis techniques which extend our tool to support opticall MEMS design. We
demonstrate these extensions with the analysis of amicro-optical high speed FFT engine and a 1x2 optical MEM interferome-
ter switch.
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1. INTRODUCTION

Applications for optical MEMS (micro-€lectrical-mechanical systems) are growing to include scanning, projection, display,
switching, printing, sensing, modulating, and data storage.* As these applications are quickly evolving from abstract ideas to
marketable products, it is essential to have CAD tools to model these optical MEM systems in order to avoid costly prototyp-
ing. Inthisgrowing field, technologies are constantly advancing and CAD tools must be flexible in their ability to model and
simulate new multi-domain components and systems.

We have created Chatoyant, a CAD tool that has been successfully used to design and simulate free space opto-electronic
interconnect systems. 21112 Chatoyant is a mixed signal CAD tool, capable of performing end-to-end system simulations
while performing bit error rate (BER), insertion loss, crosstalk, and mechanical tolerancing analyses. Using Gaussian beam
analysis of refractive optical components, Chatoyant provides sufficient accuracy for most macro-scale free space systems.
However, to model optical MEM systems, Chatoyant must be extended to meet their specific concerns.

Therole of opticsin MEM systemsistwo-fold. First, MEM actuators can be used to precisely position micro-optical compo-
nents that perform information processing tasks. Second, optics can be used to evaluate critical alignment and provide feed-
back on positioning of MEM components. Therefore, beyond functional design, optical MEMS CAD tools must simulate
electrical, optical, and mechanical noise and support analysis for mechanical tolerancing.

With these criteria in mind, we have extended Chatoyant to model and simulate opticall MEM systems. In order to model
micro-optical systems, where wavelengths and physical dimensions are on the same scale, diffractive analysis models have
been developed. Additionally, we have included a tolerancing analysis package for the precise alignment required for the cor-
rect operation of these systems.

In this paper, we present the extensions to Chatoyant that are used to model, simulate, and analyze optical MEM systems. We
present models for refractive and diffractive components which are used as building blocks in optical MEM system design.
We then focus on two optical MEM systems simulated with Chatoyant and present results that illustrate our model implemen-
tations and analysis techniques.

* Correspondence: Email: steve@ee.pitt.edu; WWW: http://kona.ee.pitt.edu/pittcad; Telephone: 412 648 9663; Fax: 412 624 8003



2.CAD TOOLSFOR OPTICAL MEMS

A complete optical MEMS CAD tool needs to model electrical and optical signals, mechanical positioning and tolerancing,
thermal and vibration effects, fabrication, packaging, and, most importantly, the interaction of all these constraints. Currently,
no single CAD tool completely models the complexity of opticall MEM systems. Therefore, designers must use a collection of
toolsto model, simulate, and analyze each stage of this mixed signal design.

For conventional MEM design, afamily of CAD toolsis emerging, specializing in layout and simulation. Analogy has teamed

with Microcosm Technologies to create a CAD package to design and simulate MEM systems through Analogy’s Saber
Tools? Tanner markets MEMS Pro, which performs layout, error checking, and performance simulation through Tanner's T-
Spice?! Both of these products use an analog electronic simulation backbone, forcing all system models into electrical tem-
plates. Universities have also created specialized tools for MEM modeling and simt#&fi&hand have bridged the gap
between CAD and foundry faciliti€s.Recently, new research has addressed the need to synthesize and optimize MEM sys-
tems® However, no tools have begun to address the additional constraints imposed by micro-optical systems. This is the
focus of our current work.

Built on top of Ptolemy, Chatoyant is a mixed-signal opto-electronic simulation framework. Chatoyant performs both static
and dynamic simulations. Static simulations analyze mechanical tolerancing, power loss, insertion loss, and crosstalk, while
dynamic simulations are used to analyze data streams with techniques such as noise analysis and bit error rate (BER) calcula
tion. Until recently, Chatoyant has modeled light using only ray and Gaussian beam propagation thetthed® higher

level abstractions are adequate for most refractive free-space opto-electronic systems. Chatoyant’s optical library includes
sources (vertical cavity surface emitting lasers, VCSELs, and multiple quantum well, MQW, modulators), optical components
(lenses, lenslets, mirrors, apertures, etc.), as well as optical detectors. Opto-electronic signals are modeled uss®y piece-wi
linear discrete event techniques providing user control for accuracy and computatiéh hatoyant possesses an advan-

tage over other CAD tools by keeping all models and simulations within one internal framework.

In order to support micro-optical-electro-mechanical (MOEM) components, we have extended Chatoyant in three ways. First,
we introduced modeling techniques for diffractive optics. This allows the use of diffractive models in cases where Gaussian
approximations are not valid. Second, we have included models for micro-lenses, micro-mirrors, phase masks, and micro-
mechanical actuators. This allows us to simulate complete MOEM systems in a single mixed signal framework. An additional
requirement emphasized by these microsystems is support for tolerancing on the precise alignment required for desired opera-
tion. Therefore, our third extension is the implementation of a Monte Carlo tolerancing package within Chatoyant to deter-
mine worst case mechanical tolerancing and sensitivity.

In the next section, we present a brief background on refractive and diffractive lenses and our models based on scalar diffrac-
tion theory. We then move on to show the use of these and other micro-component models in system level simulations.

3. SCALAR WAVE MODELSFOR REFRACTIVE AND DIFFRACTIVE LENSES

In order to accurately model micro-optical systems, we must use scalar diffraction theory. This is for two reasons. First, th
length scales of the components are on the same order as the wavelengths of light used. Second, MEMS technology lends
itself to the creation of diffractive optical elements, such as Fresnel lenses, multiple level binary lenses, and computer gene
ated holograms (CGHs). Examples of a refractive and diffractive lenses are given in Figure 1. In each case, the outline of a
light beam striking the lens and converging to the focal point is added to the figure. The phase functions for eacses the len

are also given in Figure 1. These functions are multiplied by the complex wave function, used to describe the optical beam
during diffraction analysis, to model a light wave propagating through a lens.

Refractive lenses act as a phase transformation, resulting when optical beams propagate through different indices of refraction.

To model refractive lenses, we confine the lens’ phase function with an aperture, usually circular. As seen by the equation
found in Figure 1(a), the phase function of a refractive thin gnss dependent on the lens’ focal lendftand wave number,

k. We note that even refractive lenses produce diffractive effects when the beam is clipped. Examples of this are shown later
in this paper.
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Figure 1. (a) Refractive Lens, (b) Diffractive Fresnel Lens, (c) Diffractive Multiple Level Binary Lens

On the other hand, diffractive lenses are designed to change both the light’s intensity and phase, causing the ligta to interfe
and form a focused spot. These lenses have advantages over standard refractive lenses in micro-optic systems. Through th
fabrication of the diffractive lens, the focal length can be precisely defined within a wide range of numerical apertures, the
thickness of the lens can be on the order of an optical wavelength, and the diameter can be on the order of tengbf microns.

A Fresnel lens, shown in Figure 1(b), is composed of bands of material that allow or restrict the propagation of the complex
light wave. These diffracting rings affect the light wave such that the pattern acts as a spherical lens with an exagttiocal |
However, the efficiency of these lenses is very low and limited to approximately 10%. To simulate the lens, the transmission
property of the rings are multiplied by the complex wave function. This transmission property can be thought of as a 0
(opaque band) or 1 (transparent band) phase function, as found in Figufe 1(b).

For the multiple level binary lens, shown in Figure 1(c), a phase change occurs based on the thickness of the lens. Since the
lens is composed of varying thicknesses, we model this lens as a grid of phase masks, where each grid is has a constant thick
ness. The phase function of each gpgl, is given in Figure 1(c), and is determined by the wavelength of the Aigtite

index of refractionn, and the thickness of the materil, The efficiency of these lenses is greater than the Fresnel lenses, but

at a cost of a more complicated fabrication process.

Using these lens models, we determine how the scalar wave function propagates through a diffractive element. The result is
based on the Huygens-Fresnel principle, that states that every unobstructed point of a wavefront at a given time serves as ¢
source of spherical wavelets with the same frequency as the primary wave. Two approximations of the diffraction theory are
the Fresnel and the Fraunhofer approximatfthslhe difference between the two approximations is the location of the obser-
vation plane, either in the near field (Fresnel approximation) or the far field (Fraunhofer approximation). With Fresnel diffr

tion, the curvature of the spherical waves is important to model, however, with Fraunhofer diffraction, the propagation
distance is assumed to be large enough such that the spherical waves have spread into plane waves by the time they strike tt
observation plane. In the near field, as the observation screen moves away from the aperture, the diffractive image becomes
more distincté, or structured. In the far field, as the observation screen moves from the aperture, the size of the iegge chang
not the shapé.

The Fraunhofer approximation can be calculated by a Fourier transform, rather than explicit integration techniques. There-
fore, common FFT algorithms are used to solve for Fraunhofer scalar diffraction. In fact, most optical CAD tools perform this
approximation rather than the Fresnel approximation, due to the simplicity of the Fourier transform. However, for micro-opti-
cal systems, we are often required to calculate the wave function in the near field. Therefore, we have chosen to use the more
complex Fresnel approximation.

To compare our scalar diffraction models with experimental results, we simulate a free-space micro optical bench (FS-MOB)
4f system using a 15° divergence angle, 850nm VCSEL source, twon2s@&ro Fresnel lenses, and qu80square detector.



Chatoyant simulates the system by “placing” the system components on a substrate, assuming pre-alignment due to the fabri-
cation technology, and analyzes the results. Our results match Motamedi'eaperimental results in terms of both the

lens efficiency (approximately 10%) and Gaussian shape (95% Gaussian). Using similar techniques we have modeled other
diffractive components, such a apertures, computer generated holograms (CGH), and micro-mirrors.

4. SSIMULATIONS AND ANALYSESOF OPTICAL MEM SYSTEMS

In this section, we present results from the simulation and analysis of two optical MEM systems. The first contains no moving
parts, but has critical tolerancing requirements. We show how we use scalar diffractive modeling and Monte Carlo analysis to
analyze the mechanical tolerances of the system. The second system is a dynamic optical MEM system used for mechanica
switching of arrays of optical data. We use this system to show Chatoyant’s ability to model a mixed system of mechanical
MEMSs, optics, and electronic feedback.

4.1. High Speed FFT Micro-optical system

We are part of a team designing, building, and analyzing micro-optical systems, with our current project being an optical
MEM system performing a high speed FFT, shown in Figure 2. This system can be used for the implementation of real-time
adaptive signal processing systems, and has motivated our diffractive analyses. In this section, we present simulations anc
analyses of the system using Chatoyant.

The system is based on integrating a compact optical system, called the Optical Transpose Interconnect System (OTIS)
together with two functional logic blocks. The logic blocks perform the necessary computations, and the optics perform a but-
terfly shuffle. Each logic block is composed of a stack of 16 CMOS processor dice, bonded in a substrate-insulation-substrate
sandwich, creating a cube. Bonded to the edge of the processor stack, is the GaAs opto-electronic sub-system. Since the sy
tem is bi-directional, each stack has extra circuitry to drive the optical VCSEL sources and amplify the received data from the
photodetectors. The sources and detectors are placed in a 16 x 16 array that allows parallel data transmission. The compa
nents are placed onto a silicon microbench, and are held and aligned using MEM technology.

4.1.1. VCSEL Mechanical Tolerancing

We simulate the optical sub-section of the high speed FFT system to determine the mechanical tolerancing of the VCSEL
positions. As seen in Figure 2, this sub-system starts with a 15 degree divergence VCSEL array. These source beams propa
gate 508.m though a sapphire substrate to a lenslet array, where each lenslet has @i2b@eter and radius of curvature of
0.145mm. The beams then propagate 2 cm through free-space to another lenslet array, which is backed by gmather 508
sapphire substrate, and are finally received bu@0square detectors. In this following example, we monitor only one beam

of the VCSEL array.

Electrical Drivers/ Amplifier
Digital Logic VCSEL / Detector Array Digital Logic

Sapphire Substrate
/ Lenslet Array

Silicon Microbench

Figure 2: FFT Optical MEM System
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Figure 3: Intensity Contours of a VCSEL Offset (a) 1um and (b) 5um Propagated to the Second Lenslet

To simulate the VCSEL positional tolerancing, the sources are offset in the x direction, causing off-axis clipping between the
beam and thefirst lenslet. Therefore, scalar diffractive models have to be used since there are no simple Gaussian approxima-
tion models for off-axis clipping. Figure 3 shows the intensity contours for an offset VCSEL beam that has propagated
through the first lenslet to the second lendlet. Figure 3(a) shows the contour image of aVVCSEL offset 1 um in the x direction,
and Figure 3(b) shows the intensity contour of a VCSEL offset by 5 um. With such small offsets, the clipping at the first len-
slet isalmost identical to the case for no offset. At thefirst lenslet plane, a power loss of 4.53% is found with no offset in the
VCSEL source. The same power lossisfound for a1l um offset, and a power loss of 4.54% for a5 um VCSEL offset. Asthe
light propagates to the second lenslet, the positional displacement of the 1 um offset beam grows to approximately 40um, as
seen in Figure 3(a). The approximate size and position of the second lenslet are superimposed on the contour graphs. Most of
the beam passes through the second lendlet, although, 22.6% of the remaining power is lost, resulting in a total system inser-
tion loss of 26.1%. Figure 4 shows the x-axis intensity distribution at the 80 um detector. The shape of the beam is no longer
Gaussian, as visible side lobes are present. Note that the lens has steered the beam back onto the detector, with the center of
the beam shifted off-axis only 1 um. Also, note that the side lobes are almost at the full radius of the detector, therefore, for
some cases, these lobes will miss the detector, resulting in even a greater insertion loss. Figure 3(b) shows the positional dis-
placement of the 5 um offset beam is almost 200 um at the second lenslet. With such alarge axial offset, the beam misses the
second lendlet, and the signal never reaches the detector. This illustrates the need for critical alignment tolerances in these
micro-optical systems.

In general, it is hard to predict what cases or offsets will give the worst case behavior in acomplex system. Therefore, a stan-
dard techniqueis to use Monte Carlo simulations!’, which vary the mechanical properties (position and orientation) of each of
the components according to a probability distribution based on manufacturing tolerances, mechanical vibration, and thermal
expansion. We discuss our extensions to Chatoyant supporting this analysisin the next section.

4.1.2. MonteCarlo Analysis

We have enhanced Chatoyant to allow the designer to use probability distributions (e.g., linear, Gaussian, or Poisson) instead
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of specific values for component parameters. During Monte Carlo simulation, Chatoyant runs the system multiple times using
these distributions for parameter val ues and returns the system parameters of the best and worst sets of parameters.

As an example, the same sub-system as before is simulated using Chatoyant’s Monte Carlo analysis. In this simulation, the
VCSEL positions are held constant as a reference geometry for the system, and the parameter ranges for the other component
are given in the first row of Table 1. There are ten tolerancing parameters in the system, making sensitivity analysis of the
individual parameters to the system performance difficult. After running the Monte Carlo analysis for 10,000 random simula-
tions, we analyze which cases have the largest deviation in parameters, but detect full optical power, and the cases where the
parameters deviate the least, but result in the beam entirely missing the desired detector. The 10,000 random simulations with
10 degrees of freedom completed in about 80 minutes, running on a 300 MHz machine running Linux. We examine the runs
in which full power is detected (1,790 out of 10,000 runs), sort them by maximum parameter deviation, and report the top two
cases in Table (Il Power #1 and #2). Similarly, we examine the runs in which at least one beam completely missed its
desired detector (6,777 out of 10,000 runs), sort these in terms of minimum parameter deviation, and report thdop two (
Power #1 and #2). When the beam completely misses the detector, we conclude the most common cause ip tredjilts (

of the lenses. This is shown in Table 1 by the largest normalized parameter in each run, typed in bold, being a Igos, tilt. No

for most parameters, the offsets of the ank Power #1 and #2 are larger than the parameter offsetdNorPower #1 and

#2. This is due to the system parameters compensating for each other. That is, if one parameter steers the beam out of the
optical path, another parameter compensates by steering the beam back in line.

Table 1. Monte Carlo Analysis Results

Lensl xLensl ylenslp|LenslB|Lens2 X Lens2 y| Lens2p |Lens26 | Detect x Detect y
(um) | (m) | () ) (Hm) | (um) ) ©) (M) | (um)
Range A +1 40.05 | 40.05 #l +1 +0.05 | 40.05 e +1
Full Power #1 |.483923 .795798 .029097 .044562 .792757 -.62%983 -.037319 .036576 -.655080 -.432245
Full Power #2 |.792841 .596940 .042626 .0420/72 -.644p88 .938024 .049612 .020996 .427233 -938518
No Power #1 |.422470|.080384-.023795|.023149| -.431848 .403542 -.012593 .000738 .009119 .028665

No Power #2 |.045314 -.411032 -.019199 .024634 .128980 .208934 -.0168%¥808 |-.168906 -.03107Y

Parameter

4.2. 1x2 Optical Switch

Our second example system is a 1x2 optical MEM switch, based on two interferometers. An interferometer works by an input
source beam being split into two, the optical path length of the two beams being altered, and the beams being recombined. The
resulting beam appears “on” or “off” due to constructive or destructive interference during the recombination of the beams.
For our 1x2 switch, the input beam is split in two, resulting in two inputs for two interferometers, as can be seen in Figure 5
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Figure 5: Two Interferometers and the Mirror Plate
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Figure 6: 2x1 Switch Described in Chatoyant

Both interferometers (beam splitter, mirrors, and beam recombiner) are boxed by a dashed linein Figure 5. The first interfer-

ometer compares the path length through mirrors 1-2 to the path length through mirrors a-b-c-d, and the second interferometer

compares the path length through mirrors 3-4 with the path length through mirrors w-x-y-z, all shown with light arrows. A

movable plate on the substrate of the wafer holds two of the mirrors from each path (b, ¢ and x, y) in the shape of an “X". Th
position of the plate is controlled by feedback circuitry in the system, and is moved by two scratch drive actuators {SDA) sets
which move the mirror plate back and forth. These mirrors control the optical path lengths through mirrors a-b-c-d and w-x-y-
z. Therefore, when the plate moves, the optical path length of one interferometer is shortened causing constructive interfer-
ence on one detector, while the other optical path is lengthened, causing destructive interference. The components are create
using surface micromachined technology. With this technology, free-space micro-bench components can be fabricated “out of
plane”, or normal to the surface, and pre-aligned during the fabrication of the devices, and post-aligned with microgositioner

The 1x2 switch, as described in Chatoyant, is shown in Figure 6. In Chatoyant, each icon represents a component model, writ-
ten in C++, with sets of parameters defining the characteristics of the component. Each line represents a signal path (either
optical or electrical) connecting the outputs of one component to the inputs of the next. Several of the icons, such as the
VCSELs, Beam Splitters, andMirrors, model the opto-electronic components themselves, while others, such@utphie

Graph, are used to monitor and display the behavior of the system.

In Figure 6, each interferometer is again boxed by a bold dashed line. The movable plate, holding the four mirrors, is also
shown by the solid, bold box. Both scratch drive actuators are shown by the lined, rectangular boxes. The plate and the SDA
are not directly drawn in Chatoyant, since they are modeled as signals altering the optical paths. We have added them to the
figure for clarity. As shown, a 3x3, VCSEL array source is split into two beam arrays, providing inputs into the two interfer-
ometers. The optical path lengths through mirrors 1-2 and 3-4 are 3mm, with the mirror plate adjusting the path lengths
through mirrors a-b-c-d and w-x-y-z. The number of mirrors that steer the beams through the system affects the insertion loss
of the output beams, since we assume each gold plated mirror has an efficiency4f \&g%ssume our beam splitter to be

ideal (50%/50%). A spot size of @ is required such that no lenses have to be added to the system to keep the beams from
significantly diverging and becoming unfocused.

The SDAs are modeled in Chatoyant by the actuator’s “step” size (determined by the height and length of the actuator) and the
voltage pulse train, which drives the actudtok. scratch drive actuator is shown in Figure 7(a). A voltage causes electrostatic
attraction between the SDA plate and the substrate, as shown by the hollow arrows in Figure 7(b). With this attraction, the
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Figure 7. (a) Scratch Drive Actuator (SDA) (b) Step Movement®

bushing is stretched forward, and with the pulsing action, the SDA regains shape, causing the plate to move forward astep. In

this simulation, the SDAs are powered by a 50kHz pulse with an amplitude of +70 V, and a height and width resulting in a

11nm “step” siz€® Two actuators are needed to move the mirror plate, one for each direction, and are controlled by elec-
tronic feedback circuitry that specifies which actuator, if any, should crawl. Since we are using a 3x3 array of VCSEL
sources, one beam is used as a reference and is always “on”, as shown in the upper left corner of Figure 8. This beam is
detected and compared with the desired value in the feedback circuitry. The other 8 beams are used for data transfer. The
feedback circuitry is a basic comparator, which compares the converted voltage from the designated detector with a threshold
voltage, specified by the user. If the received voltage is not at the desired level, the actuator keeps moving theamirrors to
position that produces the correct interference, resulting in the correct optical power at the desired detector.

4.2.1. Static Simulations

We first present static simulations, useful for determining system insertion loss, efficiency and crosstalk. The twminterfero
eters have different efficiencies. Figure 8 shows a Chatoyant output image at one of the 3x3 detector arrays. For Detector 1,
Chatoyant reports a worst case efficiency of approximately 52% for one of the beams in the array. 23% of the power is lost
due to the efficiency of the mirrors, and an additional 25% of the power is lost is due to the beams’ divergence andthe detect
sizes. With the longer optical propagation and the extra mirror, Detector 2's efficiency drops to approximately 41%. As
shown in Figure 8, the detector size and spacing also generates optical system crosstalk. Worst case crosstalk between neigt
boring detectors is measured at -9.5 dB.

4.2.2. Dynamic Simulations

The second type of simulations performed are dynamic simulations, where streams of data pass though the switch to the spec
ified detectors. Figure 9 shows five outputs from a single simulation of the switch in Chatoyant. Figure 9(a) shows a 1.6 kHz

“Off" Data Beam
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“On” Data Beam Crosstalk

Figure 8: Detector Output Array
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Figure 9: Dynamic Response of the 2x1 Optical MEM Switch

square wave, which selects the switch’s output. When the value is positive, Output 1 is selected, and when the value is nega-
tive, Output 2 is selected. Figure 9(b) shows the detected voltage output of the reference bit. The optical detecters are com
posed of p-i-n photo diodes, which convert optical power into current, and a transimpedance amplifiers, which convert the
current to voltage. Figure 9(c), shows the output of the comparator circuity, which controls the SDAs. If the output is posi-
tive, the SDAs moves the mirror plate reducing the optical path of the first interferometer, while increasing the optital path

the second interferometer. If the output is negative, the other SDAs moves the mirror plane in the opposite direetion. If th
output is zero, neither of the SDAs move, resulting in no mirror movement. Optical feedback allows us to compensate for
mechanical tolerancing and noise. The noise changes the reference output voltage, occasionally causing the feedback circuity
to signal the SDA to move another step. This accounts for the “spikes” that are found in Figure 9(c). Figure 9(d) shows the
movement of the mirror plate. Recall the mirror plate moves up and down by the step size of the actuators. The spikes seen in
Figure 9(c) do not move the SDAs since a 50 kHz voltage pulse can not be completed in such a short time. The final graph,
Figure 9(e), shows one stream of data that is passed from one VCSEL source, through the interferometers, to the desirec
switch output. Both outputs from the switch are shown in the same graph, the first output by a dashed line, and the second out



put with asolid line. In this example, the optical data stream is passing at only 125 kbits/sec. In areal application, the optical

signal would actualy be at a much higher bit rate (300 MHz - 3 GHz), but is kept slow here for illustration purposes. In this
example, for each switching pulse, approximately 50 bits are passed through to the receiver. In reality, we would switch pack-

ets of 10° - 10° bits. Similarly, we show data bits during the switch transition, while in real systems “guard bands” would be
added to the data stream.

In theory, with a 50 kHz clock driving the SDAs, the actuators will takesi@ to move each of the 11nm steps. With a 850

nm laser source, the optical paths in the interferometer differ by 212.5 nm between complete constructive and destructive
interference. For worst case switching time, the movable mirror plate, would have to move this entire distance. With a step
size of 11nm, this would take approximately 20 steps, resulting in a switching time j0&00

However, in simulation, we find that with the detector parameters and the feedback circuity voltage reference specified, the
maximum number of steps the SDA is moving is only 12, resulting in a switching time pk&20 This is because neither

total constructive or destructive interference is achieved. This is visible in Figures 9(b) and (e), with the “off” syitth out

not completely reaching 0 volts. Total interference could be reached at the cost of increased switching time, by altering the
feedback circuitry parameters. Using Chatoyant's BER an&lyiie designer can perform trade-offs between BER, switch-

ing time, and mechanical tolerancing to achieve the desired system performance.

Using parameters from the published literature, the free space interferometer switch that we have modeled here is comparable
to optical fiber switches built by Lee and Marxer. Worst case switching time of Lee, Btsirface-micromachined, mov-

ing plate mirror, fiber switch was found to be between 10 and 15 msec, and Marx¥y esilg bulk-micromachining and a
comb-drive reports a switching time of 2@8ec.

5. SUMMARY AND CONCLUSIONS

Optical MEMS have the potential of drastically reducing the size and cost of digital communications and computation sys-
tems. However, due to the multiple technologies (optical, electrical, and mechanical) utilized in optical MEM systems, com-
plete optical MEM CAD tools are difficult to create. This paper has shown the extensions, in particular the diffractive models
and mechanical tolerancing using Monte Carlo analysis, that have been added to Chatoyant to enable the modeling of micro-
optical-electro-mechanical systems.

Chatoyant's ability to perform and analyze optical, electrical, and mechanical trade-offs make our system valuable to optical
MEM designers. Keeping all the simulations internal to the Chatoyant framework allows for quick and efficient analysis
throughout multiple domains. Results from system simulations show that Chatoyant is a useful, practical alternative to costly
prototyping optical MEM systems.
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