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ABSTRACT

Gimbatlessdual axis pointo-point (quasistaticMEMS mirrors have very wide bandwidtlier laser beam steering,
however users are often limited to only a third of the bandwidth due to the Higttd and use of lowpass filters in
openrloop operatiorto avoid overshoot and oscillation. Clodedp driving enablg theuse ofthe full bandwidth with
additional complexity in optics and electronieghich can be undesirable in some low S\WaBystems[3]. But for
many applicationswvhich require scanning epetitive patternssuch as LIDAR and biomedical imaging, bandwidth
utilization and linearity can be greatly increased without any-tihe@ feedback control by training the device and
finding an optimal driving waveform using an iterative learning allorit

The algorithm drives the device with a trial waveform, measures the scan on a Position Sensing Device (PSD), calculates
the error between the desired waveform and the measured position, and adjusts the drive wavsiemexoiteration

based on arapproximate lineadevice model This is repeated until the error is reduced to below an acceptable
specification. The waveform is then savedthie MEMS Controllerand can be reliably used fextended periodsf

operation. Multiple such drive signals dagtrained andtored on the controller to perform different types of scans

Several MEMS mirrorsincluding single and dualaxis designswere studied and three are reported here. Overall, in all
cases a high accuracy of optical scans is achieved, typically to within +0.025° of nominal. Repeatability after training,
then running in open loop is better than +0.0hbwever this measurem# was limited by the lower resolution of the

position detecting sensor. Scan rates achieved vary based on mirror design, but in each case are greatly improved from
those achievable with basic driving approaches [3]. Each mirror demonstrated highgrvgetdir graphics content at

faster refresh rates and stable linear rasters at rates below resonance where lines are scanned with uniform velocity.
Additionally, each mirror could achieve stable fast rasters with thestiaening axis rates just beloaspnance, giving
sinusoidal scans with line rates-f.6fes Finally, each mirror was also demonstrated achieving rasters with rates above
resonance, giving line rates o2.5s In all of those cases the other axis could scan lineashag sawtoi or

triangle waveforms. Based on the symmetry of the MEMS design, we demonstrated the same performance at different
angles, e.g. rastering at a 45° angle.

Keywords: MEMS mirror, iterative learning control, solid state LiDARNdheldOCT probe, dynamiteadlight,
dynamic solid state lighting, picoprojector, retinal projection.

1. INTRODUCTION
1.1 MEMS MIRRORS IN LIDAR APPLICATIONS
- (b)

EREIEEN B STTEA
Figurel.( a) Ar my Re s static WDAR tystdmiusing d girodass MEMS mirror to scan thedar over a wide
field of regard (FoR) [2], (b) and (c) are photograpbh f t he Li DAR&s FoR and the resultini
clearly identifying objects 105m away and loeflectance tree canopies beyond that, (d) a prototype LIiDAR developed by

NASA GSFC dubbe@oddard Reconfigurable Solgtate Scanning Lidar (GRSSL8ing gimballess mirrors [5].
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LiDAR technology is widely utilized in optical sensing applications, such as advanced driver assistance systems (ADAS)
and unmanned ground and air véhisystems (UGV, UAV)A major segment of themerging LIDAR technology relies

on beam steering capabilities of MEMS mirrors to satisfy scanning parameters for a required field of regard (FoR) [1].
MEMS mirror technology is chosen particularly because of its compact nlawrpower consumptiorand potential for

low-cost mass productionResearch labs and a number of companies have utilized both single aagigvasign
Mirrorcle MEMS mirrorsas their beam steering components to scan fast, repetitive waveforms. As an example, the
Army Research Laboratory (ARL) has utilized Mirrorcle gimless tweaxis 1.2mm diameter MEMS mirrors
(A3112.2-1200AL), along with a wideangle projection lens and expure for reflected light, for laser beam steering based
LiDAR (Figure 1a-c), developed for UAV and other defense applications [2][8].later versins focused on longer
distance and higher average power, 2.0mm and 2.4mm diameter mirrors were proven to be more effective while still
easily providing the necessary linear raster raBxsing Spectrolab has also utilizggimbatless mirrors in the
transnitter section of its scanning LiDAR camera, SpectroScan 3D [4]. Another example, based on the reference design
presented by ARL, -lmagindUO8RJubbedGdddarddRéconfiguiable Sedtdite Scanning Lidar
(GRSSLi) (Figure 1d), which is primarily being designed for spdzsed applications [5]. In these LIiDAR applications,
waveforms are practically in every case knoavpriori and repetive in nature, allowing fodevice optimization and

training prior to product integration and deploymeWthile the beam steering requirements can be very demanding, the
fact that the scan patterns are known and can be optimipeidri provides a majoadvantage for the technology. Of
course the solution must then rely on extremely repeatable (over time and temperature) MEMS mirrors such as the
silicon-based electrostatic gimbkss dualaxis MEMS mirrors [3][14].

1.2 PROGRAMMABLE LIGHT S OURCE TECHNOLOGY AND DYNAMIC AUTOMOT IVE HEADLIGHTS

Solid-state lighting (SSL) has become thetgdighting technologydue to many significant advantageser traditional
approaches, includinigetter efficiencylongerlifespan and modularity. The highest efficiency awérall brightness in
lighting is achieved with light emitting diode (LED) schithte sources used in conjunction with phosphors for
wavelength onversion and light diffusionRecently, another form of SSL technology is gaining momentum and
attracting moe attentiori laser phosphor lighting. In this variant of the SSL technology, the-sialidLED sourceis
replaced by a laser diode (LDBecause the laser diode has a much lower Etendue (emission from a much smaller area
in narrower angle) and is moceherent, it allows for better control, shaping, and focusing of the source on the phosphor
plate, e.g. providethe option to illuminate tiny spot on th@hosphor platg23]. This results in an extremely high
luminous intensity per unit area (twminance, Cd/ff) which has several advantages for lighting designers. One
advantage is that the resulting light can be very efficiently directed, shapednfined to a narrow cone of angle for
long-distarcelighting applicationsvhile employingsmalleg and lowercost optics.

Figure 2. Programmable Light System (PLS) Prototype: (a) 3D model of the PLS prototype with the phosphor plate visible
behind the projection lens, (b) Example of a linear raster scan to project an iofiagélirectional arrow as white light
content, (c) Authors demonstrate a battpowered prototype, displaying vector content to maximize brightness.
Automotive headlightlevelopersncreasingly utilize lasebased lightingbenefiting fromits capabilityto producemuch
higher luminance at a fraction of the size, weight and energy efficiehdyeD headlights[7]. Next generation
automotive headligkttargetthe inclusion of dynamic functions, effectively turning the headlight intehae-light
projectordisplay. Recentdevelopmentims at systemscapable of projectingrogrammable conterghead of vehicles
utilizing high power focused laser beamstorphosphoiconversiorplates. A beamsteering MEMS mirroenablesuch
a display projectom automotivelaser headlights. The luminance of laser headlights, combined with MEMS @irrors
ability to scan waveforms with fast and accurate ptfdoint scanning, can be used aqy. selectivelyilluminate
obstaclesor traffic signs reduce illumination directedbwards oncomingtraffic, or project vector content like turn
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signals on the road to assist the drivier such a dynamic solidgtate lighting(DSSL) system which we termed
Programmable Light Sourc®EMS mirrors can programmably illuminate theemotephogphor targetwhile offering
smal form factor,low cost and power consumption.

We have demonstrated such dyngnsolid state lighting prototypes in 2016] [based on bothiransmissive and
reflective mode arrangemantindstressedhe advantages of utilizg pointto-point (or quasistatit MEMS mirrors to
obtain efficient utilization of available laspowerand highest luminous emittand8ompared to arehased imaging
systems such as picoprojectmased solutions (source is turned off a significant portb the time) or DLFbased
solutions (significant noiprojected portion of the light is dumped as heat into the systéis)approachresults in
dramatically better efficiency and luminous emittance. Recently we have improved the designs and deinbotstrate
rasterbased displaying methodology, as well as vector content displaying based on the sameFsyster?).( This
capability would allow projection of progmmablelighting for a variety of industrial and ultimately consumer
applications.

Scans for manylighting functions would be knowna priori and cantherefore be optimized during system
integration/production. For someaktime reconfigurableases wheréghting content must respond to sensor input for
example (security system spotlightsihe optimization cannot be generally performddowever even in such cases
most of the patterns and symbols could be initially trained and optimized only torh@adatpulated in projection based
on size, offsetor rotation for example.

1.3 MEMS MIRRORS IN MEDICAL IMAGING APPLICATION S

Optical coherence tomography (OG$)used in biomedical imaging instruments, againvasive imaging technique
used to visualizerosssectionsof biological specimen. The medical imaging industry relies on OCTeatkd imaging
modalitieswhen rapid microscopic poiuf-care (POC) imaging of a neprepared specimen is needed. Beam steering is
critical in such imaging systemi erables fast and accurate petotpoint scanning ofaser light onto the specimen and
gathering ofbackscattered lighback to the sensor. inear raster capabilityith uniform velocity scans across the
specimen is typically preferred, as shown in a sireglemple ofFigure3a. Namely, uniform velocity scans allow equal
time of exposure and measurement at each pixel which improves overall quality of the image.

Recenty, MEMS mirrorshave replaced galvanometers as th@éogchoice forhandheld fortablg optical scannerghey

utilize orders of magnitude less driving power and provide fastaixi® optical beam scanning at a fraction of the size,
weight and cost of gahnometetbased systen8][9][10]. Companies such as Santec Corporation, Wasatch Photonics,
and othershave all implemented Mirrorcle MEMS gimblglss tweaxis mirrors in their respective small form factor

OCT scanning hardware, and have taken advantajessmi r r or s® ar bi trary contr ol of
small size and low power consumptiofrigure 3b shows another excellent exampleTdiorlabshandheld probe part
OCTH-900 and OCTH1300[11] where the mirrors are utilized either in singlds (bscan) mode, or in dualxis (b

and c scaninode.

Full Scan Fov

<—>{ Turn Around Time Turn Around Timi

Active, Linear Scan FoV
—— Forward Scan —— Backward Scan

(b)

Figure 3. (a) Example of a linear raster scan that can be optimized for a MEMS mirror by training the device in iterative
learning, and be driven in open loop, (b) example of anéalical imaging handheld scanner thaes a gimbaless, dual
axis MEMS mirror, Thorlabs part OCTBI00.
The abovementioned linear rasters require wide bandwidth MEMS actuation and can be challenging for larger diameter
MEMS mirrors which are frequently preferred to increase sensor resoldtiowever, incurrent MEMS mirrothased
OCT scanners, waveforms gyectically always knowm priori. The typical target for the probe designer isajoidly
scanover the target specimen with higkpeaability. Furthermore, constant velocity or petotpoint scanning isften
desired with a typical scan as schematically outlinedFigure 3a. Those requirementare met more easily if the
waveformsareoptimizedfor the specific beam steering element ahead of time, during product integration/production or
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calibration. Even if several different scan functions are to be performed by the probe, each of those could be efficiently
trained and optimized during prodwartiand stored in the hardware.

1.4 MEMS MIRRORS IN LASER PROJECTOR DISPLAYS

Batterypower ed oOpicoprojectord systems based on (RGB) | ase
although the overall technology is still in development toward bp&tdormance specifications and cost. More recently

the push for retinal displays in AR/VR hardware hasmwgoratedcompactiaserprojector development. In such cases

we often utilize two singkaxis mirrors to produce distortieffnee wideangle scas to generatevery sharp and stable

image of e.g. 1280 x 720 pixel resolution to be delivered to a display surface or a human eye.

From a technology standpoint, it is relatively eésier t
a |line onto the projection screen. This Iline that is g
guasistatigpoint-to-point) fashion to be distributed on the other axis, to cover a full 2D area. This is a more complex
requiremeb demanding not only an extremely repeatable paittstop movement for the amount of lines a system is

|l aid out to be, but also to 6hop backd to the first | i1
rate requirements forthfs | owd axi s is to increase, from 60Hz to 90t
certainly remains [22]. This mirror can greatlyy.benefi

Ultimately both the resonant andasstaticaxis can be trained for best overall results.

Figure4 shows a prototype projector with two singleis mirrors. Singl@xis resonant mirrors with 21kHz a@dkHz

resonant frequencies and angles©f5° or larger are utilized in the prototypes. TRérgirror is rectangular (4mm x

1.3mm) with a very wide bandwidth quasistatic capability to run 60Hz, 90Hz, or even 120Hz sawtooth waveforms with
fast retrace.First mirror can also have a larger diameter for some special imaging cases where beam divergence must be
reduced. A 1mm diameter resonant mirror with approx. 15kHz resonance is used in that case or a 1.2mm resonant mirror
with ~12.8kHz resonance. All ahese options, when combined with the A9Q40 rectangular mirror can achieve

@ ~

Figure 4. MEMS mirror based Laser Projectiohechnology (a) a 3Dmodel depiction of the MEMS mirror based pico
projector using two single axis mirrors (2SA), showing the path of the laser beam reflecting from MEMS1 (resonant X axis)
to MEMS2 QuasistaticY axis), and the final image projection fiaéliview, (b) 3Bprinted prototype of the PicoProjector
demonstration, using a single color, 520nm laser, (c) the projector is capable of scanning with +15° optical field df view, (
an example of picprojection by displaying a 600 x 600 pixel image +biBgray scale, using a 520nm laser.

1.5 PRIOR WORK ON INCREA SED BANDWIDTH AND LI NEARITY

In 2017, we presented work on extending the bandwidth and controlling the resonant frequency response of MEMS
mirror devices by applying a number of different oj@op and closedoop methodologief3]. A case example studied

was the 2mm mirror A7M20.1 with the first resonance at ~1.3kHz and #5°-fpgamint mechanical angldn the

simplest methodology, a low pass filter (LPF) was implemented in series with thesigrniad for the MEMS device in
openloop operation, resulting in-8dB point in overall response (magnitude) of approximately 500Habout 0.4¢

where fsT epresents t he devi c &hé slevideiwassable to pedonralatively inerrseagsuwe n c y .
100Hz triangular waveform$utwith some distortions (reduced linearit@n inverse system filter, based on a seeond

order linear time invariant (LTI) model of the MEMS device, was applied to extend the bandwidtBkitr,
approximately ®2f.s In that case200Hz triangle waveforms were scanned with aarimum linearity at mechanical

angles of +3° but not at full mechanical angles £5°, wheredistortions were again observaifhen a poportionat
integratderivative (PID)controllerwas usedresonant responseas fully suppressed, armandwidthwas extendedo

MirrorcleTech.com veljko@mirrorcletech.com +1-510-524-8820



Presented at SPIE Conference on MOEMS and Miniaturized Systems, San Francisco, CAZ2831

1.25f resulting in linear scans of 200Hz triangle waveforms at full mechanical ga§f@sHigher gains on the PID
controller further extended the bandwidth to approxaiya3fies greatly beyond the devicebd
scans of 500Hz and 1kHz triangle waveforms achieesdiderabldinearity at full mechanical angl¢g].

1.6 GOAL OF THIS WORK

Presented abovare various beansteering applications where a MEMSirror is typically driven by predetermined
content stored in memory, such as linear raster s€anghese cases, we have been investigdgimgningtype training
and/or control algorithms such #srativelearningcontrol (ILC), repetitive control (R), and related techniquéstrain
MEMS mirrars so that they caperform faster and more linear scaffis implementation would allow for increased
bandwidthand linearity, and only requira relatively simpleoptical setup and driving electroniggthout reattime
control capability Moreover the setup would be only required at the time of manufacture or initial training and not in
application, giving the better results in application without additional compl&titg.paradigm would of coursely on

the high repeatability and stability of electrostagimbatless MEMS mirrors over time, temperature, and other
environmental conditiongOnce the desired waveform is determined via these algorithms, it is saved and flashed to the
MEMS Contr ol |aad thesMENS adevicesy adriven in open loopwith high repeatabilityfor extended
periods of time. This excellent repeatability is owed to pure sitrgkal silicon construction and electrostatic driving

An approachoward the related goatas previously developed and presented by Giamial [12] for use with single

axis MEMS mirrors, to increase their bandwidth and improve their scan acclmabwat work,a timedomainbased
convolutiondeconvolutionapproachwas used, and after perfoing a few thousandterations authors achievel
significant improvements itinearity and accuracy of very fast scans. Their method utilizes a masked or cropped
waveform approach, focusing only on critical portions of the scan for optimization. Wwdhis our goal is to utilize
frequencydomain based (filtering) methodology based on inverse system model, to optimize complete waveforms (from
start to end), and to achieve convergence to acceptable errors in tens of iterations

2. EXPERIMENTAL SETUP
2.1 OPTOMECHANICAL SETUP

(a) MEMS Mirror in (b)

Mount

2D PSD w/
Circuit

Optical
Breadboarding

Figure 5. (a) Optical treadboardingcomponents for mountinglaser and MEMS mirror frora Mirrorcle MEMS $andard
DevelopmentKit [15], (b) Position Sensing Device (PSD) with circuit and mechanical mofmtThe combined
optomechanicasetupused in this experiment
Thi s e x poptoniedhanical Setup was implemented using standard optical breadboalFigartssa), chosen
for their flexibility to adjust the setup as need#8], with the additional position sensor module as anadd-igure
5b). Thesetup Figure5c) consists of an optical breadboard, a MEMS mirror in a kinematic mount, a focusable, 635nm
laser and a Position Sensing Device (P$@dule. The PSD Module includes a 20mm dateral PSD (DL40&
PCBA from First Sensomyith transimpedance amplifiers, summing and difference amplifiers and a divider. cirbeit
moduleoutputsX and Y positios of the laser bearon the PSDrepreserdd asvoltages in the-10V and +10Vrange
(corresponding te10mm to +10mm position, respectivelyjhe MEMS mirror is placed approximately 30mm away
from the PSDand the laser beam is incident onto the MEMS mirror at 2@findmize optical distortionsThe distance
to the PSD is determined by mi mex@anuroptical scarangle, such that the scanned laser beaoffito the 20mm
x 20mm sensorHigure 5¢). The MEMSmirrors in this experiment range from +5° to £7.5° mechanical afmgiet
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section) The MEMS mirror and PSModule connect to the USEBL MZ MEMS controller or the OCCIE 1.1 MEMS
controller (see Sec. 2.4)To ensure accurate reading during testing andatipar ambient lightis eliminated
Experiments areonductedn a dark room or with aoverover the optomechanical setup.

2.2 SELECTION OF MEMS MI RRORS

MEMS Mirror P/N A7M20.1-2000AL-TINY20.4-NW [A7B1.1-3000AL-TINY20.4-B/EP | A8L2.2-4600AU-TINY48.4-A/EP
Mirror Size 2.0mm 3.0mm 4.6mm

Mech. Angle +5.0° +7.5° +5.0°

Freq. of 1% Resonance 1300 Hz 425 Hz 330 Hz

Freg. of 2" Resonance N/A 1050 Hz 1500 Hz

Conn. Package Size 15mm x 15mm 15mm x 15mm 20mm x 15mm

Figure 6. A table of the thregimbatless dualaxisMEMS device designeported in thisstudy.
Three different MEMS deviceare reported from the studyasdetailedin Figure 6. All three MEMS mirrors are
designed for tweaxis quasistat (pointto-point) beam steering. Many other designs and products including a-single
axis mirror A9S1.4E3100 (3.1mm x 2.0mm elliptical mirror) were used in selected tests but are not repcetdthéer
devicesstudied herein werselected based on theican anglecapabilities mirror diametes, device bandwidthand
package sizg key parameterso determire potentialuse in specific applications. For example, the 2.0mm mirror fits the
needs of the dynamic lighting applicatiptise mirror can withstand the high laser powea d60nm lasewhile offering
sufficientbandwidth to display text and other vector contdrtirthermoreit can be used in dustatic LIDAR designs
with longer distance capability (>150nih handheld bioradical applications, the compact size of the MEMS mirror
with a relatively large mirror diameter and large angé maximize the imaging capability. Morgtatic LIDAR
applications are typically photon starved, remgjra large diameter mirror to scan tlaser over the FoR, and receive
enough reflected light back for accurate time of fliffdF) measurement3.hese devices are characterizechdlEMS
characterization statiothat calibrates and determines key characteristics suahatis (DC) responsesmaltsignal
frequency responsstep responsand a twedimensional lookup-table (LUT)

2.3 MEMS DRIVERS

To ensure proper driving dfli r r o gimdake$ssSMEMS mirrors,severalhardware solutions aravailable [13]
tailored tothe specific need®f various applicationsThey ensue finely controllable tip/tit movement of the MEMS
mirrors to large angleddardwareoptionsrange from basic drivers that take low voltage analog signals or digital SPI
signals to convert to high voltage MEMS drive signalsmtire complex controllers with microcontrollers or FPGAs.
The diagram irFigure 7 depicts various layers of integration that may appear in typM&S scanningapplications.

The lowestrecommended level of integration in applicatioedo usethe MEMS mirrorwith a designatediriver to
provide properly conditioned voltage signalhie$e drivers arthe lowest level of electronics integration and require
users to supplsuitable Xand Y position voltages or signatsoower,ground anda TTL clock signalfor low pass filters

The driver footprint wasecently reducetb 35mm x 40mnx 9mm. Thesedriversare optimized to safely drive MEMS
mirrorsandinclude programmablgth order lowpass filters (LPF) for smoothing output voltaga$igh voltage DC/DC

circuit and a high voltage amplifiemhe drivers output two biadifferential pairs(four total channel¥ that range from

0V to 200V, allowing forVbias voltagesip to 100V. TheseMEMS drivers require only +5\DC voltage supply and
consumeapproximately @mW of power, making them especially suitable for batpmweredor portableapplications.

The bandwidthof the standard drivers is up to 25kHz, howewrgactualapplications, the bandwidth is determined by

theuses et LPFs which should match an filiencdtofisetihgaa definBlEAMS mi r r
datasheet.
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Figure 7. MEMS Mirror control and driving overview: (a) Layerof integration from software layer with user/system
command of mirror movement all the way down to the MEMS Driver electronics and finally the mirror itself. (b) MEMS
driver i analog input for driving of electrostatic gimbkess dualaxes MEMS mirrorgc) A variant of the same MEMS
driver with digital input (SPI based).

2.4 CONTROLLERS

For applications that requirehéggher level of integratiorMi r r o r c-ISleMZonttbBeB have an embedded MEMS

driver similar to the ones describedtire driver sectin (2.3), along with a microcontroller (Microchip part PIC32MZ) to

provide higher level functions. The MCU enables the user to communicate with the software level to download and run
custom content, flash waveforms to memory and programmability to bamidupun waveforms without any additional
hardware interfface These Controll er boards c¢ uvandp@yevelopmgnt kitshThey wi t h
are USBpowered and controlled and offer readyio-use control electronics to allow for instant experimentation with

MEMS mirrors using Windows applications [15] The ontrollers also have APIs available oseveral different
development platformis namely C++ (Windows and Linux), LabWieand MATLAB SDKs as well as Java (Android)

SDK.

The established USBL MZ Controller is pictured ifrigure8b. The controlleweighs ~140g and comes in a compact
80mm x 115mm x 30mm box with labeled connectors and status signal lAfrsy with the MEMS driving
capabilities, the controller also hgo analog inputs that accept £10V inputs, 8 channels of correlated digital outputs to
triggeradditional controllers or driving of lasgrcameras or otheeripheralsa synchronization port that can either send

or receive external triggers or clocksdaa sensor port to connect a photodiode for tracking and imaging applications.
The most recent generation of the MEMS Controll&igure 8c) is a more compact versipapproximately40mm x
70mm x 10mmoffering the same mirror controhd peripheralsasth@ st andar d6 Control |l er .

(a) (©)

ssssssssss

USB MEMS Controller MTI-MZ-A S 23S

Mirrorcle Technologies. Inc
HV On

cccccccc

MEMS Analog Sync Digital
& R

ccccccccccccc

70mm

nnnnnnnnnnnnnnnnnnnnn

115mm

Figure8. USB MEMS Controller used in this project based on Micr
diagram of the Controller, (b) Box version of the USB MZ Controller with easily accessible ports for a variety of

possible connectionand quick prototyping(c) Compact version of the controller OCCIE 1.1 with full functionality with

consolidated portfor OEM development and integration irgpplications

3. LEARNING CONTROL FOR TRAINING OF MEMS MIRRORS

Iterative Learning Control (ILC) is a methodology for improvoantrol inmechanicabpplications and systems where
repetitive (actuation) work is permed for example when repeating or periodic laser beamnatgns required
[16][17][18]. Examples of systems include robot arm manipulators, laser beam scans in material processing or imaging,
etc. In these types of systems, the actuator is requirgcctoately perform the same action over and over. Accuracy of

the performed action is one important parameter, but the speed is often another critical parameter which can be improved
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with ILC. lterative learning control (ILC), repetitive control (RC), #imarun control (R2R) and a number of related

learningtype control methodologies were all proposed in different fields, to address different problems, and have a
number of similarities and some distinct differences [18].

Methodology used in this work falvs the general principles but may differ in the fact that an approximate inverse

system model is used to obtain a correction factor for subsequent iteratiotially, we define target scafbeam
position vs. timeRs theset point signal (as in closéoop control systems) @& This set point waveform is determined

over a finite time interval and may require the system to perform it over and over periodically, but it could also be
triggered one or more times nperiodicallyand on commandnce it hadeen learned by the system.

The process beginsith the assumption that the device is already known from previous characterization procedure in
which its voltage to angle response, frequency response, and step response is measured. Thus we canptifedte a s
linear model of the devicdu. Furthermore the system will perform a simple measurement of time delay in the system
hardware (most notably due to hardware filters on the MEMS Controller). This could be defined as the drive system

modelHy which in general could be more complex but we found that inv@gelay term isnecessary for good results
The learning algorithm is performed by taking the input waveftynwhereN represents the iteration number, and
providing it as the input into thgystem then seeking how to prepare the next iteratignbased on the #h iteration
output We can assume from linear approximation thatithpsit waveform |, consists of a desired wavefoportion G
(which the algorithm seeks to findpd an additinal portion W which results in outputrror. An inversesystem model,
Hwm?, is generated using the MEMS model data and used as a software filterimitial estimaté; = S* Hy* to reduce

t he MEMS

optimized guess, e.g. directly proportionalScsimply resulting in more iterations required to sefflee output of the

system is the MEMS mirror scan onto the PSD, which is measuréq asthe output waveform. The error signal is
calculatedasey = Sy - On. To estimate the source of the eregrin the estimaténputly, we
through the approximate inverse system, seeking to find the pa&kiaesponsible for the esr. Thus we obtai@n
‘Q0 'O . Thisapproximation of thénput errorc i s

approximate portioi

de

Vi

ceds

nat ur a.l Howeres theoinitial estinhate @an alsolbe a vdry simple uns i g n &

then fed

back

input In+1 by taking the current input ¢f andsubtractinghe estimatednput errorw  with an errorcorrectiongaink.

User Create USB MEMS
Parameters === Estimate ~—%» MEMS Device
and Criteria XY Input Controller

User 2D- 2D- C';/lri:\gﬁer
Desired XY ==»{ Position [€=— Position

X Analog
Waveform Error Calculation
Inputs

Figure 9. Block diagram of the ILC loop implemented in a Matlab GUI to demonstrate the repeatability of the MEMS

Iteration Loop

Optical Scan

PSD

Optical Position
Measurement

mirror. The user has control on various parameters including the number of loops to run, thnofiwidrdware/software
filters, error correction gains, etc.

The learning process will attempt to reduceitipit error componend during each iteration by using the information
gathered from the previous iteration. ttWthe proper hardware settingsput parameters, and output critertae result
of the learning process will produce a highly optimizedputwaveformO, which maximizeghe set pointS, almost
eliminatingthe errore. The error cannot be fully elimited due to th@arious analog / digital / analog conversions that

Apasso e he

nto

err

1

happen in each iteration. This learning process is not a control system since each iteration is an estimate calculated from
the previous
correction gain and user parameters such as the hardware and software filter settings determine how many iterations may
be needed to produce an acceptable result. In some cases, there may not be a censeegém stringent user
parameters or high output criteri@urrently, this learning process is implemented using a Matlab GUI, built on the
standard development kit controller and its API for software for rapid prototyping and quick implementatiops of an

changes to the iteration loop.
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One major advantage of this approach to waveform optimizd@ading to higher tracking accuraisythat the iterative
process with run to run adjustment allows acausal treatment of wavéfdetesmination of adjustmeat each sample
can utilizeknowledge of past and future samplasis is of course impossible in re@the (e.g. PID) control loops.

Theiterative learning procedure used this workis customized toward MEMS mirror optimization and includes many
paramgers which the user can adjust to obtain better resiilt® set pointwaveform is fed into the system through a
simple text file or through a scripp generate a list of sample poinBifferent attributes aradjustablesuch as the
sample rate,error @rrection gains, number of iterationdpandwidths of the set poinivaveforms (X and Y
independently), bandwidth of the hardware driver, etc. The iterptiveess is monitored throughGUI, presenting the
user withvarious graphs such as the waveform fgeicannedand the errogenerated in mechanical angle spaliee
processs repeatedo reduce therror fromME MS mi r r a Aftérgeaahingtap aptimized waveform based on the
best reduction in the error signal (typically <+0.01° mech. angkefinal drive waveform can besaved or directly
flashed tathe controller forindefinite openloop operation Figure 10 shows the improvement in the raster scan from the
second iteration ifrigure 10a, fifth iteration inFigure10b, and the optimized result after 15 iteration&igure10c. To

test the longevity of this saved scan, some devices have been performing a trained and optimized scan of a 90Hz, 80%
sawtooth waveform for +130 days, or ~1 billion scans.
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Figure 10. Example of iterative learningrogressfor the A82.2-4600AU devicewith an 80Hz by20Hz raster pattern
targetwith £5° Xmechanical angle and £3°-Mechanical angléor a LIDAR application.The graphs show XY (black), X
(blue) versus time and Y (red) versus time plotenpared to their respective gatint plots(green) (a) Results after 2
iterations where bothX and Y ags are being excited from resonant frequencfby After 5 iterations,the general raster
pattern is resolved on the X axis, with error remaining on the Y axisfter) ¥ iteratons the complete raster scan is fully
resolved with the position error reduced to below +0.01°

4. MEMS PERFORMANCE UNDER ILC

To demonstrate increased MEMS performance, we used four types of scanning thadeaxis pointto-point
(quasistatiy, linear rater, resonanquasistatiqgRQ) raster, and beyond RQ rasteual axis pint-to-point utilizes the

wide bandwidth of operation of a device from DC to some frequency below its resonance to avoid excitation and ringing.
Therefore mirror can hold a D@osition, or move in a uniform velocity, or perform vector graphics. In linear raster
scanning, the fast axis, typically X axis, performs a triangle or sawtooth waveforms, and the slow axis performs a
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sawtooth waveform, or sawtooth with discrete stepsfme specific lines in the frame. The number of lines in the scan

is dependent on the deviceds bandwidt h. The -sRti@ moda,st er i
and the other axis is used in resonant mode. A typical use casairsdcsinusoid waveform on the fast axis to create
horizontal lines, and to run the other axis with a sawttikéhwaveform to create a raster pattern that covers a
rectangular display or imaging area. The axis operating at resonance should have itersaarefully obtained to

avoid exceeding maximum mechanical angBsyond RQ raster mode is an operating mode achievable using learning
algorithms or closett oop contr ol . I'n this mode, one or bothsthe de
first resonant peak.

The 2.0mm diameter mirror devieeas used to scavector graphis through the ILC algorithm. The 40Hz vector scan
pattern, ASTOPO, was generated from our software API i
iterations until the error was less than +0.01° mechanical angle as shéiguiella. The integrated 2.0mm mirror is
able to scan a pattern of 1200 line#/g(re11b) using the RQ raster modeigure12 shows the results achieved lnet
3.0mmbornded mirror, performinghe linear raster scan at 180 lineafsl a near RQ raster sca@0 lines/s ratesThe
RQ and beyond RQ scan modesre demonstrated usinige larger 4.6mm mirror with a first resonant peak at 330Hz
shown inFigure13. The figures below show the measured XY Scan on the first graph, with the individual axes setpoint
and measured angles. Fégurell andFigurel2, the position error is also presented.
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Figure 11. Example of iterative learning for tha7M20.12000AL devicewith patterns controlled under ILCThe first

column showdvieasuredXY Scan (Black)s.the Set poin{Green, X Position (blue) versus time, and Fosition (red)

versus time plotsompared to their respective gmdint plots (greengfter several iterationsThe second column shows the

scanb6s respective error plots, whi wdutorsdarofine tpxi SiTIOR@Mz er r or r e
refresh ratesand +3° X and ¥nechanical angleb) RQ scanof 600Hzx 24Hzraster patternat +4° Xmeclanical angle

and £3° ¥mechanical anglescanning 1200 lines/s.

MirrorcleTech.com veljko@mirrorcletech.com +1-510-524-8820



Presented at SPIE Conference on MOEMS and Miniaturized Systems, San Francisco, CAZ2831

(@ (b)
Measured XY Scan Errors X and ¥ Global Measured XY Scan
1] B
L 1]
24 ] = ——
2?2 z? = —
2o o ——
§7 §- —
2 4
6 6
& 4 2 0 2 4 3 "0 W00 400 000 B0 10000 12000 14000 I 4 2 [ 2 ] [ ]
Y-axis Mechanical Angle [deg] X-axis Mechanical Angle [deg]
Dasired and Measured Wavaform X Eror from SatPomnt Desired and Measured Waveform
01 8 .
Target
5 o~ , 6 Measured
- [ / FE =4 i ,H \‘ “ { ‘ H‘ [T
= / 2 2 |
£/ i 3 MMHN H;\'p LI
/ \ / < E I | |
ot ) I o 1L LAY (i
3 / \ / | \ ] | z|'|‘ J‘u ‘|5 'l‘f
32 /f \ /] \ \ z ! il JI\‘I‘ 'H\Hl” | ”
F] / Vol \ /] \ ] F] | [ u l\
2 4 /f \ \ // \ = 00 2.0 J | |
i \// Vi \ N J ” ” W \ \
&\ / V S
1 .
5 10 15 n r- 0 k] £l < o 5 ] 15 n - kil s o0 aEI 10 n 30 0 0 B0
Tirme [ms] Time [ms) Tirae [rn]
Desirad and Measured Waveform ¥ Emor from SetPoint Desired and Measured Waveform
01 8
Targat Target
s Measured 6 Measured
= 4 = 005 =4
S H n A H
Z 0 i ° — [Tk o
52 = 52
2. 2 g0 24
% £
1 !
10 15 n - 0 k] £l @ a 5 10 15 2 b3 30 s 0 GD 10 20 30 40 =0 60
Tirme [ms] Time [ms] Time frs]

Figure 12. Example of iterative learning for the7B1.:3000AL device with a raster pattern target for BDAR
application: The first column shows Measured XY Scan (Bleskhe Set point (Green), X Position (blue) versus time, and

Y Position (red) versus time plots compared to their respective set point plots (green) after several iterations. The second
columnshowsthescdrs respective error plots, whi cha)Aslihecarwastergcari t i on
of 80Hz by 20Hat +6° Xmechanical angle anti3° Y-mechanical angleb) RQ raster scamf 180Hz by15Hz at 45° X and

Y mechanical angle an860 lines/s.
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Figure 13. Example of iterative learning for the8A2.24600AU device with a raster pattern target for BDAR
application: a)A linear raster scan 0£00Hz by 2Bz at £6° Xmechanical angle and +3°-iiechanical angleb) linear
raster scan oR200Hz by 20Hz at +6-Kechanical angle and +3-iiechanical angle(c) A beyond RQ scaof 400Hz by
40Hz at £5.5° X-mechanical angle and +3°Mechanical angle, scannir@P0lines/s.In this case, the desired angle of +6°
mechanical angle othe X axis was not reached with a convergence in error, therefore stopped at £5.5°.
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