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TUESDAY, JUNE 14, 1988

EMERALD BAY BALLROOM PREFUNCTION
6:00 PM-9:00 PM  REGISTRATION/RECEPTION

WEDNESDAY, JUNE 15, 1988

EMERALD BAY BALLROOM PREFUNCTION

7:30 AM-5:00 PM  REGISTRATION/SPEAKER CHECKIN

EMERALD BAY BALLROOM

8:30 AM-8:40 AM

OPENING REMARKS

Hua-Kuang Liu. Jet Propuisior Luboraror,.
Conference Chair

8:40 AM-10.20 AM
WA LIQUID CRYSIAL DEVICES: 1
Tien-Hsin Chao, Jet Froputson Laboratony, Presics:

8:40 AM

WA1 Schottky Diode Liquid Crystal Light Valve. Uri Efron.
W.E. Stanchina, | D Rouse W Y Wu. N W Goodwin. P G
Reif Shin-Tsarn Wi M S Welkowsky. Hughes Research
Laboratories A Schottky dhode hguid crystal hght valve bas
ed on both sihzon and GaAs has been deveipped Reosoluticn
SE10 Ipmm anth a contrast ratio of 10 1 was achieved 0 the
sihcon-based device Ao neeratanal Gabs-oased Schottk,
LCiLv has been demaoastrated 110 O

9:00 AM

WA2 rhotoaddressed Liquid Crystal Spatial Light Modula-
tors. D Armutage J 1 Thackara. \%. D Eades Lockheed Mis
siles & Space Company The develcpment of photoaddress
ed spatial hight modulators & discussed Monocrystalhine
siicon or galhum arsende photoadressing with nematc o
ferroelectnc iquwd crystal readout structures is described
ip. 7

9:20 AM

WA3 Development of an E-Beam Charge Transfer Liquid
Crystal Light Modulator, Peter W 'irsch. Ira Farber. Cardinal
Warde. Optron Systems. Inc. £ electron beam charge trans-
ter hiquid crystal ight monulator ts beng developed. Pro
lminary results show great potentiar for optical computing
displays. (p. Th

9:40 AM

WA4 High-Performance Single Crystal Silicon Liquid
Crystal Light Vaive with Good Image Uniformity, K Sayvah
M S Weltkowsky. Hughes Research Laboratories We i
troduce a s'tcon hquid crystal bght vatve with wavefront dis.
tortion better than + 4 and 50° - modutation at 16 Ipyrmm can
current with a contrast ratio of 201 (p '

WEDNESDAY, JUNE 15, 1988 — Continued

10:00 AM

WAS Theoretical Resolution of a Thin Photoconducior
Coupled Liquid Crystal Light Valve, Tae-Kwan Oh, Sachs.
Freeman Associates. inc: Jack H Daws. U Alabama in
Huntswile: Paul R Ashley Redstone Arsena! A new concept
ot the modulation transfer function of a tiquid crystai light
valve has been developed. It utihzes hightanduced spatial
modulation of the ~onductivity of a thin phatoconductor to
predict the interfaciai potential variation (pp 19)

EMERALD BAY BALLROOM PREFUNCTION

10:20 AM-10:40 AM COFFEE BREAK

EMERALD BAY BALLROOM

10:40 AM-12:00 M
WB LIQUID CRYSTAL DEVICES: 2

Francis T S Yu Penrnsyivei Stite University Presicer

10:40 AM

WB1 Optimal Operation Temperature of a Si-LCLV. Shin
Tsen Wu Unr Etror Hugres Resegrch Laboratones. The op-
tmal operati,s remperature of @ SeLCLV using E-7 iquid
Srystains charactersed Thermally generatedd dark current 1o
the sihcon rhatorcoductor dlaves a signiicant rmie i deter
IOING this tenperatare n 24

11:00 AM

WB2 Performance Evaluation of a Transi.issive Liquid
Crystai Spatial Light Modulator. Shih-Chur Lin R Scott
Bowghton. Aerospace Corporation. Johe Hong. Rockwe!! i
ternational Science Center. Joe Rewhman. Grumman Cor
porale Research Certer The periormance of a hguid crvsta!
SLM faborates by Gromman was evaluated Results on
sensitivity teormireoral raepeesn, grnfoorat, and cesclution ace

CrRSOrted AN s T gL 20

11:20 AM

WB3 Microsecond Switching in  Cholesteric  Liquid
Crystals. © S Pate Be'i Commurications Research The
texcelectne effect o Lhniestens gud crvstals car be userd
1o producs optica! swdching o a mirrosecond time Scais
Ve have measurer! th.2 re ntativn Lme ana fognd e be
independent L the magntude the elestne fiell as e,
pected 31

11:40 AM

WB4 RealTime Optical Edge enhancement Using a
Hughes Liquid Crystal Light Valve, Ti=r.Hzan Chae Hua
Kuang L Jdof Propu'~wn Lebordtory An cdge enhance-
ment @fect Sotawed b, using a Hughes Ca-S hguid cryvsta:
ght valve 1s reparted Exoenmentas densocetrations of thio
ctiect are a0 preserten o i

12:00 M-1:30 PM LUNCH BREAK



WEDNESDAY, JUNE 15, 1988 — Continued

EMERALD BAY BALLROOM

1:30 PM-3:10 PM
WC PHOTOREFRACTIVE DEVICES
Pochi Yenh, Rockwell international Science Center. Presider

1:30 PM

WC1 Improved Photorefractive Performance from a Spe-
cial Cut of BaTio,, Joseph E. Ford. Yeshaiahu Fainman. Sing
H. Lee. UC-San Drega. We have shown experimentally that a
specially cut BaTiO, crystal provides improved gan. space-
bandwidth product. and response time charactenstics
crucial for photorefractive spatial light modulator use

ip. 40)

1:50 PM  (Invited Paper)

WC2 Spatial Light Modulation in GaAs. LiJen Cheng.
Gregory Gheen Tsuen-Hsi L. Jet Propulsion Laboratory
Spatial ight modulatinn using the photorefractive effect in
GaAs and its potential applications in optical processing are
presented with expenmental results as illustrations. (p 44)

2:20 PM

WC3 Two-Beam Coupling Photoretfractive Spatial Light
Modulation with Positive/Negative Contrast in Sillenite
Crystals. Abdejlatif Marrakchi.  Bel/l Communications
Research. Photorefractive spatal light modufation with
either positive or negative contrast s demonstrated. Con-
trast selection capability results from the particular polarnza-
tion properties ot Doppler-enchanced self-diffraction in
citernte crystals. (p. 48)

2:40 PM  (Invited Paper)

WC4 Photorefractive Spatial Light Modulator as a 2:D
8eam Steering Array, G. Roosen. Institute of Theoretical &
Applied Uptics, France. We discuss a reconfigurable n ~ n
crossbar switch that could also perform beam steering The
fust experimental resuits. using a photoretractive crystal, are
presented (p. 521

EMERALD BAY BALLROOM PREFUNCTION
3:10 PM-3:30 PM  COFFEE BREAK

vi

WEIDNESDAY, JUNE 15, 1988 — Continued

EMERALD BAY BALLROOM

3:30 PM-4:40 PM

WD ELECTROOPTICAL DEVICES

Cardinal Warde. Massachusett< institute of Technology.
Presider

3:30 PM

WD1 Highly Parallel Holographic Integrated Planar Inter-
connections, Tomasz Jannson, Shing-Hong Lin. Physical Op-
tics Corporation. A planar holographic optical interconnec-
tion gstem 1s introduced. which has very high density inter-
connectability tor communication and preserves the com-
patbilny with monolithic electronic devices. (p. 56)

3:50 PM  (Invited Papar)

WD2 Development Issues for MCP-Based Spatial Light
Modulators, John N Lee. Arthur D. Fisher. U.S. Naval Re-
search Laboratory. Use of nucrochanne! plates oACEs) it
electrooptic (MSLM) and membrane (PEMLM) mcduiators
provides three-port operation or 2-D images. with gain
nanlinear thiesholding. long-term storage and other special
capabihties o 60)

4:20 PM

WD3 Transter Characteristics of Microchannel Spatial
Light Moduators. Y. Suzuki. T. Hara. Hamamatsu Photonics
K K. Japan. M H. Wu Hamamatsu Corporation. The .
put-output charactenstics. that 1s. the transter charactens-
tics of microchannrel spatial ight modutators are theoretic-
ally and experimentally discussed. (p. 64)

EMERALD BAY BALLROOM

8:00 PM-9:30 PM

WE INVITED SPEAKER SESSION

Demetn Psaltis. California Institute of Technology.
Presider

8:00 PM  (Invited Paper)

WE1 Future Roles of Spatial Light Moduiators in Advanced
Computing Architectures, John A Neft, Defense Advanced
Research Projects Agency. This paper discusses areas n
which optics can address mulliprocessor bottlenecks and
the way in which 2-D spatial hght modulators will hkely play a
hey rofe. (p. 70

8:30 PM (Invited Paper)

WE2 Recent Advances and Applications of Ferroleiectric
Liquid Crystal Spatial Light Modulators, Kristina M. Johnson.
U Colorado. Charactenstics of fast switching ferroetectric
hquid crystal devices are reviewed. with emphasis on therr
use in optical 1nterconnecton network and neuromorphic
computing. (p. 74)




WEDNESDAY, JUNE 15, 1988 — Continued

9:00 PM  (lrivited Paper)

WE3 Spatial Light Modulators: Fundamental and Tech-

nological Issues, C. Kyriakakis, P. Asthana. R V. Johnson. A
R. Tanguay. Jr. U Southern Caiforma Fundamental
physical constraints that affect spatial iqnt maquidtar per
formance criteria are ident:ibed agamnst stuch the curron!
status of such devices may be comg: agaiton
portant technolog:ical considerations tha* Btac v.n Certaim (-
vice configurations are discussad (p. 78

e I

THURSDAY, JUNE 16, 1988

EMERALD BAY BALLROOM PREFUNCTION
7:30 AM-5:00 PM  REGISTRATION/SPEAKER CHECKIN

EMERALD BAY BALLROOM

8:30 AM-9:50 AM

ThA HI-V DEVICES

Wilham Micel, U S Ofee of Mava! Research. Presicer
8:30 AM

ThA1 Spatial Light Modulators with internal Memory. L M
Vedipta  UC San Tiego A recently  observed  oross
modulaton Yoo GaAs S uhlized 1 destnbe 4 spatial

haht o Hhoanterng memeor,
NeGrAL et kS B4

R [VERTHN e It has potental use in

8:50 AM
ThA2 Opticany Addressed Spatial Light Modula(ors by
MBEGrown mpllMQW Structures J M ;

L : FoC
et O ne e LS IO — t
B B 05 gt LXN et
i T LT A | v o
[ORITE A AE [t AT e HEE
R A I RS St i Syt
|be|A\ ALGwAs T He
9:10 AM
ThA3

InGaAs/GaAs and GaAs/AIGaAs MQW Spatial Light

Kooty o Wilian G G

Modulators, B8ra F
Fas Barey, EORBorke AT 0G0 e e
fatacation ana performance © urlm I T
1ressed spatial ight modulatorns tased on eledtrogahsorstinn
0 MQW structures 0 92)

9:30 AM

ThA4 Investigation of a 1-D GaAs/GaAlAs MQW Spatal
Light Modulator. u P Sohne'l J P Pocholle, E Barbwer J
Ratfy A Deibounbe C Fromant. 0 P Hirtz. J P Huignard
Thomson-CSF. Frarce Fast SLMs are required for optical
processing expenmeaents Eiementary and 1-D GaAs'GaAlAs
MQW SLMs have been investigated for this purpose. in 961

EMERALD BAY BALLROOM PREFUNCTION

9:50 AM-10:20 AM  COFFEE BREAK




THURSDAY, JUNE 16, 1988 — Continued

EMERALD BAY BALLROOM

10:20 AM-11:50 AM
ThB DEFORMABLE STRUCTURES
Robert Sprague. Xerox Palo Alto Research Center, Presider

10:20 AM (Invited Paper)

ThB1 Deformable Mirror Device Spatial Light Modulator
and its Use in Neural Networks. Dean R. Collins. Jeffrey B
Sampsell. James M. Florence. P. Andrew Penz. Michael T
Gately. Texas Instruments. Inc. A novel type of spatial hght
modulator—the deformable mirror device--1s proposed as
tne answer 1o the neural network interconnect protlem

ip. 102)

10:50 AM

THB2 Bistable Deformable Mirror Device, Larry J. Horn-
beck. Witham E. Nelson, Texas /nstruments. inc. Operating
characteristics are presented for the bistable deformable
mirror device. a rmicromechanical. silicor-based IC spatial
tight modutator capable of precise, large angle deflections
(p. 107

11:10 AM

ThB3 Limitations ot Currently Available Deformable Mimror
Spatiat Light Modulators, Don A Gregary. James C. Kirsch.
U.S Army Missite Commanrd Expernimental limitations in
ight modulation using a deformahle mirror spatial hight
modulator are discussed. These inciude retlectance. deflec-
tion angle. active area. and high-order diffraction effects

(p 11N

11:30 AM

ThB4  Resolution Limits of an imaging System with Incom-
pressible Detormable Spatial Light Modulators. B. Kuhlow.
G Mahler. R Tepe. Hemrich-Hertz-Institut Berlin GmbH, F R
Germany. The behavior ot deformable spatial-ight-modula-
tor materials is analyzed. Principal resolution imits caused
by the incompressibility and the required Imaging svstem
are treated. (p. 115)

12:00 M-1:30 PM  LUNCH BRZAK

EMERALD BAY BALLROOM

1:30 PM-2:50 PM

ThC OPTOELECTRONIC DEVICES

C. Lee Giles. US. Air Force Ottice of Scientific Research.
Presider

1:30 PM

ThC1 High-Performance TIR Spatial Light Modulator.
Robert A Sprague. William D. Turner. Mark S. Bernstein
David L. Steinmetz. David L. Hecht. Tibor Fisi. Joseph W
Kaminski. Xerox Palo Aito Research Center. Russell B.
Rauch. Xerox Electro-Optical Center We describe the
design. fabncation. and performance of a 4725-element
linear TIR spatial light modulator with a 256 Mpixelis data
rate. (p. 120

Vil

THURSDAY, JUNE 16, 1988 — Continued

1:50 PM

ThC2 TwoDimensional Electrically Addressed Silicon.
PLZT Spatial Light Modulator Arrays, J H. Wang. Sadik C
Esener, T. H. Lin. 8. Dasgupta. Sing H. Lee. UC-San Diego. An
integrated 12 x 12 matrix addressed silicon/PLZT spatial
hght modulator array has been fabricated using laser-as.
sizted diffusion and crystailization. NMOS transistors ex-
hibiting electron mobuiity of 550 cm#V-s are capable of driv-
Ing the PLZT electrooptic hight modulator at high speeds (100
kH2z). (p. 124

2:10 PM

ThC3 Two-Dimensional Optically Addressed Silicon/PLZT
Spatial Light Modulator Array, 7. H. Lin. J. H Wang. S
Dasgupta. Sadik C. Esener. Sing H. Lee. UC-San Diego. An
integrated opticaliy addressed 2-D spatial ight modutator ar-
ray has been fabncated using laser recrystallizat.on of
silicon on PLZT The performance of this array as well as
that of the indiviqual devices are discussed. (p. 128)

2:30 PM

ThC4 Spatially Segmented Approach to Designing Spatial
Light Modulators, Ravindra A Athale. BOM Corporation,
Sing H. Lee. Sadik C. tsener. UC-San Drego. An approach to
spatial hght modulator design which invelves lateral separa
tion of the detector and modulater in each cell 1s described
Ditferent electrode geometries allowed by this approach and
their advantages are outlined. Experimental resuits are pre-
sented (p. 132

EMERALD BAY BALLROOM PREFUNCTION

2:50 PM-3:10 PM  COFFEE BREAK

EMERALD BAY BALLROOM

3:10 PM-5:00 PM
ThD LIQUID CRYSTAL DEVICES:
Jetfrey Dawis. Sarn Dieqo State University. Presider

310 PM

ThD1 The Liquid Crystal Television Spatial Light Modu-
lator: Progress. Hua-Kuang L. Tien-Hsin Chao. California
instrute of Technology the principle ot operation of the |-
quid crystal television (LCTV) spatial hght modulator (SLM
and the SLM properties of a new high-resolution research
modute LCTV are discussed A comparison of this module
with the Radio Shack and Epson LCTV SLMs 1s made

. 138)



THURSDAY, JUNE 16, 1988 — Continued

3:30 PM

ThD2 Evolutionary Development of Advanced Liquid
Crystal Spatial Light Modulators, N. Collings. W. A. Cross-
land, STC Technology. Ltd. UK. D. G. Vass. Edinburgh
University, UK. An overview is given ct a strategy leading
from two types of working fiquid crystai SLM to possible
future devices offering enhanced performance. (p. 142)

3:50 PM

ThD3  Ferroelectric Liquid Crystal Spatial Light Modulator:
Matenals znd Addressing, Laura A. Pagano-Stauffer, Mark A
Handschy, Noel A. Llark. Displaytech. Inc "We discuss the
implications and advantages of terroelectric hquid crystal
material properties for spatial light modulator performance
and addressibility. (p. 147)

4:10 PM

ThDA Development of a Spatial Light Modulator: a Ran-
domly Addressed Liquid-Crystal-Over-NMOS Array. D. J
McKnight, D. G. Vass. R. M. Sillitto. U. Edinburgh. U.K Elec-
trical evaluation cf a 50 x 50 pixel VLS{ array in 15 .m
NMOS for SLMs and the optical performance of 16 x 16 pro-
totype SLMs are presented. (p. 151

4:30 PM  (Invited Papen)

ThD5 Nonlinear Optics of Liquid Crystals for Image Pro-
cessing, lam C. Khoo. Pennsylvama State U. Recently
observed novel optical wave mixing eftects. in conjunction
with unique useful characteristics of hquid crystals through-
out the visible-infrared region. offer new profmuses in image
precessing. (p. 155)

EMERALD BAY ROOMS

6:00 PM-7:00 PM
ThE POSTER SESSION/RECEPTION
Hua-Kuang Liu. Jet Propuision Laboratory. Presider

ThE1 Optical Intensiy and Polarization Coded Ternary
Number System, Shing-Hong Lin. Physical Optics Corpora-
tion. An optical ternary number system 1s introduced. which
utihzes both intensity and polarization codings for ternary
combinatoniatl logic design and ternary arthmetical com-
putation. (p. 160}

ThEZ  Active-Matrix-Addressed Viscoelastic Spatial Light
Modulator, R. Gerhard-Multhaupt. R. Tepe, W. Brinker. W D
Molzow, Heinrich-Hertz-Institut Berlin GmbH. F.R. Germany
Active-matnix addressing and spatial-frequency respense of
metallized viscoelastic layers are described The results in-
dicate satisfactory performance for lightvalve and other
electrooptical uses. (p. 164)

THURSDAY, JUNE 16, 1988 — Continued

ThE3 Pattern Recognition Utitizing Binary Light Modula.
tors, Robert £. Hill. Donald K. Fronek. Calton S. Faller. Lour
siana Tech U.; Richard A. Lane. U.S. Army Missile Command
The Optics Laboratory at Louisiana Tech University is
developing capability for high-speed image processing and
pattern recognition using a three-plane VanderLugt opticai
correlator. (p. 168)

ThE4 General Thin-Lens Action on Spatial intensity
Distribution Behaves as Noninteger Pewers of Fourier
Transform, Lester F. Ludwig. Rell Communications
Research. Thir lens action on spatial inte -Sity distnbution
behaves generally as noninteger powers of the Founer
vac arm for separahon distances within the lens-law
boundary. (p 173)

ThES Paper withdrawn. (p. 177)
ThEE Paper withdrawn. (p. 8

ThE? Experimental Investigation of Photoemitter Mem-
brane Spatial Light Modulator Performance Limit, Peter B
Roisma. John N Lee. U.S Naval Research Laboratory. Tae-
Kwan Oh. Sachs/Freeman Associates. Inc. PEMLM sensitivi-
ty and response time are enhanced by a proximity-focused
visible ight photocathode. Photocathodes and new mem:-
brane matenals have been investigated. (p. 179

ThE8 Application of Optica!l Logic on Ferroelectric Liquid
Crystal Spatial Light Modulators to Neural Network Process-
ing. Mark A_ A Neil. ian H. White, Cambridge University, U K
We discuss the use of ferroelectric iquid crystal spatial ight
modulate-s as optical polarization rotating logic elements in
a direct storage implementation of the Hopfield model. (p
183

ThE9 Paper withdrawn. (p. 187)
ThE10 Paper withdrawn. (p. 188)

ThE11 Rotationally Invariant Joint Transforn: Correlation,
F 1.8 Yu. S Jutamuha. X. Li. € Tam. Pennsytvania State U

Don A Gregory. US Army Missite Commang. Two methads
of rotationally invariant joint transtorm correlation using h-
quid crystal televisions are described. These methods utilize
multiple information-reduced references and single circular
harmonics. (p. 189

ThE12 Dynamic Interconnections with a Lenslet Array and
an SLM, | Glaser. A. A. Sawchuk. U Southern California
Digital circuits can pe implemented with a linear transforma-
tion and a point nonfinearity. Using a lenslet array and a
mask on an SLM. we get a dynamically recontigurable crr-
cuit. Examples are given. (p. 192)




THURSDAY, JUNE 16, 1988 — Continued

ThE13 Real-Time Object Recognition and Classification by
Code Division Multiplexed Phase-Only Encoded Filters, B
Javidi. S. F. Odeh, Michigan State U. A multiobject shuft in-
variant pattern recognition system that uses code division
multiplexed binary phase-only filters is presented. (p. 196)

ThE14 Spatial Light Modulators in Multimode Fibers,
Mahmoud A. EI-Sherif, Air Defenre College. Egypt. An exter-
nal field appled to a modified muitimode fiber mduces
modal power redistrinution. Thus techmique 1s examined tor
spatial light modulators, and oromising results are achieved
(p. 200}

ThE15 Optical Pattern Recognition using an Optically Ad-
dressed Spatial Light Modulator, Janine M. Vaerewyck, H
John Caulfield. U Alabama i Huntsviie. We cons.der the
use of an optically addressec spatial ight modulator in an
optical pattern recognition systeri. A computer study con-
ducted to determine the best use of an SLM in this tyge of
systam I1s discussed along with the expenimental results

p. 204)

EMERALD BAY ROOMS
7:00 PM-8:30 PM CONFERENCE BANQUET

EMERALD BAY ROOMS

8:30 PM-9:30 PM  POSTER SESSION CONTINUED.
COFFEE/DESSERT

FRIDAY, JUNE 17, 1988

EMERALD BAY BALLROOM PREFUNCTION
7:30 AM-11:30 AM  REGISTRATION/SPEAKER CHECKIN

EMERALD BAY BALLROOM

8:30 AM-9:50 AM
FA APPLICATIONS: 1
David P Casasent. Carnegie-Metlon University Presider

8:30 AM

FA1 Optical Matrix-Vector Multiplication Using a Spatial
Light Modulator and a Phase Conjugator, Arthur E Chiou.
Pochi Yeh, Monte Khoshnevisan., Rockwell international
Science Center We report concept and expenmental results
af an optical matrnix-vector multiphcation scheme using a
Qhase  conjugator 0 conjuncltion with a spatial hght
modulator The finite storage time of the nonhinear mediun:
ard the optical phase conjugaticn are utiized to actueve
automatic pixet-by-pixel ahgnment. (p. 208)

8:50 AM

FA2 Optical Associative Memory for Word-Break Recogni-
tion, Eung G Paek. A von Lehmen, Bell Communications
Research A novel optical associative memory, able 1o 1den-
tity and insert work breaks in a concatenated word stiing. 1s
agescribed The system also has error correction capability
w210

9:10 AM

FA3 Adaptive Fraunhoter Ditfraction Particle Sizing Instru-
ment Using a Spatial Light Modulator, E. Dan Hirlemen
Arnizona State U . Paul A, Dellenback. Southern Method:st U
Integration of a magnetoophic spatial ight modulator into a
laser dittraction particie sizing instrument 1s discussed The
concept gives the instrument the abihity to recontigure a
detector array on-line and thereby adapt to the measurement
context (p 217)

9:30 AM

FA4 Use of Binary Magnetooptic Spatial Light Modulators
in Pattern Recognition Processors, David Flannery. John
Loomis. Mary Mikowitch, U. Dayton The construction and
wperating chara tenistics of binary magnetooptic SLMs are
reviewed. Theoretical and expernmental binary phase-onty
titer (BPOF) correlation results are presented to illustrate the
agreement exhibited and the performance ot BPOFs (p 221

EMERALD BAY BALLROOM PREFUNCTION

9:50 AM-10:10 AM  COFFEE BREAK
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EMERALD BAY BALLROOM

10:10 AM-11:30 AM

FB APPLICATIONS: 2

Martin Sokoloski. National Aeronautics and Space
Admiristration. Presider

10:10 AM

FB1 Real-Time Programmabile Joint Transform Correlator
with a Threshold Hard-Clipping Microchannel Spatiat Light
Modulator, F. T.S. Yu, Q. W. Song. Pennsvivama State U Y
Suzuki. Hamamatsu Photonics K. K. Japan: M Wu. Ham-
amatsu Corporation. A programmable real-ime optical joint
transform ccrrelator uhlizing a threshold hard-chpping
microchannei spatial light modulator to generate sharper
and highet autocorrelation peaks 1s presenied (p 2261

10:30 AM

FB2 Bipoiar Joint Transform image Correlator. 8 Javidi. C
J Kuo, S F Odeh. Michigan State Ul We presert a
theoretical investigation of the bipolar ioint transtorm image
correfator. Andlytical exprassions for the output correiation
signals of the bipolar joint transtorm imege carrelator are
developed (p 230y

10:50 AM

FB3 Generating Tandem Coimponent Correlation Filters
tor Programmable Spatial Light Modulators, Staniey E
Monroe Jr . Lockheed Missiles & Space Company The
iterative methods of Bartelt and Hormer for the generation of
the gistnbuted tandem component covrelati~n Iters have
been adapted for use with a specific opticar correlator

W 234

11:10 AM

FB4 Mixed-Encoding Generalization of the Phase-Only
Filter, Richard D Juday. NASA Johnson Space Center We
have tormulated a generahization of the phase-only filter
{POF1 theory that includes its nncomitant amphtuae
modulation The amphtude spectrum of the processed ob-
ject enters the formulation. a feature missing in the classical
POF The POF solution 1s shown as a special case whern the
SLM s amphitude modulation 1s constan? (p 238

Xi
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LIQUID CRYSTAL DEVICES: 1

Tien-Hsin Chao, Jet Piopulsion Laboratory, Presider
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A SCHOTTKY DIODE LIQUID CRYSTAL LIGHT VALVE
U. Efron, W. E. Stanchina, |. D. Rouse, W. Y. Wu, N. W. Goodwin,
P. G. Reif, S. T. Wu, and M. S. Welkowsky
Hughes Research Laboratories
Malibu, California 80265
Tel. 213-317-5214

We have recently developed and demonstrated a Schottky-diode-based LCLV.
The concept is to use a Schottky metal-semiconductor interface which allows
depletion through the silicon to be attained and thus maintain the impedance match
between the photoconductor and the liquid crystal. This match is critical in achieving
the operation of a photoactivated stM. since a high Schottky barrier-forming
metal such as aluminum or platinum can be depositec on the n-type silicon substrate
at low temperature, the silicon substrate can first be mounted on a flat glass
substrate, polished, and then processed. This allows a high degree of output
uniformity to be attained. Secondly, by eliminating the SiO2 insulator present in our
MOS LCLV version,’”) one can reduce the sheet conductivity at the Si/LC interface
and achieve higher resolution and dynamic range.

Two Schottky LCLV configurations have been designed. A double Schottky
layer structure (Figure 1), and a single Schottky configuration. The double Schottky
configuration is designed to allow a balanced a.c. current to flow through the device,
thus minimizing the LC decomposition which occurs due to d.c. current flow. The
back (input) side Schottky diode layer (for a n-silicon based device) is fabricated
using either a platinum grid or a thin platinum-layer (100 A), followed by deposition
of indium-tin-oxide to enhance the sheet conductivity of the back contact. Both
structures have been fabricated and tested. The front Schottky contact consists of a

metal matrix of platinum islands (17 um x 17 um) separated by chemical vapor

(3]



deposited oxide (3 um channels). Results of the |-V characteristics of the Pt-nSi

Schottky diode fabricated in the metal-matrix configuration are shown in Figure 2.
Finally, in the single Schottky configuration, the back-contact is simply replaced by a
highly doped n” lcyer similar to the back side structure of our Si-MOS LCcLv.®@

A single-Schottky diode layer LCLV was assembled and tested. Preliminary
results show resolution of 10 line-pairs/mm, contrast ratio of 10:1 at the response
time of the liquid crystal (=20 mSec). A GaAs-based Schottky LCLV was also
fabricated. A single Schottky configuration was also used in this case. The back
contact consisted of silicon implantation (6 x 1013/cm2). 2500A of gold was used as
the front side metal matrix Schottky contact on top of the 500-um-thick 2-in. diameter
n-type GaAs wafer (p = 107 Q-cm). Due to the 1arge thickness of the wafer and to
difficulties in establishing an efficient back-side contact, the photo response was

rather low. About 2 Ip/mm of resotution was observed.

References

1. U. Efron, Proc. IOCC 1986 (SPIE 700, 132 (1986)).
2. U.Efronetal, J. Appl. Phys. 57, 1356 (1985).




Figure 1.

Figure 2.

WALl-3

FIGURE CAPTIONS

Structure of the double Schottky silicon liquid crystal light valve.

Forward- and reverse- bias characteristics of Pt-n Si Schottky diode

fabricated in a metal matrix form.
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PHOTOADDRESSED LIQUID-CRYSTAL SPATIAL LIGHT MODULATORS

D. Armitage, J. I. Thackara and W. D. Eades
Research & Development Division

Lockheed Missiles & Space Co., Inc.
3251 Hanover Street, Palo Alto, California 94304

Photoaddressed spatial light modulators (SLM) are an efficient means of
modulating light with light and provide the benefits of optical parallelism
in both write and read modes. Figure 1 shows the general form of a
reflective-readout photoaddressed SLM. The input and output are optically
isolated and the SLM can provide gain via an intense readout source.
Incoherent-to—~coherent light conversion is also readily achieved by the SLM.

The photoaddressed SLM structure is shown in Fig. 2. The optically flat
glass substrates make up the bulk of the device. The liquid crystal layer is
of order 0.0l mm thick. The photoreceptor could be a deposited
photoconductor layer such as cadmium sulfide or a monocrystalline
semiconducting wafer bonded to the substrate. The thickness of the
photoreceptor is minimized in order to avoid compromising the SLM resolution.

There are several nematic liquid-crystal readout configuraticne. The
hybrid-field effect mode employs a twisted structure which ensures a dark or
nonbirefringent off-state, while providing a variable birefringence
response. We have shown that the higher speed "surface mode” variable
birefringent effect can be applied to a SLM readoutl. If the optic axis of
the nematic is aligned in the direction of the readout light as shown in
Fig. 3, then a differentiating or edge enhancing readout {s obtained. The
basis of the effect is illustrated in Fig. 3 and is rooted in the fringe
field realignment of the nematic director. Drive-on and drive-off is allowed
in the differentiating nematic configuration and should provide increased
frame speed in nematics.2

Ferroelectric liquid crystals (FLCs) have a permanent dipole moment which
interacts on a first-order basis with an applied electric field, rather than
the second-order response of the nematic. Therefore, the FLC can be switched
between states by reversal of the electric field. FLC devices are in the
early stages of development,3 but switching speeds of 0.0l ms have already
been demonstrated.

Photoconductors such as cadmium sulfide impose a limiting SLM frame rate of
order 10 Hz associated with carrier detrapping times. The use of
single-crystal material with low trap density is a route to higher frame

rates.

Single crystal silicon and gallium arsenide photoreceptors have been used in
a depletion mode configuration. The depletion mode implies the use of
rectifying or blocking contacts rather than ohmic contacts. We have
demonstrated a silicon-wafer photoreceptor structure based on capacitive
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coupline which simplifies the fabrication and assembly processl. The
fabrication of silicon-wafer devices is sensitive to the surface processing
and passivation techniques.

We are investigating the behavior of gallium arsenide photoreceptors as an
alternative to silicon. GaAs is available at much higher resistivity than
silicon and the surfaces are less sensitive to processing and fabrication
methods. However, GaAs has trap states in the bulk of the material in
addition to surface traps. The frame speed of the SLM is compromised by such
states.

A capacitively coupled GaAs-photoaddressed SLM was fabricated by cementing a
poli-hed wafer to a substrate and depositing a dielectric mirror composed of
silicon oxide/amorphous silicon multilayers. Uniform parallel alignment of
the nematic liquid crystal was provided by rubbed nylon surfaces. The
nemat {c was configured in the high-speed surface mode readoutl. The
resolution demonstrated by the GaAs-photoaddressed SLM is shown by the USAF
test target in Fig. 4, where 14 1p/mm is discernible. The image shown in
Fig. 4 is taken from a TV camera, where the camera resolution is a limiting
factor. The uniformity of this device is impressive and probably follows
from the low leakage of the GaAs.

The frame rate of the device is slower than that achieved in silicon wafer
addressingl and appears to be limited by the detrapping time constants of
the GaAs. Further work is needed to establish the optimum form and inherent
limitations of GaAs in this application.

A similar GaAs photoaddressing structure was used with a perpendicularly
aligned nematic readout providing edge enhancement. The input image and
edge-enhanced output are shown in Fig. 5.

We have experimented with FLC readout of various photoaddressing structures.
The FLC is much more difficult to align than the well-known nematic liquid
crystal. This is reflected in defects and nonuniformity in the out put

image. However, there appear to be other complications in the substitution
of FLC for nematic readout. Transient imaging and image~blooming effects not
present in the nematic are apparent in the FLC-photoaddressed devices. This
behavior may be due to the sensitivity of the FLC to spurious dec components
in the photoaddressing scheme.

A recent development in FLC technologv employs the electroclinic effect to
provide a linear birefringent response.A This effect trades sensitivity
for increased response speed. Submicrosecond response speeds have been
demonstrated. We are studying this effect in the context of photoaddressed

SLMs.

1. D. Armitage et al., SPIFE 824, 1987

2. D. Armitage and J. I Thackara, SPIE 613, 1986, p. 165

3. D. Armitage, J. I. Thackara, and W. D. Eades, SPIE 825, 1987
4. C. Y. Bahr and G. Heppke, Liquid Crystals, 2, 825 (1987)
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/ SUBSTRATE

READ

DIELECTRIC
MIRROR

PHOTORECEPTOR

—
WRITE

Fig. 1 Reflective-readout photoaddressed spatial light modulator
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Fig. 2 Photoaddressed liquid-crystal spatial light modulator structure
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Development of an e-Beam Charge-Transfer
Liquid Crystal Light Modulator

Peter W. Hirsch, Ira Farber, Cardinal Warde
Optron Systems. Inc.
3 Preston Court
Bedford, MA 01730

An clectron beam  charge transfer liguid cryvstal light modulator is being  developed
and dcemonstrated. Preliminary  results  show  great  potential  for  optical  computing
displays.

INTRODUCTION

We o have  recently  developed  a computer-programmable. electron-beam-addressed  liquid
crystal light modulator (c-beam LCLM) which should have a broad range of applications
in optical computing, displavs, and robotic vision.

Some of the signilicant advantages of  this device over  existing  commercial — units
include low cost. c¢ase of fabrication, and potentially  very  high  resolution. The
simplicity  of  the  device,  which  has  very few  lavers  associated  with  the  hliquid
cryvstal, makes it relatively casy to o fabricate  very uniform liquid  crystal  lavers.
This could otherwise add significantly 1o the cost of manutacturing and ulumately to
the cost of the device.  tHhgh modulator resolution s achieved  through the use of a
high-resolution  clectron gun  which s inexpensive and  very common in many  vpes  of
CRTs.  The charge transfer  plate.  a  proprictary - Optron - Ssstems imvention, 1S an
integral part ol this device. It Lridges the gap between vacuum  and  air. allowing
for the high resolution transter of charge to the modulator clement which is a liquid
crastal m this particular apphication.

DEVICE DESCRIPTION

The  gencral  desien  of  the device 1 shown in Fig. 1. The  modulator  consists,
esentiallve of a  high rewolution clectron gun  tube  assembly scaled  to ¢charge  transter
plate (CTP)y  lace plate. A grid is  situated  just  inside the CTP  for  clectron

collection  during  the  writing  and  crasing  processes  which  utilize  the  sccondary
cmission  characteristics of  the CTP  surface.  The hguid  crystal s confined in a
thin laver exterior to the tube body by the cexternal surface of the CTP and an
optically  flat recadout window coated with a transparent conductive coating of  indium-
tin-oxide (ITO).  The readout window also has an alignment laver deposited over  the
ITO in the same fashion as the CTP.  Either microspheres or  glass  fibers of  the
appropriate thickness can be used as spacers for the Liquid crystal Taver.,

The CTP., which is  illustrated  in Figo 200 consists of conductive  longiiudinaly
cxtending  pins nterspersed throughout  an o psulative matnix so that o clectrical
isolation is maimtained  between the pins. CTPs with  10um  pins on ldum  center-to-
center spacing and  30um  conductors on T0um  centers are routinely fabricated at Optron
Swvstems.  Once  charged.  these  conductive  pins  can then  create an clectric field
across the modulating clement  (liguid  cryvstal here) when an clectrode s placed  over
the clement and suitably biased.
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FIGURE 1: THE 8~ BEAM CHARGE TRANSFER LIQUID CRYSTAL LIGHT MODULATOR
AS A SEALED OFF TUBE ASSEMBLY.

I'he CTP 15 palished Flat o Loth surfaces  and G dieledtric mirror iy deposited
Over its outer surlave away from e clectron gupy 4, obtain g high reflectance, Ap
alignment laver s then depaosited over  the
CORSISIS cither of a pulvmer material which
o SiO  which 5 evaporated at a grazing
crystal deviee wys paralicl to the surtace thomog

diclectric mirror. This alignment laver
Iospun on and then butred ar o g laver
angle.  Alignment for this particular  liquid
cneous alignmeny),

The  electron Bun s driven by

off-the-shelf high voltage power supplies  gnd
clectronics for locussing and

deflection. The  driver clectronices  gre in
controlled by 4 specially designed board  which iNSerts  ina an BN pC This  board
AN drive the clectron gun N cither g VYector or raster mode and  aliows images 1o be
ImMpressed onto  the modulator cither from the memory o pe PC or fram clectronic
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FIGURE 2: A CROSS SECTION OF THE CHARGE TRANSFER PLATE (CTP).
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PRINCIPLE OF OPERATION

During operation of the modulator a small bias voltage ¢ 10 vols) s applicd to
the transparent clectrode ol the higmd  corvstal cell and  the clectron beam  generated
by the c-gun is scanncd over the CIP oin a pauern gencrated v the PC o hardware and
sultware. The  resulting  charse  distrilbution oreated on o the CTP surtace  is
transferred  through the CTP by means ol s conductive  pins to the hquid  crvstal
mterface. The charge  distribution  gencrated  at the hguid orystalinterface may be
cither positive of negitine depending on the socoendan clecuron cmission

characteristics o wae C I

The charge patterns timagesy are crased  wsing  the  secondary emission process with
the mesh grid operating as an clectrean collector. During  this process  the entire CTP
can be flooded with clectrons of  a  particular cnerev. while  the  externally  applied
voltage to the conductors 1s ramped back to zero valts, thus crasing the image.

PRELIMINARY RESULTS / FEASIBILITY STUDY

The preliminary results presented below were obtmned with a prototvpe e-beam LCLM
which emplaved a CTP with 30um conducters on “0um centars, and  a high-resolution,
clectrostatically  focussed  and  dertected  Tektromix clectran vuns Typically this e-
gun is used in high resolution monitors amd o has a0 gt e of  approximately
100um.  However. our  actual  spot size was somewhat  larger, on o the order of 0 230
microns, beecause we operated  the vsun wath a0 cathode potential 3RV that was lower

than the recommended values  The beam current of the c-cun 15 rated  at 1-10p A but
our output asain tell o shoat of this evpected  value due te anshouse cathode

activation.  The  eperaune carrent which was Tound o be necesary for liguid  orvatal
modulation  was on the crdor of SN Conrel of the electron van drine  clectronios
was through o parsonal computer cgaiped with a specialhy desizned board which vector
scans  the beam acoording o the otware dntructe sy sce bieo A Thie provides a
user-triend!y system for coneratine moduiation patteras cn the lquid ory el device,

Our protutype  device was fabricated  with the CTP pelrhed har 10 A d acrees s
I8mm active arca and an offstheshelt window  swith approsimately 100 frinves acnoes ite
surface. A nematic liguid  crastal used a0 biphenvh E-7 from Atemersic Chomctala,
Alignment  was  accomplished  through  a  spun on coating  of poelvimide from Merok,
Industrics and  spacers were Sum o spherical particles. The  hvlbrid  ticld  elffect mode
was used in this device due w0 s Tow olfsstate transmision. high  onsstate
transmission,  and  rapid oreopense e, On this particolar device. no dickectric
mirror - was o usedi o we o simphyorelicd en the sarface acllection from the shiny (TP
conductirs. During  operatien. a0 cnal o vonerator provided a0 HhHz o sinuoidal sienal
o the transparent TTO clectrode en the Biguid ervstal side of the readout wingdow.

A representative sample of  cur prehminary data s shown in Figure 3 where we have
written "OPTRON" onto the device.  As mentioned  carbier, the active area is  18&mm in
diameter S0 1t s apparent  that wur resolution s limited by the  clectron gun to
approximately - 2 lines mm. The  traming  speed of the  protatspe device currenth
appears to be limited by the low gun current to only a few Hz.  The resolution and
framing speed problems will be resofved by choosing a gun that offers a smalier spot
size at low  cathode  potentials. The  contrast  and  spatial uniformits o this  carly
device  will both be enhanced By flatter Liguid  ervstal  lavers  though  the use  of
precision  fhat windows.  We o have  routinely fabricated  large-arca,  singlespixe!l  liguid
cryvstal  cells with goad  spatial  uniformity  and  greater than 401 contrant ratio s we
are contident that rapid improvements will be forthcoming in the next few weeks.
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DRIVE ELECTRONICS AND PC CONTROL. IMAGE FROM LCLM
SUMMARY

A new tyvpe of hiquid cryvstal hight medulator has bLeen developed at Optron Systems
which  holds great promise for the ficlds ol optical computing  and  display technology.
We o have presented  preliminary data which  demonstrate feasibility  and  show  the  great
potential - for  this  device With  continuing  refinements,  the  device  should  rival
others  an spatial resolution,  contrast,  speed,  and  cost Central o the  device
design s the CTP which makes possible this tvpe of device. The CUP can be casily
scaled  to larger diamecters  which  would further improve the information  capacity  of
the c-beam LCLM.

Dcvice  development  is  ongoing in scveral  arcas  inctluding  resolution,  contrast,
specd  and scalability.,  Improvements in resolution  will  result from  the use of a
higher  resolution  clectron gun  and  implementation of  10pm-conductor  CTP  into  the
device.  Speed should also be cnhanced greatly by wusing an clectron gun with a  higher
output current in order to more quickly crasc charge from the CTP. We are also
mvestigating  the  use ol  cunhancer  coatings  over the CTP  in order w0 tailor  its
sccondary  emission  characteristics  to the  c¢lectron beam  encrgy.  Higher  contrast  will
be  achicved  through  the usc  of  flatter, morc  parallel  liquid  crystal  layers.
Ferroclectric  liquid  crystals  can  also be  incorporated  into  this  deviee to  realize
kilohertz framing rates and improved contract ratio.

REFERENCES
1. Jan Grinberg, ct. al, Optical Engineering. 14, 217-225 (1975),
2. C. H. Gooch, H. A. Tarry, J. Phiys. D Appl. Phiys., 8, 1575-1584 (1975).
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High Performance Single Crystal Silicon Liquid Crystal
Light Valve with Good Image Uniformity

K. Sayyah and M.S. Welkowsky

Hughes Research Laboratorie«
3011 Malibu Canyon Roa.
Malibu, CA €.265

Introduction

Spatial light modulatars play the rolo of convertimg an input image written in
certain waveleneth  intensity and coherence conditions 1o an output 1mage in which
some ot all of these paramcters are vanied.  As mage amphitiers these devices can be
nsed o farec sorecn display applications while o mmage waveleneth converters they
can b used tor displayime visibic mmaves from IR sconory o for missile testing, For
optical mage pracessing apphoations  spateal heh modularors can be used as
mmcoherent 1o cohorent mmave convertors

In all these apphicaticns anput sconsitivity spatial reselution contrast speed of
response and outpul mace untornnty are key parametors for g ospatiat light modulaton
Ditterent versions ot the Huehos Siele Crystal Silicen Liquind Crystalb Light Valve (S
LCLV) have been shown to mect almost ot the above requirements and have been
used as larec screen display devices [1] IR dynanic image convertees [2] and optical
data processime devices 3] The onty exception has been the unitormity ot the
output oo

In this paper ve mttoduce o modihied version of the SELCLY with pood output
imaec undormity vhich not o anly maintawes the high porformmance capabilitics of its

predecessars but alse orovides vvans tor improved peroriane

prrnnuﬂhﬂ

Five ponatooe o ob the cotpet coaaee ot tae SO LOEY s been due to vrarpaes
ol the unsupportad B omds Syt e e thies de v This viarpaec orves rise 8
sitbscequent ocoantorra e s e the thickness o the teht o mosdalastme hauad crvstal Taver
Dot o i outpus e P o v st Tare s csast s b chenn oy tondens
Siowvater 10012 nids thiek oo speoad olass substrate whieh has o thormal exgpoanse o
cocttroent <mmlar to that of S usine g techimique cabied cbocttastatie homdine 14D

1

Atter bondime i Se vearer can te sionoed and polisiied ot e sicd Tk s e

Hatie o Gsime conventora oot bargs ol palisiing to besigue - Flatro o v ot - 4
or better can routing: s be abtatned as Shown by the oterter soran, in e 1 The S
veater s then processod tor bieht valve fabrication viath the hmitation that all
processing stens boopeformedd boiow 700 C o cader T mamtae thie Hattess Fhus
nany ot the procossine steps mentioned o detairl o Ret 1 100 the conventienal S
LOTN have been chaneed i hea of Jovwer temperature e Those mclude the gac of

only photoresist nstead ot o combimation of photoresist and ficid oxide tor onplant
maskine  lovier anncabing temperature ot the tmplants coad the use ot g bow
temperature gate msulator mstead of the high temperature thermal oxide We have
shown that both Plasma Enhanced CVD (PECVD,) and anodic Si()) have clectrieal
properties approaching those of the state of he art thermal oxides atter o low
creoanneal step [5] and thus can be used in this device  The structure ol
this moditied device s shown in hie 2
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The modified S LCLV was cvaluated for 1ts resofution  contrast  speed of
response and input o sensitivity A scanmng detector vath g 2% wm pinhole o
cotquns ot witie an Air Force resolution tarect fabrcated on the input side ot the
device were used tor resolution measurements

Resnlt< and Discussion

The modulation transter tunction (MTFE) of o S LCLY tabrcatod usime our novs
lovs temiperature process is shown v Fig 3 This device hd 20 win center to centor
mrcrodiodes with gaps of 3 pm between them implanted mto the Srosurtac The
purpose ot these microdiodes. which are merely ntype tegions embedded in the 11 Si
substrate. is to create surface potential wells to hold the photogenerated charge [1]
A 1500 A PECVD SiO, was used as the gate isulator Modulation was defined as
(oot =) and no normalization was performed. Thus all modulation values
ardabsolute” The data in Fig. 3. indicates that 50% modulation occurs al 141
Ip-mmy The hmiting resolution s about 30 ip/mm. while the do contrast ratio with
the device operating at the conditions mentioned in Fig. 3 15 201 This operating
point s not quite optimum for best concurrent resolution and contrast as will be
shown shortly

The resolution and contrast of the Si LCLV s stronglv dependent on the various
operating parameters of the device  These parameters are the depletion phase voltage
(V,} and duration (T .} accumulation phase voltage (/) and duration (T ) and the
mput light intensity (%l) As discussed in detail in Ref 1. this device basically works
as an MOS capacitor which is deep depleted in the depletion phase wherein the
photogenerated charge is swept to the Si/Si0, interface resulting in change in the
hquid crystal bias. The accumulation phase is essential in preventing the total
collapse of the deep depletion and hence loss in resolution through recombination of
excess charge carriers. We have found that both the resolution and contrast are
extremely sensitive to most of the above parameters. in patticular to the accumulation
voltage and pulse width  The dependence of the modulation at 16 Ip.mm and th
conteast ratio on the accumulation voltane are shown in Fies 4 and 5 respectively
As noticed from these two tigures. an increase ol onlv 2 volts i the accumulation
voltage above 25 V osigniticantly reduces both the modulation at 16 tp-mm from dose
to 45%, to 35% and the contrast ratio from about 201 to only 91 Fies 4 and 5
o rnadicate that modulation devels dose to 50% ot 16Ip mm are possible with this
devn e concurtent vath contrast ratios of 201 The drop e the modulation Jevel vath
morcasing accumulation voltage above 24 Vo is due to the sharp drop in the contrast
vhich i turm s due to the shift in the eftective liguid crvstal dark state bias  This
Bras s very sensitive Lo the accumulation voltage becausce dutine this phase o najos

portion of tho accumulation voltase drops across the higud crystal layer Sunilar
dependencies ot e resolution and contrast on the othier operating parameters will b
shown and discussed 1n detail Also the ettect of 10 um microdiodes and no

microdiodes on device performance will be discussed

The response time ot the moditied S LCLY was measured by using o pulsed red
LED os the mput excitation source  Basically. the response time ot this device s
limited by that of the haguid crystal layer which is a function of its material
parameters and thickness |6]  The rise time of the liquid crystal also varies with its
etfective bias voltage. decreasing with increasing voltage  As expected. the fall time of
this device was not dependent on the operating parameters and was measured to e
about 16 mS for a liquid crystal layer 4 pm thick  The rise time of the device
however. was strongly dependent on the operating parameters. o particular the
accumulation voltage and the input light intensity  The dependence ot the device rise
time on the input fight intensity at 730 nm 1s shown in Fig 6 As expected the
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rise thne decreases with increasing input light mtensity due to mcrcase in the liquid
crystal bias voltage i the on stats The anput sensitivity af this device was
measured 1o be about 10 LW/ cm™ at 730 nm excitation of the red LED

Besides much tnproved output mmage unitornuty another advantage of our new
approach 1s the added ability to teduce the St thickness below 5 mils while
mamntaimmne yvield and flatness Theoretical calculations have mdicated that reducine
the Stothickness trom 125 um to 20 um should prove the device resolution trom 19
to 26 iprmm at 50% modulation for a liquid crvstal thickness ol 4 g [7] This

1ssue will be discussed
Conclusion

We have introduced a moditied version of the Hughes Si LCLV which is capable
of high resolution. contrast. speed of response and input sensitivity in conjunction with
a very uniform output image  Wavelront distortions less than A 4 have been achieved
using our new device processing scheme  50% modulations ot 15 16 p,mm and o
fimiting resolution ot 30 Ip mm have been observed concurrent viith contrast tatios of
2001 Speed of response s himited by that ot the liquid crystal laver  Rise times of
less then 4 mS and fall times of 16 mS have been measured  The device input
sensitivity at 730 nm was about 10 W cm™ The resotution and contrast of the
device was tound to strongly depend on the variots operating patameters
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Liquid Crystal Light Valve
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Jack H. Davis
Department of Physics
University of Alabama in Huntsville, Huntsville, AL 35899

Paul R. Ashley
Research Directorate
Research, Development, and eEngineering Center
Redstone Arse=ial, AL 35898-5248

The hydrecgenated armr.rphous silicon(a-Si:H) photoconductor and the
nematic liquid c>ystal BDH-E44 combine to create a liquid crystal

light wvalve{LCLV). The transmission of the readout 1light

determinzd by the voltage across the liquid crystal. When write light
illvminates the current carrying photoconductor, the potential of
cach layer is rearrangcd through the photoconductor and liquid

crystal.

A theoretical model for electrooptic modulation used to determine
i spatial resolution was developed by Roach [1] and later extended for
use on 2 mm thick Bi,; S10 ,,(BSO) LCLV [2]. Roach's model assumes an
interface surface charge distribution of the form cy COs( "Nx) on a
{ dielectric material represented by liquid crystal. Only dielectric
effects of the photoconductor and liquid crystal are considered, and
the image transfer from the input light to the charge distribution at
the interface is assumed to be ideal with no charge spreading in the
photoconductor. This implies a very high resistivity of the
photoconductor. Owechko and Tanguay [3] predict the theoretical
resolution of Pockels Readout Optical Modulator, which is a function
of electrostatic field distribution arising from the stored point

charges located within the BSO. Another important parameter is a bias
voltage which d~2s not affect the resolution in the Roach's model

that 1s proved by Donjon, et al. [4].

In the case of thin(a few microns thick) photoconductors,

effects of losses due to the resistivity of tae material cannot be
neglected. In fact the resistivity itself is essentially the
parameter which is modulated. Most of the photogenerated carriers
are transitted through the photoconductors; it is supposed that the
sum of drift lengths, 1 ,, before recombination is equal to or greater
than the photoconductor thickness. For the thick photoconductor,
space charges may be located inside the layer and we can apply the
Owechko and Tanguay method. Theappllcablecrlterlonforournwdel15

the collection length which is expressed by
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1, = (up1p+ KnTh ) E o (1)

The sum of urt product was determined to be 8.1 x 10 '8cm2/V for the
intrinsic amorphous silicon by photoelectromagnetic effect ir blue
or green light by Moore [5], and 1-6 x 10 "8cm %V for the p *~i-n‘a-
Si:H photodiode in AM1 white light by Crandall [6]. With 10 V dc bias,
and a uniform field approximation [7], the collection length is about
9 um for the intrinsic amorphous silicon. For thicltness less than 9
um, the loss of the resistivity of photoconductor directly causes a
voltage shift across the liguid crystal.

A new model was used to deteimine spatial reselntion., and was
developed based on the previous arguments and criteria, and from a
lumped element analysis of the equivalent circuit [8). The modulator
was divided into 2-D matrix of unit cells, each represented by
equivalent values of its physical parameters, resistivity and
capacitance. This generalized analysis allows the determination of
potential and field throughout the liquid crystal as a result of any
2-D geometry or distribution of physical parameters imposed on the
modulator structure. In order to evaluate the resnlution, a step
function of photoconductor resistivity is impnsed on the
photoconductor with the spatial wavelength which is defined by the
reciprocal of spatial frequency S 1p/mm. Then the output intensity as
a function of spatial position x is given by

+ ) Coo .
I- = I,sin? . (1L + —a ) (2)
L2 Vo Vg

. {1, 0 £x £1/28
where @ = {
. -1, 1/2S <x $1/S .

The amplitude of the potential variation across the liquid crystal in
the x direction along the interface is V, The value of V was
obtained numerically by the same method. The result is normalized
to S to obtainV ¢/V ;. When the liquid crystal light valve is operated
in the near linear region of transmission, the value of V/V - becomes
0.5 [9]. The normalized contrast transfer function is then given by

CTF = (1t - 1°)y /(1% + 17 . (3)
Finally the MTF can be calculated from the conversion of CTF [10].

Figure 1 shows the amplitude of potential variation across the
liquid crystal as a function of spatial frequency. Leftmost and
rightmost points represent the middle of half spatial wavelength,
dark and bright patterns, and the x scale represents 50, 10, 5, 2.5
and 1.25 um for 5, 25, 50, 100 and 200 1p/mm spatial frequency. Here d
and L are the thickness of LC and a~Si:H respectively. It is clearly
shown that the potential variation V is decreased as spatial
frequency is increased.

It is pointed out that the normalized modulation transfer function
and unnormalized modulation transfer function have direct
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interpretations useful for comparison of different parameters of the
device. The light transmission of a LCLV is mostly determined by the
potential across the liquid crystal. The unnormalized contrast
transfer function is defined, considering the sublinear region of
light transmission of a liquid crystal, as

CTF, = ((Vy=Vyg) / (Vy+ Vy) (4)

where V , and V 4 are the potentials at the middle of bright and dark
step spatial wavelength patterns. The result in Figure 2 shows that
the LCLV with a larger thickness of a-Si:H and a smaller thickness of
the liquid crystal give more CTF,. It might be interpreted as a
measure of the sensitivity of the device. This unnormalized contrast
transfer functinn indicates the manifest effect of dark conductivity
of a-Si:H even in the low spatial frequency as shown in Figure 3.

For the 5 um thick amorphous silicon with 64 uW/cm? white 1light,
the calculated MTF is shown in Figure 4. Here p,=2.6x10 ® ohm-cm and
pL = 1.6x%10° ohm-cm with 10 V dc bias, and the photoconductivity
change is about 2.3. Values of the liquid crystal thickness of 6.25,
12.5 and 25 um were used. Ford =12.5 um, 50% MTF occurs at around 37
lp/mm. Up to 50 lp/mm are predicted for d = 6.25um with 50% MTF.

Roach's model {1] neglects the resistivity and thus holds in the
high frequency limit. Our model neglects the dielectric constants
and thus holds in the low(temporal) frequency limit. Thus neither is
connected, although Roach's model (high frequency) and our model (low
frequency) are based on the same form of the Laplace equation, wvhich
is applied to each layer separately. But Roach's model is confined to
surface charge and dielectic properties, while our model utilizes
spatial conductivity variation, which gives direct potential values
at the interface. The resistive model of the MTF in the LCLV neglects
the dielectric effect in the dc bias, which might change the charge at
the interface. With an ac bias the dielectric constants should be
censidered.
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OPTIMAL OPERATION TEMPERATURE OF A Si-LCLV
Shin-Tson Wu and Uzi Efron
Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, California 90265

mmar

A silicon liquid crystal light valve (Si-LCLV) is a useful device for converting an
input image written in certain wavelength, intensity, and coherence conditions to an
output image in which some or all of these parameters are varied. For examples, IR-
to-visible(2) and visible-to-IR(3) image conversions using a Si-LCLV have been
demonstrated successfully.

The structure of a reflective mode Si-LCLV consists of three major parts:
(1) photoconductor: a 125-um-thick, high resistivity (~5000 ohm-cm) n-silicon,
(2) dielectric mirror: for reflective mode operation, and (3) nematic LC layer: for
modulating the readout beam. In operation, a periodic asymmetric voltage waveform
is applied to the Si-LCLV so that the device alternates between a long (~0.5 ms)
depletion phase and a short (~40 us) accumulation phase. In the depletion (active)
phase, the high resistivity n-silicon is depleted completely, and electron-hole pairs
generated by the input light are swept by the electric field, thereby producing a spatial
voltage pattern that activates the liquid crystal. Since the liquid crystal film is
birefringent, the electric-field-induced LC reorientation causes phase retardation of the
incoming linearly polarized readout beam. A polarization analyzer completes the
image transformation to a two-dimensional intensity pattern which replicates the input
pattern originally imposed on the silicon photoconductor. A projection lens placed
approximately one focal length from the output face of the LV relays the output image

to the observer or detector.
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When a Si-LCLV (with a parallel or perpendicular aligned LC layer) is used as
an amplitude or phase modulator, large dvnamic range and fast response times are
the two important parameters. However, for a given LC material, these two parameters
are conflicting issues; faster response times are often associated with a smaller
dynamic range, or vice versa. To evaluate the trade-off between dynamic range and

response times, we obtain a figure of merit (F.M.) as
F.M. = KAn2/yy (1)

for a LC cell. Where K = K11 or K33 represents the splay or bend elastic constant, An
is the birefringence and ys the rotational viscosity of the LC. Since K, An, and ys are all
temperature dependent, the F.M. is expected to depend on temperature. Optimizing
the merit factor, we derived an optimal operation temperature {Top) for a LC
modulator:(4)

E 2
TOD:M[(HQBKTM/E) 1] 2)

where E is the activation energy of the LC, 3 is a material constant, k the Boltzmann
constant, and Tn; the nematic-isotropic phase transition temperature. Tgp is calculated
to be ~48° and ~87°C for E-7 and E-44 LC mixtures, respectively. By operating aLC
modulator at its Top, the merit factor can be improved significantly. Good agreement
between experiment and theory has been obtained.

In the Si-LCLV, in addition to the LC temperature effect, one more factor has to
be taken into account, which is thermally-generated dark current (Jg) in the reverse-

biased silicon photoconductor. Jg is strongly dependent on the temperature as(5)
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Js ~ T3 exp(-Eg/kT) (3)

where Eg is the bandgap of the Si photoconductor. Js increases by a factor of ~50 as

the temperature increases from room temperature to 48°C, the optimal operation

temperature of E-7 liquid crystal. The increase in dark current would alter the required
bias voltage of the Si-LCLV and greatly affect its performance. On the other hand,
operation at a higher temperature would result in a decreased threshold voltage for
the LC. These effects conspire to lower the optimal operating temperature of the light
valve to a value less than that predicted for the LC layer alone. We have found

experimentally that the optimal operation temperature of the E-7 Si-LCLV occurs at

b
h. 33°C, rather than at 48°C as anticipated for an isolated LC cell. Even at this slightly

elevated temperature (33°C), a 60% improvement of the overall figure-of-merit was
ﬁ found relative to that at 22°C.
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PERFORMANCE EVALUATION OF A TRANSMISSIVE
LIQUID CRYSTAL SPATIAL LIGHT MODULATOR

Shih-Chun Lin, R. Scott Boughton, John Hongx
The Aerospace Corporation
P.O. Box 92957, Los Angeles, CA 90009

and

Joe Reichman
Grumman Corporate Research Center
Bethpage, New York 11714

I. Introduction

Liquid crystal spatial light modulators (LCSLM) have been used
in many optical data processing systems. The one most often cited is the
reflective type produced and marketed by Hughes Aircraft Company. Its
construction, performance, and applications to real-time optical data
processing have been reported before!:2., Grumman has recently developed
an ICSIM, which allows both the write and the read beams to enter from
the same side. The CdS photoconductor used is transparent to light of
wavelength longer than 600 nm, so a red light, such as a He-Ne laser,
will transmit through. Otherwise, the light valve operation is similar
to the Hughes device.

An experimental evaluation was carried out at Aerospace on one
of the devices for its sensitivity, temporal response, uniformity, and
resolution. The results are summarized below,

II. Performance Measurements and Results

The basic experimental set-up is shown in Fig. 1. A collimated,
incoherent write beam was generated from a 75 W xenon arc lamp, filtered
by a blue filter. A collimated, coherent read beam was generated by a 10
mW He-Ne laser ( A = 632.8 nm), expanded to overfill the 1" diameter
device aperture. Both beams were linearly polarized in the same
direction and their intensities were adjusted individually by ND filters.
An 8 V peak-to-peak sinusoidal voltage was applied across the device.
The frequency of the voltage was adjustable. The input object was imaged
onto the LCSIM by a diffraction-limited lens system. The output from the
SIM was imaged through a red filter to a detector, a TV camera, or film,
depending on what parameter was being measured.

*Present address: Science Center, Rockwell International Corp.,
P.0O. Box 1085, Thousand Oaks, CA 91360
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A. Sensitometry

Sensitometry measurement enables us to determine the device
sensitivity, the linear dynamic range, and the contrast ratio. The bias
voltage was 8 V, peak-to-peak. The sensitometry results are shown in
Fig. 2. The curves show saturation at the high end of the input
intensity, a linear region, and an increased sensitivity as the driving
frequency is increased. From these curves, we conclude that the device,
under the operational conditions, has a linear dynamic range of 10 dR or
better, a contrast ratio of 15 dB or larger, and a sensitivity better
than 21 gw/cm?,

A separate set of transmission measurements were carried out at
Grumman. The driving voltage was not set at 8 V peak-to-peak, but at
values corresponding to points of minimm transmission when the write
light was switched off. The data show that the sensitivity of a similar
device can be as low as a few pgw/om?.

R. Temporal Response

The temporal response of the L{SIM was measured by gating the
write light with an electronically-controlled mechanical shutter, while
monitoring the photodetectors and intensities of the write light and the
output laser light. Typical responses are shown in Fig., 3, where the
lower trace 1is the detector response to the gated write light and the
upper trace is the response to the transmitted laser light. Results show
that the rise time increases with increased driving frequency and
decreased write intensity. The shortest rise time 1s 45 ms for 1 KHz, 50
ms for 2 KHz, and about 50 ms for 5 KHz. The decayv time is much longer
than the rise time. An initial delay between the onset of the read light
and the onset of the write light was observed when the driving frequency
was 1 KHz. The delay disappeared in  the 2-kKHz and 5-KHz cases. The
delay time ranges from 5 ms to 60 ms depending on the writing inlensity.
Such a phenomenon has not been  reported before and is  worthy of future
study.

C. Uniformity

1. Intensity Uniformity

The transmitted beam fringe pattern is shown in Fig, 4(a). The
pattern is not a function of driving voltage, frequency, and the
light intensities. A more quantitative measure was obtained by
scanning the transmittec intensity with a small pinhole. The
detector output is shown in Fig. 4(b).

2. Phase Uniformity

Phase wuniformity was measured by two independent techniques.
The first one employed a Mach-Zehnder interferometer. Fig. 5(a)
shows the fringes of the interferometer before the device is
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inserted, whereas Fig. 5(b) shows the fringe pattern after the
active device is inserted. There :is very little distortion in
the fringes even though the intensity fringe pattern is still
visible. The second measurement used was a rapid-scanning
triangular interferometer originally developed for MTF
measurement.?. The envelope of the interferometer output is the
MTF. The MTF of the well collimated, diffraction-1imited He-Ne
beam over a l-cm circular aperture is shown in Fig. 6(a),
whereas the beam after transmitting through the operating SIM is
given in Fig. 6(b). The degradation in MIF due to phase non-
uniformity may be estimated at about 1/1A (Ref. 4), a result
consistent with that of the first itechnique.

D. Resolution

The resolution of the device was measured by using the Air Force
resolution chart, Savce gratings, and a four-bar pattern as the input
objects. Fig. 7 shows the output image of the Air Force resolution
chart. The resolution is about 38 1p/mm and is limited by the graininess
of the film. Using Sayce gratings and a four-bar pattern, a resolution
of 15 lp/mm was measured by a CCD array.

IIT. Conclusion

Performance data show that the Grumman device is comparable to,
if not better, than the other type. A transmissive device may provide
more flexibility in designing optical processor architectures.
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MICROSECOND SWITCHING IN CHOLESTERIC LIQUID CRYSTALS

J. S. Patel
Bell Communications Research
331 Newman Springs Road
Red Bank NJ 07701

The helical structure of a cholesteric liquid crystal can be 1uudified or even completely
unwound by an applied electric field. This is well understood in terms of the coupling of
the electric field to the dielectric anisotropy of the liquid crystal, an effect which is
quadratic in the amplitude of the electric field. In this paper we report the measurements
of optical switching times for a new effect in cholesteric liquid crystals which arises because

of flexoelectric coupling' and which is linear in the electric field.?

The effect is easily observed in a well aligned parallel plate cell in which the helix axis of
the cholesteric liquid crystal lies in the plane of the plates. In this configuration, in absence
of an electric field. The cholesteric liquid crystal behaves as a uniaxial material with its
optic axis perpendicular to the helix axis. When an electric field is applied, the helix
distorts, as shown in figure 1, to lower the free energy of the system as describes
elsewhere.” The net result of an applied electric field is that the system behaves as if the
optic axis has been rotated about the electric field direction. The direction and the
magnitude of this rotation depends on the direction and the magnitude of the applied
electric field. Thus this effect is a linear electro-optic effect and phenomenologically

resembles the ferroelectric effect in liquid crystals.

We have constructed a test cell containing a cholesteric liquid consisting of a mixture

of 30% cholestryl nonate and 70% Z1I2141-100 nematic liquid crystal from MERCK which
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has a low Ae. The cell was made of conductive indium tin oxide coated glass, with a cell
gap of 7.5 microns. The alignment was obtained by coating both surfaces of the cell with
alignment polymer and buffing the surface as described before®. The sample was filled in

ihe isctropic state and cooled inte the cholesteric phace with 40V DC 2<ross the sample to

improve the alignment quality.

By placing the sample between cross polarizer and applying an AC voltage, optical
modulation could be easily observed by monitoring the transmission through the cell. Since
the rotation of the optic axis was small in this sample, a linear relationship between the
depth of modulation and the applied electric field is expected if the sample is placed with
its zero field optic axis at a small angle to the polarizer axis. This can be easily seen by

noting that the transmission for the two optical states,is given by
I, « sin’[2(® — ®)] and I, « sin’[2(© + ®)]

and the difference Al « sin(40 )sin(4d)

where © is the angle that the zero field optic axis makes with the polarizer axis and & is
the change in the angle that the optic axis undergoes as a result of applied field. This angle
® can be shown to be proportional to the applied electric field at least for small fields’.

Thus the difference in the intensity should be proportional to the applied electric field.

Experimentally the optical response to an applied square wave of various amplitudes
were recorded digitally for further analysis. The data poinfs demonstrating the linear
relationship between Al and voltage are shown in figure 2. Figure 3. shows the optical
response due to an applied square wave. The intensity has been normalized to compare the

rise and the fall time at different voltages. The data clearly shows that these time are
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independent of applied electric field although, the absolute electro-optic effect is
proportional to the magnitude of the electric field. The rise and the fall time are equal as
expected since the switching is fie'ld driven for both the states. The field independence of
the switching time can be explained by noting that the torque on the molecules is
proportional to the field, but the molecules have to swing through an angle ® which is also
proportional to the field. It can be shown that’ tan®=e.E/t K, where e is the flexoelectric
coefficient’, K is the elastic constant, 2m/t, is the helical pitch, and E is the electric field.
Thus for small values of & the switching speed is field independent because of the
compansating effects of the greater torque and larger optic axis rotation.
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Real-Time Optical Edge Enhancement Using a Hughes Liquid
Crystal Light Valve

Tien-Hsin Chao and Hua-Kuang Liu
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, CA 91109

Edge enhancement is one of the most important preprocessing techniques utilized in opti-
cal pattern recognition. In an optical correiator, cross-correlations among similar input
objects can be greatly reduced by using the edge enhancement technique. Traditionally,
optical edge enhancement is obtained by high-pass filtering at the Fourier plane.

However, the system SNR is generally lowered by this filtering process. Recently, two
differentiating spatial light modulators. specifically designed to generate edge-enhanced
output, have been reported. Casasent et al. have demonstrated real-time edge enhance-
ment using a Priz fight modulator {1]. The Priz light modulator is a transverse modification
of the Pockel's Read-out Opticai Modulator (PROM) with a [111] BSO crystal cut. Ar-
mitage and Thackara have designed a BSO photo-addressed nematic liquid crystal dif-
ferentiating spatial light modulator [2, 3]. A fayer of liquid crystal is tuned in a transverse

configuration (i.e. the electro-optic response is optimized for Eyx and Ey rather than

Ez) to achieve the edge-enhancement. The BSO crystal is used as a photo-addressing
medium. This SLM is functionally optimized as an edge-enhancing SLM.

In one of our recent artificial neural network experiments, we discovered an interesting
edge enhancement effect by using a Cd-S Hughes Liquid Crystal Light Valve.

in our experiment, the edge-enhancing effect started to appear as the biasing frequency
was lowered. This effect was optimized at a bias frequency of 500 Hz and voltage of 6

Vrms- (For normatl operation, the values are 10 KHz and 10 V The input writing

rms )
light intensity was about 50 uw/cm2, Experimentally, a linearly polarized read-out beam
was employed. First, a continuous tone image was obtained, through using a polarizing
beam splitter, at the above stated biasing condition. The edge-enhanced output was
obtained when the LCTV was rotated about 30° ccw.
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The interpretation of this edge enhancement phenomenon is as follows: It was generally
understood that in a photo-addressed SLM, the transverse field components are propor-
tional to the spatial gradient of the writing image. Thus, a transverse SLM acts as a
differentiating or edge-enhancing device {3]. As a low frequency biasing signal is applied
to the Hughes LCLV, the liquid crystal molecules align themselves along the direction of
the applied field that is perpendicular to the electrode surfaces. The LCLV is thus
switched to a transverse mode under this bias condition and functions as an edge-en-
hancing spatial light modutator.

The experimental results are shown in Fig. 1. Fig. 1 (a) shows an edge-enhanced Air
Force resolution chart. Fig. 1 (b) shows an edge-enhanced picture of a continuous-tone
image. In this picture, the outline of the girl's head is clearly displayed and the halo in the
background is reduced to a ring.

Further experiments using this real-time edge-enhancing effect in an optical correlator are
underway at JPL. The results will also be presented in the meeting.

The research reported in this paper was performed at the Jet Propulsion Laboratory,
California Institute of Technology, as part of its Innovative Space Technology Center,
which is sponsored by the Strategic Defense Initiative Organization/innovative Science and
Technology through an agreement with the National Aeronautics and Space Administration
(NASA). The work described was also co-sponsored by NASA OAST and the Physics
Division of the Army Research Office.
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Fig. 1 Edge enhancement experiments using a Hughes Liquid Crystal Light Valve.
(a) Edge-enhanced iimage of an Air Force resolution chart. (b) Edge-enhanced
“ image of a continuous-tone image.
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Improved photorefractive performance from a special cut of BaTiO:.

Joseph E. Ford. Yeshaiahu Fainman and Sing H. Lee
Department of Electricat and Computer Eagineering,
University of California at San Diego, La Jolla, CA 92093

1. Introduction

Photorefractive matenals have been used 10 construct optically controlled spatial light modulators
(SLMs) using incoherent erasure of an index grating' and using photorefractive gain:. An SLM should
provide high resolution, large aperture. low noise and crosstalk, and fast time response. If gain is to be
provided it should be high, and uniform to within the 3db criterion’. Among the currently available pho-
torefractive matenials. barium titanate has the best performance characteristics for optical signal process-
ing applications requiring gain. It provides large index modulation. high sensitivity, reasonable response
times. and crystals of good optical quality are available. However, utihzation of these characteristics in a
regularly cut crystal (with faces parallel to the (100}, (010) and (001) crystallographic planes) introduces
certain operational difficulties. To overcome these difficulties we have prepared a specially-cut crystal of
BaTiO;, with faces parallel to the (100), (011, and (011) crystallographic planes. In this paper, we will
evaluate the performance of crystals with this orientation for information processing and particularly for
SLM applications.

2. Characteristics of photorefractive BaTiO,
The use of BaTiO; for coherent image amplification is discussed in detail in reference 3. The opti-
cal configuration for two-beam couphing is shown in fig. 1. Briefly. the signal gain, G. is given by

_ (e

G
l1+re'™

()

where 1 is the ratio of input beam intensities: L is the effective optical interaction length in the crystal:
and I, the exponential gain factor. is a material characteristic which depends on the input beam angles
0 and 3 (see fig. 2).

2.1 Regular-cut BaTiO;

For a regular-cut crystal in air, the interior beam angles necessary to obtain high gain
(B ~ 20°,0 ~ 2°) can be reached only if cither ihe pump or the signal beam enters the crystal at near graz-
ing incidence. resulting in several adverse effects on SLM performance. First, crystal’s volume is not
uniformly illuminated. reducing the gain near the sides. and so decreasing the usable crystal aperture.
Second. the slope of the I' curve is very steep in the accessible high-gain regions. This means that the
signal gain will be a sharply varying function of input angle. reducing the allowed angular bandwidth of
the input signal, and therefore the resolution of the SLM.

To avoid these problems. it is possible to decrease  and to increase 8. trading in the gain coeffi-
cient for increased bandwidth. However, to produce the same gain as before, the interaction length--and
therefore the crystal’s thickness--must be substantially increased. Fusthermore, in SLM applications,
both the signal and the pump (the modulator control beam) carry information, therefore the pixel size
must be large enough that pixels do not significantly overlap one another in the crystal. The combination
of a larger beam angle and a thicker crystal forces an increase in the minimum pixel size, with a
corresponding decrease is the SLM’s space bandwidth product. Also, it is not possible to apply an exter-
nal electric field aligned with kg, which can be useful in some information processing applications*.
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2.2 Special-cut BaTiO,

Our solution to these problems wis to have the BaTiOx erysial cut at 457 10 the conventional orien-
tation ', so that its faces are on the (100), (011 and (011) planes. as shown in figure 3. This orientation
allows coupling 1o the peuk exponential gain coetficient (8 ~ 457, 6 - 2°) with both the pump and signal
beams at nearly normal incidence to the cryvstal face. Thas results an full use of the crystal aperture with
uniform gain. The increased I' means ihat a thinner crvstal will produce the same gain as before. while
reducing crosstalk and decreasing the mimmum pixel size. Furthermore, since Kk, will be nearly perpen-
dicular 1o the crystals sides. an external electric field aligned with k; can be applied. so that higher gains
can be achieved

2.3 Experimental results

The first special-cut crystal we examined was the same thickness as the regular<cut crystal we use
(4.5 mm). The resultant gain was so large that the amplification of scattered hght (fanout)y dominated,
depleting the pump beam and reducing the available gain. We then examined a special-cut crystal only
2.5 mm thick which gave mmproved results. We have characterized these erystals and compared them o a
regular-cut crystal 4.5 mm thick which produced comparable gain.

A comparison between the two crystals of the gain measured as a function of input beam angle is
shown in figure 4. The special-cut crystal gave much more uniform gain. with a peak I ot 2. 45/mm com-
pared 0 1.39/mm for the regular cut. The maximum gain for the special-cut crystal occured at 6=8°
rather than the predicted 27, This s a result of tanout: to avoid depletion of the signal beam, it must pro-
pagate through the crystal at an angle for which the fanout is low. Unlike the regular-cut ¢rysial. the gain
abserved showed a strong positive dependance on the incident intensity. probably due 1o a nenhnear
dependance of fanning on the total input intensity.

An important material performance characteristic for SLM applications is the spaual frequency
response of the photoretractive amplitier. This was determined by simultaneously amplifying (wo signal
beams and calculating their gain ratio. in etfect measuning the contrast ratio of an amplified 1mage of a
grating. The result, plotied in figure 5. showed that the special-cut provides uniform gain for images with
spatial frequencies of over 500 Ip/mm. The regular<ut crystal has by comparison uneven performance: at
spatial frequencies below 100 Ip/mm, the signai closer to the pump beam tends to dominate the gain.
Above 100 fp/mm. the angle between the two signal beams has become large enough that the second
beam can begin to extract energy from the first (see fig. 2). resulting in a dynamic transfer of energy back
and forth between the two signal beams. further reducing the contrast. When an external electric field
was applied to the special-cut crystal, the gain increased, especially at low photorefractive grating spatial
frequencies and low pump beam intensities. At 8=2°. the gain more than tripled when | kV was applied
(see figure 6).

One of the most critical characteristics of an SLM is its response time. Regular<ut BaTiO- has a
relatively slow response compared to, for example. BSO. A large reduction in the response time of the
special-cut BaTiO; crystal was observed, independant of the applied field. The response times of a 2.5
mm thick special-cut and a 4.5 mm thick regular-cut crystal were measured under conditions producing
the same gain (pump intensity 25 mW/cm”, signal/pump ratio 10, gain ~ 650). The specialcut crystal
had a response time of only 2.1s compared to S4s for the regular—cut crystal. This improvement is most
probably due to a decrease in the effective dielectric constant expe-ienced by the beams interacting in the
special-cut crystal®.

3. Conclusions

We have shown that a special-cut BaTiO; crystal is very well suited for use as an amplifying SLM.
Such crystals provide more uniform gain. better response to high spatial frequency input, more effective
use of crystal aperture, and faster response times than conventional BaTiO; crystals. In other words. an
amplifying spatial light modulator using this unconventionally cut BaTiO, crystal will provide uniform
gain for large space bandwidth product signals and will operate with improved response time.
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Pump Beam

Signai Beam

(1001 Face "o
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Fig. 1. Geomeltrig configuration of two-wave mixing in
BaTiO;. k; and k, are the wave vectors of the pump
and signal beams respectively: kg 15 the wavevector of
the index grating induced from the two interacting
beams; 28 is the interior angle between the two beams:
C is the optical axis of crystal, and f is the angle
between k and C.
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Fig. 3 Ornentation of the special-cut BaTiOy crvstal
(with faces on the (1001 (011 and (Ol crystallo-
graphic planes) relative to the regular-cut crystul

3 — -
- -
- P -

2— 1! —
| i . -
o ro \\ AN T e

& . ,’ + . ST -
| X

~ L/ \ / /

[ / ~ «
. \ A—/A\ -~ =
|

» regu.a> cu:

¢ special cul

40C 800 12CC

o}
A
\
l

Spalal Frequency {lp mm)}

Fig. 5. Frequency response of BaTiOz for both regular
and special cut crystals. Intenor bias angle 8 =4°. The
response is defined as the rato of the gain of two signal
beams simultaneousty amplified in the crystal.

W——-'— ————— ~—
Wel-4
&
1 A’L£ 600 ——mr———— .
21l -enis
4‘ -
1 A0 ~ < reguier cat
- N « spect Tul
* _.Convertionc i . > .
B
e s 400 — . - -
- Specic’ lu K <
.
- !
G :
4 < \
1 =
1 AR
Y
s \
O M
N 5 6 f

Pump Frobe heam Argie B .degrees

Fig 4. Photorefractive gam vs antermal pumppiobe
beam angle. 6. for both regular (3.5 mm crvstal thick-
ness. B=15"1 and special (2S5 mm thick, =0 cu
BaT10+. The special<ut crystal had an appited v liage
of TkN (1.92hV,em). Pump intensity wis 20 mW omi”

S T R e e T e R e e A
[ L
© «
<
e 40 - ¢«
& <
H <
. < 3
H <
z ce
20—
R
¢
O b e e L e e e ..
o G2 04 06 [SH9 A

Apphed Voliage (kW)

Fig. 6. Photorefracuve gain vs apphed veliage for
special-cut BaThO: Pump ntensity [, = 20mW em”.
r=2x10", 6 = 2° (graung period A=3um). and £ =0"".



WC2-1

SPATIAL LIGHT MODULATION IN GaAs

Li-Jen Cheng, Gregory Gheen, and Tsuen-Hsi Liu
Jet Propulsion Laboratory
California Institute of Technology

Pasadena, California 91109

Gallium Arsenide(GaAs) is the most technologically-important
compound semiconductor for electronics and optoelectronics. Semi -
insulating Cr-doped and undoped GaAs crvvetals are kneown to be
photorefractive.l’2 This provides opportunities to use GaAs for
optical processing, including spatial light modulation. In this
paper, we will present recent results of our investigation on the

feasibility of using GaAs in this area.

Volume holographic grating can be written in the photorefractive
crystal using two coherent light beams, which can diffract light. If
the grating is written with information-bearing beams, the diffracted
beam is spatially modulated in accordance with the information.
Spatial light modulation in photorefractive GaAs uses this principle.
The light to be diffracted is not necessary to be coherent with
and/or have the same wavelength as the write beam. HNowever. the
diffraction can occur only when the Bragg angle condition is
satisfied. The diffracted beam can carry the information stored in
the hologram by means of the spatial variation in intensity and
phase. The information storage can be achieved either by encoding
write beams(one or both) or illuminating the uniform grating in the
crystal with an information-bearing incoherent light. The former is
commonly used for optical processing. The latter is the mechanism
used in the photorefractive incoherent-to-coherent optical

3

converter -,

In comparison with conventional photorefractive oxides, such as
barium titanate, bismuth silicon oxide(BSO), and strontium barium
niobate(SBN), photorefractive GaAs does provide several

distinguishable advantages. They include fast response,

£~
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compatibility with semiconductor lasers, availability of large, high
quality crystals, and potential to be integrated with optoelectronic
components. In addition, the optical isotropy and the tensor nature
of the electro-optic coefficients of GaAs crystals allow the
possibility that the polarization of the diffracted light is
perpendicular to that of the incident bean” 6. This provide a
convenient method to separate the diffracted beam from background

noises and opportunities to create innovative applications.

the responsiblie mid-gap level in LEC-grown, undoped, semi-
insulating GaAs for the photorefractive effect is known to be the EL-
2 level, an arsenic anti-site defect. This particular defect is also
known to be responsible for compensating the residual electrical
activity, making undoped crystals semi-insulating. The level is
located about 0.75 eV below the conduction band. Tvypical densityv of
the defect in undoped, semi-insulating GaAs crystals currently
available is in the order of 101° cm'3, among which only about 1015
cm”3 are in the empty state, acting as acceptors. The electron
mobility in photorefractive GaAs is typically about 5000 cmz/soc—V'
which is about four-orders of magnitude larger than those of the

oxides.

The response time of a photorefractive material is the time
required to form an index grating which depends on beam intensities.
grating periodicity, as well as material properties. Carrier
mobility, donor concentration, photoionization cross section of the
donor, and carrier capture rate at the acceptor are material factors
determining the response time. It is reported that the response time
in LEC-grown, undoped GaAs is about 1 millisecond’ and 20

2

microseconds® under a total intensity of 0.1 and 4 W/cm?. These

numbers are, at least, about two orders of magnitude larger than
those of the oxides under the same intensities. The response time of
GaAs can be in the picosecond time scale, if intense picosecond lighet
pulces are used. For example, under a total intensity of 5x107

2

W/cm“, the response time of GaAs was reported to be 43 picosecondsg.
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The volume holographic grating written in a photorefractive
material has a finite lifetime. This lifetime determines the
information storage time in the crystal, an important parameter for
evaluating the information processing capability. For a given
wavelength, the read beam intensity and the grating periodicity are

two process-related parameters determining the lifetime. Recently, a

beam coupling technique using a 1.15 micron He-Ne laser was employed
to measure the grating lifetime in Gaas?. The largest lifetime

measured is about 8 seconds under a read beam intensity of 0.7 mW/cm2
with the grating periodicity being 0.63 microns. The measured value
decreases to milliseconds as the read beam intensity and the grating

2 and 4 microns, respectively.

periodicity increase to about 10 mW/cm
In addition, the results suggest that lifetime is sensitive to

residual imperfections in the crystal.

There are two generic configurations utilizing the
photorefractive effect: beam coupling(two-wave mixing) and four-wave
mixing. In the beam coupling, two coherent beams interact with each
other, resulting in a net energy transfer or a polarization shifrt.

J Spatial light modulation and image transfer using the polarization

] shift were successfully demonstratedlO, 11 In the four-wave mixing,
two coherent beams write an index grating. A third beam reads the

1 grating, creating a fourth output beam by diffraction. Four-wave
mixing is more usef 1 and versatile. A number of basic optical
information processes including imaging using phase conjugationlz,

13

correlation and convolution, and matrix-vector multiplication14

were demonstrated using the degenerate four-wave mixing
configuration. Experimental results will be presented and their

potentials for practical applications will be discussed.

The work described in this paper was carried out by the Jet
Propulsion Laboratory, Califernia Institute of Technology, and was
sponsored by the Defense Advanced Research Projects Agency and the
Strategic Defense Initiative Organization/Innovative Science and
Technology through agreement with the National Aeronautics and Space

Administration.
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Two-Beam Coupling Photorefractive Spatial Light Modulation

with Positive/Negative Contrast in Sillenite Crystals

Abdellatif Marrakchi
Bellcore
331 Newman Springs Road, Red Bank, NJ 07701-7020

Dynamically programmable optical processing
and switching svstems rely heavily on the availa-
bility and performance of spatial light modulators
(SL.Ms). Several devices based on the refractive
indcx change ol a photoscnsitive material have
been already demonstrated.! Howeser. their per-
formance has been shown to be limited. both in
terms of sensitivity and resolution. As a result,
new concepts are being investigated that would
perform the SLM function. One alternative is to
utilize the photorefractive cflect.

In the following. we demonstrate and charac-
terize photorefractive spatial light modulation
based on Doppler-enhanced two-beam coupling in
bismuth silicon oxide crystals (Bi;2SiOag. or BSO).
Even though the intrinsic crasurc efficacy is not
large cnough to allow direct visualization of the
spatial light modulation, the polarization proper-
tics inherent to opticatly active materials, such as
BSO crystals, extend the dynamic range of this
crasurc process. making such a configuration at-
tractise both for its performance and its simplici-
tv. In addition, for a specific oricntation of the
crystal. the particular polarization propertics al-
low control over the contrast of the modulation.
Indced. positive or ncgative contrast can  be
achicved by proper sclection of the polarization
statc of the image-bearing coherent transmitied
beam.

When two coherent beams are allowed to in-
terfere within the bulk of a photorefractive ma-
terial, the resulting  intensity  distribution s
mapped onto a corresponding  relractive index
modulation duc to charge gencration, transport,
and trapping. This process gives rise 1o a space
charge ficld which is responsible for the refrac-
tive index change through the lincar Pockels cf-
fect. Under certain conditions, this holographic
recording occurs  with an  cncrgy  exchange
between the two writing beams. Photorefractive
grating recording docs occur with the appropriate
phase mismatch n the diffusion regime. ¢, no
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external ficld is applied to the material. Howev-
cr, in this case, beam coupling in BSO crystals 1s
weak due to the small value of the clectrooptic
cocfficient (ry; is about 45 pm/ V). In order to
take advantage of the effect of large applicd clec-
tric ficlds and the proper phase mismatch, it was
found that a moving grating cnhances coupling.’
both by increasing the space charge ficld ampli-
tude and by optimizing the phase mismatch
Large values of energy transfer could then be ob-
served in BSO crystals,

Schematically, the principle of photorefractive
incoherent-to-coherent  optical  conversion  (Pl-
COC) based on scif-diffractiz~ iz illustrated in
Fig. 1. Two ¢cohcrent plane woves impinge upon
the BSO cryvstal, from the same side to form a
transmussion-type refractive index grating. The
reference (or pump) beam has a much larger in-
tensity compared to the signal beam.  Under
proper conditions. at the cxit of the crystal, the
weak signal beam intensity 15 increased due to
coherent scit-diffraction from the grating being
written simultancously. In addition to the two
writing becams, a third becam is also incident on
the crystal. This illumination could originate ci-
ther from a white light source combined with a
color filter. or from a laser source incohcrent

with respect to the writing beams. The cllect of

the incohcrent spatial information s two-fold
First. 1ts DC part tocally reduces the phase grat-
ing modulation depth (retated to sensitivitv s and
sceond. 1ts spectral content atfects the induced
harmonics of the space charge ficid (related to
resofution).  Although for a complete device per-
formance analvsis both cilects shauld be con-
sidered. only the reduction of the grating modula-
tion depth s taken into account in the proposed

simpic model. The locally tnduced reduction of

the fringe modulation subscquently decreases the
amount of cnergy transferred onto the wcak
cohcrent signal beam. Note that the intensity dis-
tribution in the signal beam after the crystal is a
negative replica of the incoherent information,




In the derivation of the transmitted signal in-
tensity, we shall not be concerned with the device
spatial resolution issucs.  Conscquently, the
conversion process is described in terms of the cf-
fect of the local modulation decrease on self-
diffraction. The reduction of the transmitted
weak output intensity is illustrated in Fig. 2, for
two different crystal thicknesses. The plots are
normalized to the intensity that would result in
the presence of coupling but without crasure.
They represent the function

Nou = exp[—Tod( T_g.B__

o-R)] n

in which [y is the cxponential gain in the
abscnce  of the incoherent  crasure  beam,
o = (15XSCX[)(—anVGGXGCXp(‘aGd) 1S the
relative efficiency of gencrating charges at cach
wavelength, and R = Ig/lg is the incoherent-to-
coherent intensity ratio. Note that even for the 2
mm-thick c¢rystal  (which 1s used in  our
cxperiment), most of the reduction happens for a
range of ratios between zero and one. (The
typical values of the different parameters used in
the model are ag = 2em™! and ng = 2615 at
the coherent wavclength Ag = Sldnmy;
as = 10em™- at the incoherent  wavelength
Ag = 42 nm; /i = 1073 and E, = 123
kVem ™'y Defining  the  sensitivity  of  the
comversion as the slope of these plots around the
origin, onc finds that it is given by

S = —Tgad ()

which shows that the larger the gain in two-wavce
mixing, thc more sensitive the device will be.
This cxpression also shows that the sensitivity 1s
cnhanced by the use of an incoherent wavclength
that is cfliciently absorbed by the material.

The polarization propertics in sillenite crystals
have been extensively studied?* The simultane-
ous presence of ficld-induced Jincar birefringence
and natural optical activity in these materials
brings about a large degree of freedom in terms
of polarization control of the beams that cmerge
bechind the crystal. The results of the theoretical

-model developed in Ref. 4 as applied to the

present cxperiment arc shown in Fig. 3. The
transmitted signal beam (1,) is weakly clliptical in
the stationary case. and becomes fatter with the
running grating condition (2 mm-thick BSO crys-
tal; 8 kVem ™! applied ficld along the <001>
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axis; 7 pm fringe spacing: lincar incident polari-
zation aleng the modulated axis). In addition, the
angle between the major axcs of the optical fields
that correspond to the two configurations is about
30 deg., illustrating the fact that the increase in
the space charge ficld amplitude duc to the
Doppler shift combines with the optical activity
to further rotate the polarization state. Conse-
quently. the contrast ratio of the optical conver-
sion can be improved using such propertics. To
achieve this. the experimental conditions are
chosen so as to cxtingwish the transmiticd
coherent beam with a polarization analvzer, in
the presence ol an applied ficld but without run-
ning gratings; then the fringes are allowed 1o
move, with a clocity that optimizes  self-
diffraction. Addition ol the incoherent beam de-
creases the diffracted intensity in the signal beam.
but now, the contrast ratio s ¢nhanced with the
use of the analyvzer, since the background intensi-
ty and the scattered noise are drastically reduced.
This technique has been successiully applied to
the photorefractive incoherent-to-coherent optical
conversion of two-dimensional transparcncics, as
shown in Fig. 4 {or a USAF target. (The rings in
this figurc arc duc to imperfections in the paral-
lelism of the opposite faces of the crystal)

An additional fcature altordable with two-
beam ccupling in photorcfractive crystals is con-
trast reversal. The direction of energy transler i
determined by the intrinsic anisotropy of the c-
axis in the case of ferroclectric recording media.
and by the polarity of the applied field in the
casc of sillenite materials. Conscquently, contrast
reversal 1s casily achievable with BSO cryvstals by
reversing the polarity of the applied ficld. How-
cver, the technique we chose to explore relics
rather on the polarization propertics ol scll-
diffraction in a < 110> oriented BSO crystal.

For simplicity, let's assume that the polaniza-
tion states shown in Fig. 5 can be realized. This
figure shows the state of the transmitted Leam
with (I" # 0). and without coupling (I" - ).
(The case without coupling corresponds to a per-
fect crasure.) For these two cases. the polariza-
tions arc assumcd weakly clliptical (they could be
lincar). with orthogonal major axcs (or a large an-
gle between them) A rotating analvzer helps
cnhance the intensity of the erased area over the
undisturbed onc, or vice versa. Conscquently, if
the angle a of Fig. 3 is cqual to zcro. the intensity
in the undisturbed region is weaker than in the
crased arca, and hence the contrast i1s positise
{crasure increases intensity). On the other hand.



WC3-3

with an anglec equal to n/2, the intensity in the
crased region is weaker, and hence the contrast is

>
ncgative.  According to the study of Ref 4, EC'
situations like these can happen with a <110> ED_
oriented BSO crystal; unlike the case of a <001> £
crystal, for which the major axcs are always <085
almest  parallel, and contrast sclection is not 3 ;‘
possible. Figure 6 iltustrates this 3080 -
positive,/negative  spatial  light  modulatien  in §
which the choice is made with a rotating analyzer T0.75 e
placed behind the crystal. ¢ kﬁl\cmn\*‘
60.7C -

In summary, photorcfractive spatial light

modulation is achicvable with two-beam coupling 0.65 L S U S ; y
configurations. The particular casc of BSO crys- c 2 4 6 8 10
tals is interesting to study because the Doppler- Ircenarent-teo-coherent Intensity
cnhancement technique, and the polarization pro- Fig. 2 Normahzed intensity alter the eryvstal as
pertics  of different  cuts, not  only  allow a function of the incoherent-to-coherent
incoherent-to-coherent  optical  conversion,  but nensity rauo.

also positive or negative contrast sclection with =

simplc mecans. such as a rotating polarization

analyzer.

Critical review of this summary by G, AL
Havward and S. Jain is acknow ledged.
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Fig. 5 Polarization state of the  transmitted
beam for a configuration with coupling
(I # 0), and without(I" - 0).
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Photorefractive Spatial Light Modulator as a 2-D

Beam Steering Array.

G. ROOSEN

Institut d'Optique Théorique et Appliquée, U.R. CNRS
Batiment 503, Centre Universitaire d'Orsay, B.P. 43

914006 ORSAY Cédex - FRANCE

Free space optical interconnections are of prime importance for both op-

tical communications¢!’ and optical computing‘2’.

Indeed optics offers a naturally parallel environment with a potential
for dynamic, arbitrary and global interconnects between two dimensionnal ar-

rays of processing elements or fiber optic networks.

Optics is attractive for interconnects because the inherent non interac-
tion properties of light beams. This means that in a linear medium optical pa-
thes can cross without any effect and that light travelling in one channel

does not affect light travelling in another channel.

An obvious manner for exploiting these powerful properties of optics is
to use a 2-D holographic method to steer free space beams between n? input
ports and n? receiving ports. However this has to be done in such a manner
that a change in any particular interconnect link will not affect any other

interconnect links.
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The deflection matrix to implement could consist of a 2-D array of inde-
pendent cells in which independent gratings will be recorded with different
parameters so that a multitude of input beams willi be steered independently of

one another in different directions¢3),

The realization of reconfigurable interconnect patterns will be reached
by modification of either the whole deflection matrix or any single cell
independently. This requires both a dynamic method for establishing and chan-
ging the desired pattern of subholograms and nonlinear optical materials for

efficient recording of these steering gratings.

As very likely, high diffraction efficiencies will be desired, the de-
flection matrix will certainly consist of thick holograms. Therefore the issue

of Bragg selectivity will have to be carefully considered.

In this conference, we will first present one of the solution, we propo-
se for achieving large scale dynaric optical interconnections. It is based on
real time holography that is diffraction of signal beams by optically induced

transient gratings.

Variation of the diffraction direction of signal beams is achieved by
shifting the optical frequency of a control beam‘4’. A method allowing a mini-
mization of Bragg detuning and thus a maintain of an optimum efficiency over
large scan angles will be described and its performances discussed. First ex-
perimental results will be given, showing the possibility of simultaneously

steering more than 10* independent channels.
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The non linear medium used in these experiments was a crystal of bismuth
silicone oxyde (BSO). It belongs to a class of photoconductive and electro-
optique materials that exhibits a strong optical non linear behavior through
the photorefractive effect. An important feature is the possibility of genera-
ting this non linearity with low power laser beams. On the other hand fast
response times are obtained with pulse excitations(3-¢’, The photorefractive
effect has been found in a large variety of crystals, resulting in a broad

range of spectral sensitivities, spatial resolutions, efficiencies and speeds.

We will briefly discuss on these properties in the light of the inter-

connect problem, choosing BSO as an exemple¢7?.
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Highly-Parallel Holographic Integrated Planar Interconnections

Tomasz Jannson and Shing-Hong Lin
Physical Optics Corporation
2545 W. 237th St
Torrance, CA 90505

1. Introduction

The concept of using holograms or holographic devices to realize optical interconnection
has been subjects of recent investigations [1.2]. In conventional holographic architectures,
the holographic optical elements (HOEs) that interconnect signals between the input sources
such as laser diodes (LDs) and the output receivers such as photodiodes. fibers, etc., are
generally not located in the plane of the optoelectronic and VLSI elements. This tvpe of 3D
free-space holographic interconnect has important limitations. First, alignment problems
are critical. If the sources and detectors are not in exact 3D alignment with the epposing
holographic elements, performance suffers possibly to the point where the interconnect
becomes inoperative.  Second. and more importantly, even assuming ideal conditions,
conventional Bragg holographic interconnect previously proposed cannot, in theory or
practice, provide the large number of interconnections (N >> 10) needed in the tyvpical
VLS svstems. In short, the interconnectability of such bulk holegraphic system is limited

by the small hologram thickness (~10 10 20 um).

The optical interconnect approach being investigated in this paper has its basis in
holography; however, it utilizes a radically different class of holograms known as planar
multiplex holograms. This new class of volume holograms operate on guided waves in
the monolithic integrated optic substrates and is very compatible with microelectronic
elements. Most notable among 1ts features. the Bragg selectivity of a planar multiplex
hologram, first described by Jannson[3], is not limited by hologram coating thickness.
Thus, the interconnectability of the resulting highly parallel integrated optical interconnects
can be very large, reaching up to 108 channels per cm? for full interconnects.

2. Holoplanar ical In nn

The proposed holoplanar optical interconnections are based on the planar Bragg holography
[3]. The resulting interconnect configuration combines the technology of integrated optics,
total internal reflection (TIR) hologram [4]. and planar Bragg holograms in a monolithic
form. As depicted in Figure 1, the laser diode array, driven by electronic signals, emits
spherical wavefronts which are ideally transformed (i.e., in a diffraction-limited manner) to
waveguide zig-zag waves by the TIR holograms. The guided waves are in turn redirected
or distributed to various target connections by a multiplexed thick 2D planar Bragg
hologram which is co-planar with the waveguide. The planar Bragg structure can be
fabricated in either passive or active material, resulting in static or dynamic
interconnections. This configuration achieves the advantage of free-space interconnections
and yet allows the compact packaging of integrated optics.
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3. TIheory of Planar Bragg Holography

If we introduce with prism coupling, for instance, two or more planar guided wuaves
interferring within the thin photosensitive coating (e.g., dichromated gelatin), a planar
hologram can be recorded. Assuming. for simplicity, only two elementary planar waves,
with planar wavevectors h, and k,, (1.e., the (x,y)-projections of zig-zag guided wave
wavevectors), they will record a planar holographic grating with grating vector K as shown
in Figure 2. Thus, we can adopt the conventional 3D theoretical models of Bragg
holograms, especially including Kogelnik's coupled wave theory [S5] in describing plenar
Bragg holograms. In particular, all basic properties of Bragg holograms, such as
angular/wavelength selectivity, peak diffraction efficiency, wavelength dispersion, etc., can
be easily calculated on the basis of their horizontal or planar dimensions. At this point, we
have arrived at a very interesting fundamental property of planar Bragg holograms, namely
these holograms can be very “thick” in the sense of planar dimensions (i.e., T, or T, n
Figure 2). This large effective hologram thickness enables hizhly-efficient Bragg
holograms with excellent angular/wavelength Bragg selectivity to b obtained.

4. Svstem Interconnectability for Single Mode Wavegunides

In order to determine the interconnectability of the typical holoplanar interconnect system in
the single mode waveguide, it is necessary to estimate the angular Bragg selecuvity of
multiplex planar Bragg holograms. Using Rayleigh resolution criterion [3], the theoretical
minimum angular distance between two planar waves recognizable by the system 1s
approximately given by [6]. (16),., = A,/ T, where T is plunar hologram "thickness”
(equivalent to T, or T, 1, and 2 15 an effective wavelength of the waveguide mode

corresponding to A/n,. where A is the optical wavelengeh in vacuum. Assuming 4, =

m*
0.5 um and T = lem, we obtain an outstanding value ot (AU),;, = 0.003° which is
equivalent to more than 10 spatial degrees of freedom stored and later to be reconstructed

for the planar hologram in a 30°-total scanning angle

5. Experimental Results

(1> TIR Holograms

The basic function of the TIR holograms is to transfer the diverging light from laser diodes
or LEDs into directional planar gnided waves for processing the planar Bragg hologram.
We have designed and fabricated efficient TIR holograms based on dichromated gelatin
coatings. The experimental result ofthe TIR hologram is shown in Figure 3. Experiments
on dichromated gelatin coatings have successfully shown the wavefront transforming
operation.

(2) Planar Bragg Holograms

In order to demonstrate the interconnects in the monolithic planar waveguide, based on the
proposed planar Bragg holograms, POC has conceived a special proprietary technique that
enables the free-space recording of multiple-grating planar holograms with a 488 nm Argon
laser while reconstructing the holograms with a 632.8nm He-Ne laser. Several one-to-
many channel planar Bragg holograms were successfully fabricated on dichromated yelatin.
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The experimental results for 1-to-3 (2-gratings) and 1-t0-9 (8 gratings) fan-out are
illustrated in Figures 4.

0. ynclusions

The proposed interconnect configuration combines two holographic technologies (TIR and
planar Bragg holograms) in an integrated optics monolithic format that performs ultra-high
density interconnect operations in a co-planar manner. We have demonstrated successfully
that the holoplanar interconnect technology is experimentally feasible. It should be
emphasized that the successful realization of highly-rugged. fully-parallel, high-density (N
> 100) and highly-efficient holoplanar Interconnects will be breakthrough in many areas of
optical computing, optical information processing and optical telecommunication, where the
low-loss full-parallelity is of vital importance.
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Figure 1 Overall holoplanar optical interconnection architecture layout.
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Figure 2 Geometry of planar Bragg
hologram in a waveguide.

Figure 3 Photograph from experimental

fabrication of TIR hologram.

Figure 4 Photograph from experimental fabrication of one-to-many interconnect holograms.
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Development Issues for MCP-Based Spatial Light Modulators

Jubn N. Lee and Arthur D Ficher
Optical Sciences Division, Naval Research Laboratory, Washington, DC 20375

I. Introduction

Several of the most critically needed characteristics for two-dimensional
(2-D) spatial light modulators (SLMs) include i)high input sensitivity, 1ii)high
resolution, iii)long storage times, iv)high speed, and v)large dynamic range. One
would desire to maximize all these characteristics simultaneously, but in actuality
there exist tradeoffs that prohibit complete freedom in optimizing one parameter in
isolation from the others. The microchannel-plate (MCP) devices, however, can be
shown to have tradeoff points allowing unique performance in several of the above
characteristics. The use of an MCP electron amplifier allows for internal signal
gain, unlike most other SLMs where the output signal gain can be increased only by
increasing the readout light level. Thus, detection and processing of very low
signal levels, such as often encountered in multistage and feedback processing,
becomes feasible. Further, MCP-based devices can intrinsically perform special
image-processing operations (see Sec. III below).

The basic stucture of an optically-addressed SLM incorporating an MCP is
shown in Fig. 1. The input, writing image impinges on basically an
limage-intensifier structure, consisting of a photocathode-MCP arrangement, but
followed by an optical modulating material, instead of a by a phosphor screen
(as in an intensifier tube). The most extensively investigated modulator
materials have been electro-optic crystals such as LiNbQ3 and LiTa03 used in

the Hicrochannel-plate Spatial Light Modulator (MSLM)[1.2]). and 50-nm thick
nitrocellulose membranes, used in the Photoemitter HMembrane Light Modulator
(PEMLM){3). Upon deposition of charge onto the modulating material both types
of modulator provide phase modulation of the readout beam and amplitude
modulation with subsequent polarizing or interferometric optics. Charge of
either polarity may be deposited. Charges are removed by bias voltage polarity
reersal and using secondary emission characteristics{2, 3]. An electrically
addressed variant of Fig. 1 replaces the input optical beam with an electrical
addressing mechanism such as a scanned electron beam. An extensive amount of
development has been done; the MSLM is available in both optically and
electrically addressed versions(4,5], and a number of prototypes are being
developed for both the MSLM and the PEMLM[E6]. We review the mejor performance
advances achieved, and discuss the some of the major developments still needed.
II. Device Performance

Sensitivity: The sensitivity can be made to be virtually gquantum limited,
due to the gain provided by the MCP and the ability to integrate charge on the
membrane or crystal. Full contrast responses can be obtained with only a few
photons/pixel, but it is ysually desirable to operate with reduced gain to
collect more photons for increased quantum-limited signal-to-noise ratio. For
the specific case of the PEMLM[3] with a B6um-radius membrane, a photocathode
quantum efficiency of 10X at 633 nm and MCP gain of 8400, full contrast
modulation can be obtained with S0 photons/pixel, corresponding to a calculated

write energy of only 140 pJ/cm2 or 0.016 fJ/pixel. This is about 50x less than
the lowest reported energy required to switch a single bistable optical
element[7], although the switching speed there is about 1 ns; on the other hand,
the MSLH and PEMLH are three-port, image-multiplying, devices with isolation
between input and output.

Speed and Resolution: These cannot be optimized independently of each other.
As is the case for most SLMs, the intrinsic material response time of the
electro-optic crystal (psec) or a membrane element (< pusec[6]) is not the

)
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limitation. Rather, it is the maximum rate at which charge can be deposited onto
the material and the capacitance of the system. Capacitance can be decreased, but
not without also decreasing the resolution. For example, in the MSLM the
electro-optic crystal capacitance can be decreased by increasing its thickness, but
this will reduce resolution, since increased fringing of the electric field lines
will occur between the charge deposited on one side of the crystal and the
transparent electrode on the other side. The product of number of resolution cells
and the frame speed (or pixels/sec) tends to remain constant for a given type of
SLM, and is therefore useful as a figure of merit. For the MSLM it is possible to

obtain frames with 3 x 10° cells with 30 msec update time, or about 107 pixels/sec.
For the PEMLM one can extrapolate a figure of merit of 1010 pixels/sec, based on

constructed devices with 107 cells and observations of about 1 msec response times.
Storage Time: Images have been stored on an MSLM for several months[Z2]. On
the PEMLM, storage times ranging from minutes to hours have been observed(3]. The
storage times of the MSLM can be attributed somewhat to the high values of
dielectric constant, but mostly to the bulk and surface resistivity for LiNb03; the

product of these two quantities gives a time constant for charge decay of several
months, Surface resistivities, however, are not well understood, and large
variabilities are observed[8).
III. Threshold and Other Special Operations

The MSLM and PEMLM also have intrinsic capabilities for bipolar operation and
nonlinear thresholding(9]. The former allows addition and subtraction on arrays of
data, and synchronous detection of a temporally modulated intensity object (i.e., a
pixel array of lock-in detectors). The thresholding operation utilizes the

electron dynamics for charge deposition and removal from the modulating material.
One type of thresholding operation on an optical field begins by first uniformly
pre-charging an insulating target with elecirons and then using the electrons
generated by the optical information to “erase" the uniform charge. Erasure of the
charged target occurs only where the input intensity is above a critical level,
determined by the rate-of-change of a bias voltage (Vp) applied on the target

(3,8]). This behavior can be qualitatively understood by referring to Figs. 2 and
3, which model the MSLM device as a parallel-plate capacitor system where ig is

the current flowing to the crystal (XTAL in Fig. 2). Vg is the voltage between the
crystal and a ietal grid that follows the electron source, Vp 1s the voltage
applied tc the transparent electrode on the crystal, Vg is the applied grid
voltage, and Vx is the voltage drop across the crystal itself. Depending on the
value of Vg, the polarity of ig may be either positive (deposition of electrons) or
negative (secondary emission removal of electrons). The basic dependence of ig on
Va is shown in Fig. 3 for two intensities (A > B); these solid curves are simply
scoled versions of each other. Normally, a stable equilibrium occurs at Vg = Vgo,
where ig = 0. An increase of Vg causes electron buildup on the crystal (ig > 0).
driving Vg more negative, back towards Vgo. A decrease of Vg allows more secondary
emission electrons to escape from the crystal (ig < 0), driving Vg more positive.

Examination of Fig. 2 reveals that a change in the bias voltage Vp induces the
additional capacitive displacemeqt current

ig = Cx(Vp - Vg) (1)

where Cx is the capacitance across the crystal (or between the membrane and

transparent electrode in the PEMLM). 1In the absence of any electrons from the
HMCP, this capacitive current also changes Vg (Vg = ig/Cg). However, in the

presence of an MCP photocurrent, a new stable equilibrium of Vg can still be
maintained, despite the changes in Vp. then Vg = 0 and Eq. (1) becomes ig = CiVp.
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The new equilibrium occurs at Vg = Vgt in Fig. 3, where the ig vs. Vg curve for
intensity A intersects the ig = CxVp load line (horizontal dashed line, for Vp <
0). At this equilibrium the MCP-driven current (secondary emission) transports
<harge between the crystal and grid at the same rate displacement-current charge is
being capacitively applied from Vp preventing any net charging of Cg and resulting
in the total capacitive charge from Vp being applied to the crystal, Vx (i.e., &vg
= 0 and AVx = 8Vp). The stability of this equilibrium can be understood by
considering two cases. If Vg > Vg1, then the MCP-driven current([iglon the ig vs
Vg curve of Fig. 3) is smaller thanlcval, and there is an excess, uncompensated
capacitive current driving Vg more negative (remember, Vp < 0). If Vg < Vg3, then
]ig|>'CxVbl and the excess ig charges Cg more positive.

There is no equilibrium point if the optical intensity is too low to make the
ig vs Vg curve intersect the load line (e.g., intensity B in Fig. 3). The full
capacitive charge from Vp is then coupled into Vg i.e., 8Vg = dVp and 8Vx = 0
(Note: Cx >> Cg). There are thus two operating regimes, separated by a distinct
intensity threshold, ocourring at the intensity where the ig vs. Vg curve shifts to
just cross the CxVp load line. Writing-image regions with intensities Iy below the
threshold It produce no change in output modulation (since &Vx = 0), and the
intensities exceeding the threshold produce a full change in modulation (with 8Vyx =
4Vp). This threshold intensity is given by

It =([__hv ] Cxvp (2)
naGA F(Vgp)

where F(Vgp) is the most negative value of ig on a normalized ig vs. Vg curve in

Fig. 3. and the bracketed term converts current into optical intensity. A more
rigorous analysis[B8) shows that for Iy ¢ I, the crystsl or membrane charge (or
voltage change) is proportional to 1n(1 - Iy,/It). which often gives a very
distinct threshold for typical device parameters. The two output modulation
levels can be arbitrarily set by the choice of starting and ending voltages for
the decreasing ramg in Vp. These photo-electronic SLHs therefore offer a fully
programmable thresholding operation, with independently settable input threshold
intensity and output modulation levels. Figure 4 shows an experimental
demonstration of the hard-clip thresholding operation with the MSLM, the 6-level
grey scale image in Fig. 4 was thresholded at rive different adjustable
threshold levels in Figs. 4b-4f.  The two output levels were set for an
inverted-contrast response. This threshold capability then allows other
operations to be performed, such as edge enhancement(9], Boolean logic, and
nonlinear transfer functions,e.g.. logarithmic[10]
IY. Development Directions

While enormous performance potential is evident, there are a number of
shortfalls in present devices in manufacturability, applicability, and performance.
These devices rely on photocathode technology which is still somewhat of an art,
expensive, and limited to wavelengths shorter than 700 nm. Also, fabrication ang
materials must be compatable with the fabrication and.characteristics of
photocathodes which are notoriously susceptible to poisoning and must be baked and
kept under ultrahigh vacuum; this is a particular worry with the nitrocellulose
membrane in the PEMLM. Work continues on investigat®nn of PEMLM operation with
other membrane materials that can withstand high vacuum bakeout temperatures, such
as Si0p, Al203 and parylene, and using physical isnlation techniques between the
membrane and the photocathode region such as electron permeable membranes.

Hany optical processors operate at laser dicde wavelengths near 830 nm so
photocathodes sensitive at this wavelength need to be incorporated (e.g., standard
S1 or GaAs photocathodes). However, recent demonstration of arrays of
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sharply-pointed silicon or metal field emitters[11]). raises the possibility of VLSI
production of “synthetic“ photocathodes with very high current carrying capability
and tailored spectral response; such structures could also increase device speed
and obviate many materials compatability issues. Speed can also be significantly
enhanced by employing recently developed MCP technology having very high strip
current (which is directly related to the ultimate device charging times), strip

currents of 100 mA/cm? appear feasible(12], or about 103 times present levels,
References

1. C. Warde, A.D. Fisher, D.H. Cocco and tH.Y. Burmawi, Opt. Lett. 3, 196 (1978).
. C. Warde, A. Weiss, A.D. Fisher and J. Thackera, Appl. Opt. 20, 2066 (13981},
. A.D. Fisher, L.C. Ling, J. N. Lee and R.C. Fukuda, Opt. Eng. 25, 261 (1986).
. T. Hara, K. Shinoda, T. Kato, M. Sugiyama and Y. Suzuki, Appl. Opt. 25, 2306
1986).

. K. Shinoda and Y. Suzuki, Proc. SPIE 618, (1986).

. L.C. Ling, R. C. Fukuda, A.D. Fisher and J. N. Lee, Proc. SPIE 684, 7 (1986).
. M Dagenais and W. F. Sharfin, Opt. Eng. 25 219 (1986).

. A.D. Fisher, “Techniques and devices for high-resolution adaptive optics,”
PhD Thesis, Massachusetts Institute of Technology (1981).

9. J.A. HcEwan, A.D. Fisher and ). N. Lee, Digest of Postdeadline Papers, Fifth
IEEE/0SA Conference on Lasers and Electro-Optics, paper PD-1, (1985).

10. H. Kato and J.¥. Goodman, Appl. Opt. 14, 1813 (1975).

11. A. Campiri and H. Gray, Proc. 1987 Matl. Res. Soc. Symp. 76, 67 (1987).

12. J. Anderson, Galileo Electro-Optics, private communication.

2
3
4
(
5
6
7
8

L , In.ens. 1y A
o -—
| REars Inlensity 8
4 - Yy
\ alg
T~
TR e oo

WRITE 3
MAGE

MODLLATNT AaTER A toed Line

(‘Q (th)

TRANSPARENT ELECTRODE

MIRROR

63




> ad shan o

WD3~1

Transfer characteristics of Microchannel Spatial Light Modulator
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1126-1 Ichino—cho, Hamamatsu 435 Japan

amamatsu Corporation
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Introduction

Microchannel Spatial Light Modulator
(MSIM) 1.2).3) can be used as a key device in
the system for optical computing and optical
neural network because this device has many
functions 4).5).6). The MSIM is an optical ad-
dressing spatial light modulator, that is, the
read-out light intensity is modulated by the
writing light energy. Therefore it is impor-
tant to recognize its input-output charac-
teristics (the transfer characteristics) when
we design the optical system with this device.
In this paper the transfer characteristics of
the MSIM will be theoretically and experimen-
tally discussed.

Principle of operation
The principle of the basic operation of

the device is shown in Fig.1. When the
photocathode, on which the input image is
usually projected, is illuminated with a
uniform light, the photoelectrons are emitted

For writing light, various wavelengths can be

used. The photocurrent i, [A] is written by a
following equation.

i,=SAL o

where S [A/N] is the photocathode sensitivity,
A (8] is the effective area of the
photocathode and L [W/m2) is the light inten-
sity on the photocathode.

The electric current i i, [A] on the in-
put side of a microchannel plate (MCP) after
undergoing accerelation and focusing from the
grid and the anode is

1ijp=ajSAL Q)
where a1 is an electron transmittance of the
grid

¥hen *he MCP gain is G, the output cur-

rent 1,44 (A] from the MCP is shown as fol-
lows.

iut=a:1SALG (3)
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Figure 1. Principle of Basic
Operation
4‘ The current i [A] which can reach the

crystal surface (the top layer of the
dielectric mirror) through the mesh electrode
nounted between the MCP and the electrooptic
crystal (55 degree cut LiNb03) is written by

where a9 is the electron transmittance of the

mesh electrode.

Then the electric charge is deposited

onto the surface of the crystal. This electric
charge can be controlled by the mesh
electiode. The electric charge Q [q] is

Q=a;a)SALGT (6-1) 5)
where T [sec] is the writing time and & is

the average value of the secondary electron

emission ratio in the operating region. These

WD3-2

Mesh electrode
Charge distribution
55°cut LiNbO3

Half mirror
SRS By —

Polarized

~ByDo— jaser light

Analyzer

Quiput pattern

electric charges create a change in the volt-
age across the crystal.
This voltage V [V] is written by

V=Q/C (6)
C= (ege*A) /d (7)

where C (F] is the capasitance of the crystal,
€g is the dielectric constant of the vacuum,
e* is the dielectric constant of the crystal
and d (m] is the thickness of the crystal. The
electric field associated with the voltage
modulates the refractive index of the crystal.

By illuminating the crystal from the
back with a ecoherent light which is polarized
at 45 degrees to the x axis of the crystal,
the light reflected back from the dielectric
mirror experiences a phase retardation [

(rad] corresponding to the change in the

65




Rt

P—

refractive index.
Consequentily I" is written as the func-

tion of the voltageZ).
F={(V+Vy) /Vz} = ®

where V is the voltage corresponding to the
phase retardation by the natural birefringence
of the crystal or uniformly supplied surface
charge on the crystal and Vo is the half
wave voltage.

Then an analyzer, which is oriented 45
degrees to the x axis, is now inserted to
convert a phase modulated light to an inten-
sity modulated light. The output light inten-
sity I [N/m2] will be given by

'
10 ¢

Electron accumulation

{mW/cm?)

OO

—— Theoretical
_F ® A Experimenta!

intensity 1

light

Output

Ao L 0L

Input light energy LT (nJ/em?)

Figure 2. Transfer characteristics
for Ar laser
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I=Ksin2(r 2)
=Ksin2[(x/2)
x{ (V+Vq) /Vrx} ] )]

where K is a constant. By using equations
(5), (6) and (7), the equation (9) becomes

[=Ksin{ (x 2Vx)
X {a1@gSGLT (&—-1)
X (d/ege*) +Vgi ] (10)

Transfer characteristics

From equation (10), the transfer charac-
teristics ( the relation between LT and I )
of the MSIM can be calculated The results are
shown in Fig. 2 and Fig. 3.

10' g

[ Electron accumulation

{pW/cm?)

3

—— Theoretical

® A Experimental

intensity 1

light

Electron depletion

aasaaal 4 o aaaaal "
10' 10
Input light energy LT (nd/em?)

2

Figure 3. Transfer characteristics
for He—Ne laser
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In our calculation, we use the following
values, K=4 [wW/cal) (Ar laser), 5 [u¥/cal]
(He-Ne laser): Vrr = 2.0 [kV] (Ar laser), 2.4
[kV] (He-Ne laser):aq = 0.6: @ = 0.7: S =
40 [mAN] (Ar laser), 25 [wA/W] (He-Ne laser):
G = 4000: &= 1.6 (electron depletion), 0
(electron accumulation): €*=30: d = 70 [um]:
Vg =0 (electron depletion), Vz (electron
accumulation), the natural birefringence is
compensated in both cases. In this case the
electron depletion mode corresponds to the
writing mode of the positive charge image and
the electron accumulation mode corresponds to
the writing mode of the inverse positive
charge image 2).

The experimental results also shown in
Fig. 2 and Fig. 3 correspond to the calculated
results fairly well. The minimum writing light
energy for the full modulation (input
sensitivity) is 10~30 nJ/cmZ. The maximum
output light intensity for A r laser which is
mainly determined by the optical damage of the
crystal is 4 [mW/cm2] on the screen. This
value corresponds to 0.1 [W/cml] of the light
intensity at the crystal.

Conclusion

The transfer characteristics of the MSIM
have been discussed. The MSIM can be used at a
very low writing light level and at a high
read-out 1ight level with the same wavelength
Therefore this device can be used as a key
device involving optical feedback, cascading
7) and regeneration of the signal levels in
the optical computing 8).9), optiral neural

WD3-4

network 10) and other related areas 11,
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FUTURE ROLES OF SPATIAL LIGHT MODULATORS
IN ADVANCED COMPUTING ARCHITECTURES

By
John A. Neff
Defense Sciences Office
Defense Advanced Research Projects Agency
Arlington, VA 22209

INTRODUCTION

One of the areas of computer architecture with the most rapid
growth is that of parallel multiprocessors -~ an interconnection of
anywhere from a few processing elements (PEs) to millions of PEs
operating in parallel on the same problem. Attempts at solutions to
many difficult problems in the past resulted in a rapid increase in
complexity of software. With the continuing decline in the cost of
hardware, attention has turned toward mapping such problems on
massively parallel machines. For example, knowledge base searching
can be done by pursuing many paths in parallel rather than following
a complex algorithm that attempts to guide a serial search in an
optimum fashion. The result is that many more computations are
performed when follcowing the parallel approach, with most not
leading to a solution; however, the correct solution will most often
be arrived at much sooner.

For most problem domains, a large number of processors, say n,
working in parallel, but independent of one another, will fall far
short of solving the proklem by a factor of "n" more efficiently
than a single processor. Without adequate communication amongst the
"n" processors, a great deal of redundant erffort often results. The
power of the multiprocessing systems is most often in direct
proportion to the degree of system interconnection. Nature provides
convincing evidence that powerful parallel processors can result
from a large number of processors of relatively low complexity being
massively interconnected. Highly functional neural systems can
result from the use of only thresholding elements (the PEs in this
case) heavily interconnected. The fan-out in neural systems can
reach as high as tens of thoucands.

It is this issue of interconnection being such a powerful
factor in parallel multiprocessor performance that suggests a role
for optics. Whereas electrcaics is the superior technology for
switching due to the greate: ease of charged particles effecting one
another, optics is superior in cummunications since the uncharged
photons do not exert influence on one another.

The focusing of optics on problems in multiprocessor
development is important for more than just the reason that
multiprocessors have communication bottlenecks. The maturity of
parallel processing is comparable to that of optical processing;
therefore, the two technologies can mature in parallel. This
presents an easier challenge than attempting to break into a field
thét has a great deal of momentum behind it. The relatively early
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new technology, and if those of us with an interest in the
development of optical processing are alert, we will search for ways
that optics can aid in the growth of this companion field. This
paper will discuss areas in which optics can address multiprocessor
bottlenecks, and the way in which 2D spatial light modulators (SLMs)
will likely play a key role.

RECONFIGURABLE INTERCONNECTS

Although the foundation of optical interconnects will be fixed
point-to-point links between modules, boards, and maybe ~ven chips,
the real excitment among computer architects comes upon
consideration of reconfigurable interconnects. An SLM based
crossbar switch, illustrated in Figure la, is being developed for
replacing a VLSI crossbar in the MOSAIC multiprocessor shown in
Figure 1b. The SLM, whose elements are used as switches, can
interconnect any input port with any output by selecting the proper
switch to open, permitting the fiber guided light to pass. A 1€ x
16 x 1 (the "1" indicating that each port is one channel) will
replace the 16 x 16 x 32 VLSI switch that forms the foundation of
the MOSAIC, interconnecting numerous special purpose microprocessors
such as Fixed Systollic (FSP) and Programmable Systollic (PSP)
processors.

SOURCES HOST

: >
F 1/0

! A FFT )
2 ~ $ / O
3
eH H ]
N B
< PSP
< 3 s, 1 ~

vy DETECTORS FFT FSP MEM

(a) (b)
Figure 1. (a) SLM based optical crossbar switch which will be
demonstrated in the MOSAIC multiprocessor shown in (b).

[2)
<!

2

An SLM with verying transmissivities for each pixel could be
used to place a weight cn each interconnect. This is impertant for
neural network implemen.ation since the weights form the basis of
information storage in these networks. Varying the weights results
in a charge in the information represented by the network, thus a
network that can adapt or learn must contain a device which can vary
the strengths of the interconnects.

For interconnection via free-space propagation of light bears,
a hologram can serve to steer the beams to their proper

1
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provide reconfiguraticon. Such may be possible someday using wave-
mixing in a photorefractive material; however, a near-term soluticn
can use an SLM to select a certain subset of holograms from a
hologram array. Similar to the crossbar switch application, the SIM
would act as a switch capable of activating the desired set of
holograms out of a large array of holograms.

OPTICAL ACCELERATORS

Accelerators are high performance special purpocse processors
that, upon being added to a parallel computer, can significantly
improve the machine’s overall performance. For those parallel
computers that must routinely perform such operaticns as correlation
and Fourier transforms, optical accelerators will likely prove guite.
successfull. Work is currently underway to build a digital cptical
correlator for the MOSAIC, as is illustrated in Figure 2. The
correlator will have thousands cf digital filters available for
read-in on the magneto-optic SLM in the correlation plane. The
projected throughput is 50,000 frames/second which equates to
100,000 MOPS for a 128 x 128 SLM. Note that the optical acceleratcr
will be connected to the optical crossbar switch discussed above.

sum
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VME BUS (—-——1 mrtnucel NTEREAC
] l
INTENFACEI [INTE”FAC[I INTERY ACE

IEEE 488
sUS

HIGK SPEED
FILTER
DRIVERS

INPyT
ORIVERS
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LaseR COLLIMATOR | DETECTOR
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[ _/
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LIGHTY LIGHT
(1) FYLENS mMOD FT LENS

Figure 2. Optical Accclerator for the MOSAIC.

OPTICAL LOGIC ARRAYS

The MOSAIC is a coarse-grailned architecture; i.e., the system
is an interconnection of several relatively complex microprocessors.
At the other end of the multiprocessor spectrum are the fine-grained
architectures such as the Connection Machine and neural networks.
These architectures are f r more interconnect intensive and, in the
long run, may benefit even more from the use of cptics. As the role
of optical interconnects increases, the need to perform optical
switching and logic operations will also increase in order to aveid
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Figure 3. Optical connectionist architecture.

excessive electron/photon conversicons. An example of a very basic
optical computing unit, shown in Figure 3, can be realized by one
SLM exhibiting a nonlinear response and a reconfigurable
interconnect unit. The SLM pixels will resalize logic operations
through use of their nonlinear response, and will be interconnected

in various groupings via the interceonnect element to form functional
circuits.

Figure 3 illustrates a PE of complexity along the line of a
Connection Machine. Several logic elements could be interconnected
as a PE, and the input/output pixels of the PEs would be
interconnected to form the parallel tine-grained multiprocessor.
For example, the pixels within each PE could be interconnected to
form several registers, an arithmetic & logic unit, and some cache
memory. The example shown is forn=m =5 (25 logic elements per

PE) which would permit 40,000 PEs for SLMs and interconnect arrays
of 1000 x 1000.

SUMMARY

Realization of optical logic array processors are likely a
decade or more away, but they are part of a logical progression of
optics for multiprocessing. The success of the progression relies
heavily on the initial stages which involve providing reliable
optical components for the next generation of these machines.
Although the initial insertion of optics will involve fiber-guided
interconnects, it should be followed closely by optical crossbars
and accelerators. It must be realized that optical computing will
come about through an evolutionary process rather than through one
day just providing the computing community with machines based on a
technology very foreign to them.
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Optical computing systems offer increased information processing throughput rates
by 1aking advantage of parallel optical architecturcs. The fundamental component
in these architectures is a device which can modulate two-dimensional optical data.
Thesc devices, known as spatial light modulators (SLMs) have many applications
including input/output data displavs, spatial and matched filtering. incoherent-
coherent  light converters, optical crosshar  switches, optical interconncction

nctworks, and ncurocomputing. The ideal system requirements placed on  SEMs
include high resolution (100 Ip/mm), 1000 x 1000 pixels, megahertz frame rate, 100
grey levels, 1000:1 contrast ratio, and low cost [1].  An operating characteristic which

often prevents SLM's from reaching these goals is device power dissipation [2].
Furthcrmore, devices which have large commercial markets have a better chance of
mecting these systems requirements. In this paper we will discuss a new class of
materials, ferroclectric liquid crystals (FLCs), that potentially can meet all the above
system  requircments.

Materigl Propertics

FLCs are strongly birefringent uniaxial materials whose optic axis can lic anywhere
on a conc of angle y; the conc axis is fixed to the material's structure.  They are
ferraclectric, with spontancous polarization P perpendicular to both the optic  axis
and the cone axis.  The clectrooptic cffects arise form the fact that the optic axis can
casily be rcoriented by the torques produced by applied clectric fields E that align P
parallel 10 E.

These clectrooptic properties can be exploited by placing a thin slab of FLC beiween
clectrode plates, with the cone axis parallel to the plates.  This device can function as
an intensity modulator when placed between crossed polarizers, with the optic axis
states sclected by opposite signs of applied voltage lying parallel to the plates. but
differing in  orientation by 2y. When y = 2259 and the slab thickness s
approximately matched to the FLC bire.ringence, the device is a half-wave plate
which yiclds light lincarly polarized st an angle 90° to the incident polarization.
This light is then completely transmitied through the analyzer. Without ity
polarizers, this device functions as a polarization modulator, rotating the light's
polarization by ecither 09 or 90°.  Phase modulators of arbitrary modulation depth can
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be made by setiing the polarizer parallel to one of the optic axis states, and sciting the
analyzer perpendicular to the other optic axis state, with the phase difference
between the two states controlled by the device thickness. This mode of opcration
gives a throughput of sin22y. All three modes of operation arc equally feasible, and
operation in reflection requires only that the FLC slab be half as thick as for
transmission, and that the second plate be reflective. a These electrooptic propertics
lcad to the following expectations for the characteristics of SLM clements made from
FLCs:

1. Size, The minimum size of a switched element is determined by the wavelength of
light being switchecd and the strength of its interaction with the switching medium.
By comparison to most other electrooptic effects, the intcraction of light with FLCs is
cxtremely strong. For a two-state clement ("switched” and “unswitched”) the
intecraction strength may be characterized by the length in which a ray of polarized
iight propagating through the switched state expericnces a 1800 phase shift relative
to what it would cxperiecnce propagating through the unswitched state.  For the FLC,
this length is A/(2An), where A is the vacuum wavelength of the light and an is the
birefringence of the FLC. With typical an's = 0.1 - 0.2, the factor 1/(24n) takes values
between 2.5 and 5.  Thus, the clement could have a sguare cross section, with side
dimension about cqual to the vacuum wavelength, and length 2.5 to 5 umes longer
than the vacuum wavelength,  This volume is hundreds of times smaller than for
similar switches cxploiting clectrooptic effects in solids such as LiNiOj.

2 witcning _spe The switching speed of the FLC clement for a given field
strength E is largely determined by the FLC material's ferroclectric polarization P
and its orientation viscosity n, through the relation t = n/(PE), with 10% to 90%
response  times tg being about 1.8 t. Presently available broad temperature range
materials have viscositics of abut 50 cP and polarizations of about S nC/cm?, giving
response  times about 180 us at 25°C winth a modest 10 V/um applied.  Present record-
holding materials have polarizations of 250 nC/cm?2, giving response times S0 times

shorter, or about 3.6 wus. Matcrials that are ferroclectric at clevated temperatures
have much lower viscosities, e.g. 5 ¢P at 700C, allowing another order of magnitude
reduction in switching spceds. Improvements of polarization by a factor of three

scem likely within the next few years, bringing ncar-term switching speeds down to
about 1 us at 25°C and 120 ns at clevated temperatures.

3. Encrgy dissipation., Switching a unit arca of FLC by reversing an applied voltage
V dissipates an cnergy 2PV through reversal of the polarization P, If this switching
i1s repeated as frequently as possible (i.e. once every tg), the power dissipated is
2PV/ty = 3.6nd/ty, where d is the FLC thickness (E = V/d). Thus, for a given maximum
allowable power dissipation per unit arca W, the shortest achicvable switching time

is given by ty= [3.6nd/W|1/2 For an SLM with 10 um x 10 um pixels (1000 x 1000

clemenis in 1 ¢m?) and 1 um thick, opcrating at room tempcerature with a 50 ¢P

matcrial and all clements switched every tg, a dissipation bound of 100 mW/cm?
{about equal to the heat of the noon sun) wouid limit tg.to 13 us.  With a device

operating in reflection, onc could use water cooling to achicve W = 10 W/em?2: with
room temperature, 50 cP materials this would give tg = 1.3 us: with high temperature,
5 ¢P materials it would give 1y = 400 ns. A comparison of the frame ratcs attainable

for a 1000 x 1000 SLLM which dissipates 10 W/cm?2 has been made with conventional
clectrooptic materials; LiNbO3 , and PLZT, and FI1.C materials [3]. For the conventional




materials, the dissipation is assumed to be W = (1/2)CV2; the parameters nccessary 10
calculate the half-wave voltage and capacitance C are taken ftom a handbook [4] in
the case of LiNbOj3, and a description of an optically addressed SLM [5] in the casc of
PLZT. FLCs approached the mcgahertz frame rate, while PLZT was a factor of 20
slower, and a LiNbO3 device would be limited to 1.3 ms frame rate. Power dissipation
limits are more important than intrinsic switching speeds for applications requiring
densely packed interconnection networks and neurocomputers.

4, Addressing, The bistability and sharp threshold characteristics of the FLC clement
makes possible the eclectrical addressing of a matrix of clements by row and column
clectrodes. Multiplexing up to 1000:1 has been demonstrated by Wahl et al. [6]. Thus,
an N x N element SLM can be electrically reconfigured with 2N electrical
connections, even for N up to 1000. Optical addressing has also been demonstrated on
a slower photoconductor [7], and devices with fast amorphous Si photosensors have
been proposed [8] and recently demonstrated [9].  The bistable featurc of the FLC
clement allows the write light to be turned off when the crossbar is not being
reconfigured. The amorphous silicon FLC/SLM test devices currently show
millisecond rise times with 60% modulation of the rcad beam [9]. The first gencration
devices have design specifications of 100 microsccond rise time for 50 mW/cm?
illumiration intensity, resolution of 50 Ip/mm, and 1" diameter cell size.

Application

Two applications for FLC/SLMs are in optical interconnccts for high density packet
routing and necurocomputing. Currently we have demonstrated a 4 x 4 cxchange
network using an FLC device sandwiched beiween two polarizing beamsplitters [10].
This experimental arrangement occupicd the better part of a Newport Research
Corporation 4 x 6’ optics lable. We are currcntly investigating morc integrated
structures such as those built by Sorcf and McMahon using nematic liquid crystals
[11] and Clark et al. in FLC's [12].

For neurocomputing, wc arc building an optical system with a 1 x 128 FLC columnar
array as the input, followed by a two-dimensional Sciko liquid crystal television
(LCTV), which stores the wecight matrix. A hidden layer is comprised of another 1 «x
128 FLC columnar array, again followed by a sccond LCTV weight matrix. The output
is currently detected by a Panasonic camcra and input to an IBM AT pecrsonal
computcr which calculates the crror between desired and output responsc.

Our futurc goals include using photoaddressed FLC and nematic liquid crysials to
replace  the electrically  controlled hidden laver and LCTV  wecight matrices,
respectively.  Work in progress on this system will be reported.
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SPATIAL LIGHT MODULATORS: FUNDAMENTAL AND
TECHNOLOGICAL ISSUES

C. Kyriakakis, P. Asthana, R. V. Johuson. and A. R. Tanguay. Jr.

Optical Materials and Devices Laboratory,
and Center for Plhiotonic Technology
University of Southern California
University Park. MC-0483
Los Angeles, California 90089-0483

Numerous applications have been envisioned for spatial light modulators in optical
information processing and computing systems [1. 2]. These applications can be sum-
marized within the context of a generalized optical information processor or computer
as shown schematically in Fig. 1 {2]. The principal functional roles of both one- and
two-dimensional spatial light modulators include those of format, input, output. CPU.
and memory devices. In addition. spatial lizht modulators can be effectively utilized to
provide certain types of feedback interconnections. as for example in the case of optical
crossbar switches and holographically encoded weighted interconnections.

Such a wide variety of applications has of course led to an equally wide variety of
interrelated. and at times conflicting. device requirements. In this presentation. we ex-
amine these requirements from three complementary perspectives: fundamental physical
limitations that affect the performance of any spatial light modulation function: the
current status of spatial light modulator development with respect to such fundamental
limits: and technological considerations that impact present and future device design and
development. Each of these three perspectives will be discussed in detadl. and is outlined
briefly below.

Study of the fundamental physical limitations that affect an emerging technology is
at once an exciting and somewhat sobering endeavor. The excitement arises naturally
from the discovery of what we can in fact achieve: the sobering impact often occurs
with the realization of what we have in fact achieved. Numerous such fundamental
physical limitations pertain to the process of spatial light medulation. For example. two
principal attributes of incident wavefronts can be conveniently modulated: amplitude
and/or phase. In most applications. it is desirable to modulate one or the other. but
not both. Yet these two parameters are intimately related. such that modulation of one
has a deterministic impact on the other through the Kramers-Kronig relations. Analysis
of this interrelationship can yvield fundamental limits on the phase/amplitude cross-talk
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anticipated for various physical device configurations. as well as appropriate figures of
merit.

A second important fundamental limitation pertains to the minimum (quantum lim-
ited) energy required per unit resolution element to achieve a given level of modulation
within predetermined accuracy constraints. Different limits can be derived for both
analog and digital spatial light modulation {2, 3], as well as for the important cases of
optically addressed and electrically addressed devices. For purposes of discussion. con-
sider the case of optically addressed spatial light modulators. for which the modulation
function inherently involves a detection process within each resolution element. The
quantum limits for binary switching are well known. and are summarized for optical
devices in Fig. 2 (after P. W. Smith. Ref. [3]). For analog modulation. quantum restric-
tions place much stricter boundary limitations on the minimum allowable photon flux

for a given pixel resolution. error rate, and device framing rate [2].

For envisioned systems applications involving one or more spatial light modulators,
analyvsis of fundamental limitations such as that described above are essential for deter-
mining whether an analog or digital approach is favorable from the point of view of a
fixed input power budget at a given desired computational throughput rate. In geueral.
a given processing or computation function can be partitioned into the cost (energy or
otherwise) of representation, the cost of computation. and the cost of detection and uti-
lization of the answer. For operation at the quantum limits, analog representations are
favored for architectures and algorithms that implement a high degree of computational
complexity {(irreducible number of equivalent binary operations) per unit detected out-
put resolution element. whereas binary representations favor operations with a somewhat

lower degree of computational complexity.

The current status of spatial light modulator development depends strongly for its
assessient on the nature of the application and its resultant rejuirements. Tt is inter-
esting to note at the outset that for certain applications (such as incoherent-to-coherent
conversion with high analog accuracy), spatial light modulator technologies have been
developed which approach quantum limited perforinance. On the other haad. a broad
spectrum of applications exists for which current spatial light modulators fall far short
of such ultimate performance bonundaries. In making such comparisons. it is of critical
importance to identify interrelated sets of performance parameters that cannot be ar-
bitrarily separated, and to assess the conjoint figure of merit achievable within a given
device technology (rather than the minimum value obtained across many different types
of devices, or even within the same device under different operating condistions).

A large number of technological considerations apply to the eventual incorporation
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of spatial light modulators in optical information processing and computing systems.
For systems of given size, spatial frequencies are inherently limited by the acceptance
apertures of finite F-number lenses. Phase modulation. which is capable of much larger
diffraction efficiencies at a given spatial frequency than amplitude modulation, is more
difficult to implement in imaging configurations and is more sensitive to substrate nonuni-
formities and polish figure. Amplitude modulation, on the other hand. can present
formidable thermal dissipation problems for applications involving spatial light modula-
tion with high optical throughput gain. Applications exist for both optically addressed
and electrically addressed spatial light modulators, with distinct requirements for each.
In fact. several recently conceived applications such as the utilization of spatial light
modulators in neural network implementations could advantageously employ both ad-
dress modes simultancously.

Electrically addressed spatial light modulators lead quite naturally to inherently pix-
elated structures. Such structures can be advantageous from several points of view,
including the convenient merging of optical and electrical inputs, nterpixel cross-talk.
strictly limited space-bandwidth product, and fixed system registration. However pixela-
tion can yield additional difficulties such as inherently incomplete fill factors, scattering
from metallic interconnections, and fixed pattern noise. Similar types of considerations
apply to the utilization of reflective as opposed to transmissive device geometries.

A final technological consideration that will continue to strongly affect device design
and development is that of available optical sources. both CW and pulsed. For fixed (and
usually limited) external power, size, and weight considerations, the maximun achievable
pulsed energy densities available set stringent requirements on the magnitudes of usable
higher order material nonlinearities. Kecent achievements of enhanced nonlinearities in
both bulk and multiple quantum well compound semiconductor structures, as well as
in nonlinear organic polymers. lend importance to the question of whether or not "
materials as well as \(?) materials will provide useful spatial light modulation functions
in future devices.

1. C. Warde and A. D. Fisher, “Spatial Light Modulators: Applications and Fune-
tional Capabilities™, in Optical Signal Processing, J. Horner, Ed., Academic Press.
Inc., San Diego, (1987), 477-518.

2. A. R. Tanguay, Jr., “Materials Requirements for Optical Processing and Computing
Devices”, Opt. Eng., 24(1), 2-18. (1985).

.

3. P. W. Smith, “Applications of All-Optical Switching and Logic™. Phil. Trans. R.
Soc. Lond.. A313. 349-355. {1984).
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Spatial Light Modulators with Internal Memors
LM, Walpita

Department of Electrical and Computer Engineenng. C-014
cniversity of Calitormia, San Diego
LaJolla, CA 92003 'S A,

It s ncreasingly recognized that the ability tor optical techniques to provide parallel
processing may enable us o greatly enhance the speed capability of computing. To satisty
requirements ot parallet optical processing many rvpes of spatial Light modulators (SLMs) are
now bewmg mvestigated. I this paper we discuss @ SEM with mnternal memory which s
clectrically addressable and digitally operated.

The properties of the SLM is based on newly obsernved optical cross modulation ettect in
Semu-msulating GaAs'". To demonstrate this effect we pass a beam of LED (hght emitting
diode) light through a semi-insulating GaAs sample which has transparent electrodes on hoth
surtaces (Figure 1), In the presence of an electric field the LED light is slightly absorbed due to
the Franz-Kaldysh eftect. However. when an optical pulse tuned to the absorption edge of the
GuaAx hits the sample, the absorption of the LED light is instantaneously reduced but then
mncreases substantially beyond the initial absorption after the pulse and this level is maintained
by the presence of the electric field (Figure 2). In this effect, the optical pulse generates many
conducting carriers which are kept at high energy by the applied voltage. The LED light
generdates mapped cammers below band gap. It has been suggested that the LED generated
trapped ciarniers are released to the conduction band to reach thermal equilibrium with the
conducting high energy carriers * . In this process below band gap LED light 15 further absorbed
resulting i the observed enhanced absorpion. The enhanced absorption, triggered by the
optical puise gives rise to a memory effect.

During the demonstration of the effect. we have used LED (line width 0.2um) light
intensity of 50 m watts/em” and typically optical pulse energy of 10x107"] /pulse /em* (includes
retlection loss of 30%): after the optical pulse. approximately about 10% of LED light
absorption has been observed i the presence of 200v applied across 4G0um thick sampie. The
effect of the optical pulse intensity. on the LED iight absorption and on the phote current
through the sample i1s given in Figure 3; both the LED absorption and the photo current tend to
saturate at increased optical pulse intensities. We estimate that an array of 104 devices of area
100w my® will dissipate power of approximately 250 m watts/cm®. We also estimate that for
line width of the LED light reduced by ten fold. approximately 70% absorption of LED light iy
caused by the optical pulse of energy 10x107%J/pulse/cm* and voltage 40v applied across
100um thick sample for similar wmount of power dissipation for 10* devices; the power
dissipation can be minimized by optimization of the operating parameters and array dimensions.
In this modulation effect the enhanced absorption of the LED light after the optical pulse can be
adjusted by the strength or time delay of the subsequent voltage pulses (Figure 4). At present,
the speed of the modulation effect is limited by the RC time constant of the external electronics.

The schematic of an integrated array of the proposed spatial light modulator is shown n
Figure 5. An array of cells can be fabricated on a single semi-insulating GaAs substrate. Each
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cell has transparent InSnO electrodes with further deposited  aluminum  electrodes. The
aluminum electrodes are arranged in a cross bar fashion so that each element can be accessed
independently. On the basis of an elementary calculation, we have estimated that for 100y my”
cells separated by 100um, the carrier diffusion and fringing eftects will be neghigible tor [00um
thick samples.

The proposed SLM. apart trom providimg memory capabiliy, has many other usetul
qualities, it ts externally programmuable and digitadly operatea. Eventhough digital processing
muight be at present slower thun analogue processing. digital processing can give better signad 1o
notse capability. A digitally operated SUM can be more readily interfaced with o digiad
computer. The SLM with memory is well suited for neural nerwork Applic;ilinn&x Optical
implementation of antiticial neural maodels has been already achieved by others ™ where a single
dumensional input field maps into a single dimensional output field through a two dimensional
spatial Light modulator. It two dimensional fields are 1o be processed. the SEM should be
provided with i third dimenston. In the SLM with memory, where o tran ot optical pulses can
be involved, time can be tuken to be the third dimension The SLM with memory v easy o
fubricate as there are no other semiconductor device mcorporated or mululaver deposition
techniques involved.
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GaAs
Al SAMPLE

Figure 1. Schematic of the experimental set up

Optical pulse
position

Figure 2. The effect of the optical pulse of 1 kwatt/cm2 on the LED
absorption is shown. The bottom trace is the voltage pulse with
horizontal scale l5usec./cm and vertical scale 150v/cm. The upper
trace represents the absorption caused by both optical and voltage
pulse, with vertical scale 757/cm.
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Figure 3. The enhanced
absorption of the LED light
and increased sample current
after the optical pulse in
the presence of the voltage
pulse of 200v is shown.

pamps.

current

........................ 1 absorption

Percentage absarption
Current through the sample

0 10 20 30 40 x10°°

Optical pulse energy joules/puise/cm? lOptiCal pulse positicn

Figure 4. The effect of the second
voltage pulse on LED absorption is
shown. The bottom trace is the
voltage pulse: horizontal scale

30 usec./cm and vertical scale
150v/cm. Upper trace represent
absorption: vertical scale 8%7/cm

<M,

Figure 5. Schematic of the proposed integrated
device and unit cell.

87




ThA2-1

Optically Addressed Spatial Light Modulators by MBE-Grown nipi/MQW Structures

J. Maserjian®, P.O. Andersson, B.R. Hancock, J.M. lannelli, S.T. Eng, F.J. Grunthaner
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109
* presently at University of California, Santa Barbara

K-K. Law, P.O. Holtz, R.J. Simes, L.A. Coldren, A.C. Gossard, and J.L. Merz
Electrical and Computer Engineering Department, University of California, Santa Barbara, California 93106

The development of high performance, reliable spatiai light modulators (SLMs) has been siow over past
years, primarily due to the limitations of materials technology1. New opportunities have been made possible by
the greatly enhanced electro-optic properties of multiple guantum well (MQW) structures?  Such MQW
structures are now being incorporated into a variety of new electro-optic devices™" Approaches for SLMs using
MQWs have been proposed " and early results are encouraging™ '~

In this work, we pursue new promising approaches tor achieving optically addressed SLMs, based on
combining nipi doping structures with MQWSs. Figure 1 summarizes two photo-optic modulation effects that we
utilize. In Fig. 1a, the quantum wells are located at the conduction band potential minima of the doping
superlattice. A write signal with energy greater than the band gap of the host material (e.g., GaAs) generates
electron-hole pairs which are sesarated by the internal field of the pn junctions (photovoltaic effect). At steady
state, a flux ®_ deposits Bno electrons/cm® in the quantum wells - determined by the absorption coefficient «,
the spacing b, and the recombination time 1. These electrons fill the quantum states by an amount 3E due to
the finite state density per unit energy (m h“/m*), causing a shift in the absorption edge.

In Fig. 1b the quantum welis are located in the constant field 1 2aion of the nipi superlattice. The write
signal again produces a photovoitaic effect, but in this case we use the change of the internal field F(see
expression in Fig. 1), due to the phctocarrier separation. This field n turn induces a shift of the exciton energy
Egy due to the quantum confined St:rk effect (OCSE)2 which is quadratic (an EC term in Fig. 1) at low to
moderate fields. In both cases (Figs. 1a and b), the energy range of the write signal (hv >E ) lies well above the
absorption edge of the quantum well. Modulation is accomplished by selecting the wavelength of the read
signal in the range over which the quantum well absorption edge is shifted. The modulation depth will depend
on the sharpness of the absorption edge, which in turn depends on the quality and uniformity of the quantum
wells,

Figure 2 shows theoretical plots9 of the change in absorption « with field for different well widths due to
the QCSE. Also shown are contours of constant (initial) absorption. The curves are normalized to the zero field
absorption Ay We desire large da/dE for maximum response, small d2<L'dI{2 for linear response, and large o
for maximum contrast. Clearly, these conditions are seen to be incompatible and we must select a compromize.
We have initially chosen a well width of 79A (28 monolayers) and an internal quiescent field of about 1.5 x 10
Vicm, giving for u0'1 da/dt, 0.5 and afoy, about 2/3. This field will also prevent MQW trapping of photocarriers
generated by the write signal.

The SLM device structures envisioned are shown in Figs. 3 and 4. Figure 3 uses a back surface metal
reflector and therefore requires a transparent substrate. We are currently investigating (In,Ga)As/GaAs
quantum wells grown by molecular beam epitaxy (MBE) on GaAs substrates for this purpose. In this case we
use the quantum state filling effect of Fig. 1a which offers potentially much higher sensitivity than the QCSE of
Fig. 1b. However, it has the disadvantage of having the MQWs occupy a smaller fraction of the active layers
which limits the maximum possible contrast . In spite of this, we still hope to achieve contrast ratios above 10:1
in optimized structures. Figure 4 uses a distributed-Bragg reflector (DBR) with an opaque GaAs substrate. In
this case we can make use of the more mature (Al, Ga)As/GaAs MBE technology. In Fig. 4a the DBR is simply a
passive reflector for the read signal. The active nipi/MQW layers are configur.d as in Fig 1b 1o use the QCSE
and are grown to a total thickness the order of the absorption depth of the write signal ( =2 um ). The read signal
is modulated by absorption as it passes (twice) through the active layers. In Fig. 4b, the active nipi/MQW layers
are incorporated within the DBR (at alternative quarter-wavelength layers of the DBR stack), providing an active
DBR. In this case we make use of both changes of index of refraction and o to modulate the reflectance of the
DBR. By matching the read signal and exciton wavelength near the edge of the DBR reflectance band, we
predict large sensitivity and contrast ratios. This effect can be further enhanced by "chirping” the DBR. Another
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approach (not shown) would make use of two DBRs to obtain a Fabry-Perot resonator. Unfortunately, in this
case the changes of index and « tend to oppose one another. However, this approach may still prove usetut
through careful design.

In Fig. 5 we show photoluminescence from a nipi superlattice in GaAs for different Ievels of irradiance.
The sample was MBE-grown with 40 nm p* layers (1.10 8¢cm3 Be), 40nm n* layers (1.10 18.m Si), and no
undoped layers. The result shows the expected GaAs sub-bandgap photoluminescence which shifts
approximately logarithmically with irradiance'C. This behavior is too weak to be used for our SLMs, but assures
us that we are achieving the internal nipi fields we need in the nipi’/MQW structures.

We have spent considerable effort trying to perfect MBE growth of InAs/GaAs strained-layer
superlamces1 1. We would like to incorporate these superlattices into our quantum wells with the prospect of
achieving higher degree of order and quality. Unfortunately, this approach is still limited by our ability to
reproduce precise MBE growth temperatures. Therefore, we have recently chosen 1o take an intermediate
approach using In Ga1 As alloys with moderate values of x (=0.2) In the quantum wells to test our device
approach. Our first results on a nipi/MQW test structure using the InGaAs alloy are eIICuulax_., ng. The structure
was grown with 20 periods, each consisting of 2x10'8 cm 3 Be acceptors 80 nm thick, 1x10 *8:m™3 Si donors
80 nm thick, and a 12 nm quantum weli of In 5Ga g As GaAs. The transmission through the structure, without
an AR coating or back surface reflertar was maaeornd nen~ - .c;’:llgﬁl near the ‘dbSOprOn edge (=920 am)
Figure o snows this transmission with a GaAs laser pump (= SOmW/cmz) turned on and oft causing a relative
moduiation change of about 7%. The maximum transmission in this case is limited by front and back surface
reflection. By optimum device design we should increase this modulation depth by a factor of at least five:
however, we also anticipate a much greater improvement as we perfect the MBE growth process for these
quantum wells.

Our SLM effort using (AlL.Ga) As and DBRs (Fig.4) are also just getting underway at this writing. Figure 7
shows our first attempt at MBE growth of a DBR. The structure consists of a stack of ten pairs of alternating
quarter-wavelength layers (64 nm Al 2Ga 8As and 74 nm AlAs). A small thickness gradient (=1%) occurs
because of system drift which lead to the observed reflectance curves. This effect is qualitatively modeled by
the theoretical curves which assumes a constant 1% layer thickness gradient. This kind of chirping can be
optimized to achieve very sharp turn on of the reflectance curve which is important for the active DBR approach.
For the passive DBR, the structure is not critical as long as the main reflection band includes the quantum well
exciton wavelength.

The first nipi’lMQW structure was MBE grown using (Al,Ga)As according to Figs. 1b and 4b. The structure
consists of a ten period DBR stack (58nm Al 2Ga 8As and 65 nm AlAs) upon which was grown 1.62 um of
nipi’MQW (A 88 s/GaAs active material. The n* and p* layers consisted of 10 nm 4x1 0'8cm3 si doping
and 10 nm 4x101 cm™3 Be doping, respectively, and were separated by an undoped i region containing four
79A quantum wells with 79A barriers. Our photoluminescence results are shown in Fig. 8. The insert shows
two quantum well exciton peaks and the position of these peaks are plotted versus irradiance level. The left
peak does not shift and has been identified as due to the MQWSs located at the outer layers of the nipi structure.
We had neglected to allow for a sufficiently thick p* cap to accommodate surface states, and consequently, the
outer (p-i-n) leg of the nipi is pinned at low fields. However, the remaining 19 nipi legs are not affected and we
observe the expected shift with irradiance level. The laige shift at low levels (=10 uW/cm<), combined with the
narrow exciton half width (=60A) for 76 MQWs, projects to high modulation sensitivity. We are currently in the
process of setting up modulation reflectance measurements.
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InGaAs/GaAs and GaAs/AlGaAs Multiple-Quantum-Well

Spatial Light Modulators

Brian F. Aull, Kirby B. Nichols, William D. Goodhue,
and Barry E. Burke

Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173-0073

The need for spatial light modulators (SLMs) with high-speed
electrical addressing capability motivates the development of SLM
devices based on GaAs and related ternary alloys. These materials
are amenable to the growth of superlattices with good optical
modulation properties and to the fabrication of high—speed
addressing circuitry on the same wafer.

We have fabricated monclithic one— and two—dimersional
spatial light modulators based on excitonic electroabsorption in
multiple guantum wells (MQWs).1 The SLM 1is electrically
addressed using a charge-coupled device (CCD). CCD-addressing
supports large space-bandwidth products in an SLM without the
drawback of needing a separate electrical input to each pixel.
The device concept is shown in Fig. 1. A p+—type ground plane, an
undoped MQW, and an n-type layer are grown sequentially on a semi-
insulating GaAs substrate. The n—type layer serves as a channel
layer for a three-phase buried-channel CCD fabricated on the
surface of the wafer. The SLM 1is addressed by storing & pattern
of charge packets 1in the CCD array; the charge packets are
sequentially injected through an ohmic contact. (However, optical

addressing is also possible by using the CCD as an imager.) At

1. T. H. Wood, C. A. Burrus, D. A. B. Miller, D. S. Chemla, T. C.
Damen, A. C. Gossard, and W. Wiegmann, Appl. Phys. Lett. 44, 16
(1984) .
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each pixel, the magnitude of the stored charge packet determines
the electric field across the underlying portion of the MQW. This
in turn determines the absorption coefficient of the MQOW material
at wavelengths near the band-edge exciton peaks and, therefore,
the optical transmission of the pixel. The CCD electrodes are
patterned from an ultra-thin layer of metal so that they are
semitransparent to incident light. One of the three CCD phases is
arbitrarily selected as the optically active pixel, and the other
portions of the CCD array are masked with an aluminum 1light
shield, The 3LMs include 16-pixel and 3Z2-pixel one-dimensional
arrays, as well as 16—by—-14a-rixel two—dimensiconal arrays.

SLMs that operate at 965 nm have been fabricated usin

2

InGaAs/GaAs strained—layer MCWs, and SLMs that operate at 847 nm

have been fabricated using GaAs/AlGaAs MQWs. The active device
layers are grown by molecular beam epitaxy (MBE), and the details
of the growth are reported elsewhere.2 For the GaAs/AlGaAs

device, the GaAs substrate 1s cpague at the operational wavelength
and is therefore removed in its entirety. In this case, a 35-Um-~
thick AlGaAs support layer 1s grown by organometallic vapor phase
epitaxy prior to the MBE growth of the active device lavers in
order to facilitate removal of the substrate and transfer of the
device to a glass slide.

The InGaAs/GaAs-based SLM was characterized as follows.

Light from a c¢w xenon arc Jlamp was filtered through a

2. W. D. Goodhue, B. E. Burke, B. F. Aull, and K. 3. Nichols,
"MBRE-Grown Spatial Light Modulators with Charge-Coupled-Device
Addressing,” 8th MBE Workshop of the American Vacuum Society, Los
Angeles, CA, September, 1987.
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monochromator set at 965 nm and then focused on a selected pixel
of a one~-dimensional SLM. The transmitted light was detected with
a dry-ice-cooled S-1 photomultiplier tube. The CCD was clocked at
166 kHz. The transmitted intensity as a function of time was
obtained by ensemble averaging the detected signal with a waveform
analyzer that was triggered synchronously with the CCD frame time.
A charge packet of magnitude zero yields an optical transmission
20% greater than a full charge packet, consistent with dc
electroabsorption spectra. The time-resolved optical signal shows
transients of several microseconds duration at the beginning and
end of a burst of large charge packets. This 1is due to trapping
effects associated with strain-induced dislocations at the
interface between the MQW and the n-type layer. Electribal
measurements of charge-transfer losses in the CCD indicate no
trapping effects on longer time scales.

The GaAs/AlGaAs-based device was characterized as follows. A
selected pixel of a 16-pixel one-dimensional device was
iliuminatea w.th a pulsed ALGaAs laser didde operaling at 847 nm.
The CCD was clocked at 0.5 MHz, and the laser diode was pulsed
synchronously with the frame time of the CCD. The transmitted
light was detected with a silicon photoaiode. The 1ighi Lol WIC
chopped at 1 kHz with no synchronization to the CCD clock to
facilitate lock-in amplification. A charge packet of magnitude
zero yields an optical transmission 45% greater than a full charge
packet, consistent with dc electroabsorption spectra. NoO trapping
effects have been observed in electrical measurements of charge-

transfer losses in the CCD at clock frequencies up to 1 MHz.
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Although these SLMs have been operated at CCD clock speeds
only up to 1 MHz, they are capable ot clocking speeds in excess of

1 GHz. For an analog SLM with one electrical input, this

[
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computatioral throughput of a bill ltiplicaticons per second.

on mu

b

Parallel loading of the CCD would yield an even higher throughput.

This work was sponsored by the Departments c<f the Navy and
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INVESTIGATION OF A 1D GaAs—GaAlAs
MUL TirLE QUANTUM WELLS SPATIAL LIGHT MODULATOR

J.Ph.SCHNELL, J.P.POCHOLLE, E.BARBIER, J.RAFFY,

A.DELBOULBE, C.FROMONT, !.P.HIRTZ, J.P.HUIGNARD

THOMSON-CSF, Laboratoire Central de Recherches
Domaine de Corbeville, B.P. N° 10

91401 ORSAY Cedex (France)

Introduction

Semiconductors multiple quantum wells (MQW's) are promising optical materials
for their fast response speed, their tailorable optical properties and their technological

compatibility with electronic circuits.

The electroabsorption modulation in MQW structures used as SLM's makes
_.em suitable devices for fast optical signal processing (Ref.1). A particularly
interesting application is the fast generation of reference images in an optical
correlator. This paper describes the realization and first characterizations of
elementary and 1D-GaAs/GaAlAs MQW's SLM's which are a step toward 2D MQW

SLM's.

SLM structure

The epitaxial structures were grown by MBE. The structure is shown
schematically in figure 1. The substrate was a (100) orientated GaAs wafer. The
following layers were successively epitaxied: a 200 nm - thick AlAs etch stop, an
Alg.3 Gag,7As buffer, a superlattice buffer, the 100 periods of 8 nm - thick GaAs

wells and 20 nm - thick Alg 3 Gag,7 As barriers calculated to present a heavy hole
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excitonic resonnance at 840 nm, an Alg 3 Gag,7 As buffer and an n-doped

Alg,3 Gag,7 As layer.

The expitaxied layers were transferred on a transparent substrate (a glass
slice) by sticking and complete ablation of the GaAs epitaxy substrate (Hy0, : NH4OH

etch solution). Several samples of various sizes (up to 2 mm x 10 mm)} were realized.

Gold electrodes were deposited by sputtering so that MQW's are inserted
in the intrinsic region of a MIN diode. The electric fieid is applied to the MQW's by
using a couple of MIN diodes (figure 2) ; the forward-biased diode applies the positive
potential to the underlying n-lfayer ; the second MIN diode is thus reverse-biased and
is the region of electroabsorption., The gold electrode serves as a reflector for the
optical beam which crosses twice the MQW's. Elementary and 1D-SLM's with 30 pixels
photolithographically patterned were created as shown in figure 3. Connections were

made by thermocompression.

Results

The transmission spectrum with no applied electric field (figure 4) shows
well resolved heavy and light hole excitonic resonnances. The observed peaks are
in good agreement with those calculated. Electroabsorption were investigated with
an argon laser-pumped dye laser (LDS 821) at several wavelengths in the range
838-864 nm. Both the elementary devices and 1D-SLAl were tested. In the latter
case, pixels were individually addressed with an AC electric field of 4 x 10% V'cm
(applied voltage V - 15 V). Modulation ratios higher or equal to 25 were observed

at 846 nm in an explored frequency range from DC to 100 KHz.

Conclusion

In this study, the interest is focused on extended areas of MQW SLM' based

en the GaAS/GaAlAs systems. A 30 pixels - 1D SLM with MIN structure working in
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a reflection configuration were made. The first characterizaticns are encouraging

future application of these devices for high speed data input in optical correlators,
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Deformable Mirror Device Spatial Light Modulators

and its Application to Neural Networks
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Summar

Neural Networks are a nontraditional method for performing

computations. Neural Network architecture is a fine grain,
parallel architecture with simple processors coupled at long
range to the inputs. Figure 1 shows a simple picture of a
layered neural network. Computation is performed by multiplying
each input to every processcr (node) by a weighting factor and
then summing the products. The sum is then thresholded and an
output is obtained from each node. The nonlinear thresholding

operation provides the decision making mechanism.

In general neural networks execute matrix’/signal processing
type operations. Neural networks recognize/reorganize Dby
correlating inputs with learned states. Neural Networks have
the novel ability to:

Cluster stored information
Recall information when the query is both incomplete and
erroneous

o Be trained rather than programmed.

All neural networks are characterized by extensive
interconnects between processor nodes. The extent c<f these
interconnections is shown in Figure 2. Figure 2 contrasts the
interconnections required for a cellular automata node, which
interacts with only its nearest neighbors, to a neural network
node, which 1interacts with every other node. Figure 2 also
shows a regular matrix formulation of the interconnects for four
nodes. In general there is no intermediate formulation between
simple nearest neighbor interconnects and the fully
interconnected matrix case. This means that N ncdes will in
general require N2 interconnections. Since most practical
neural network problems require a minimum of 100 to 1000 nodes,
the minimum number of interconnects ranges from 104 to 106.
Most neural networks require the interconnection to have analocg
values. Furthermore, in order for learning to take place, these
interconnects must be wvariable. The large number, the analog
values, and the wvariable naturz of the interconnects pose an
extreme challenge for conventional semiconductor technology.

In this paper we describe both a novel type of Spatial Light
Modulator (SLM), called the Deformable Mirror Device (DMD), and

its applicability to neural network computation. We believe
that optical technology 1is the breakthrough needed to make
neural network technology practical. Since the number of

interconnections of a neural network are perceived to be the
limiting factor, it is natural to advocate optical technology to
solve the interconnect problem. It is very easy to make complex
interconnection-light beams pass through each other; however, it
is very difficult to build a light switch. Light switches, or
two dimensional arrays of light switches called Spatial Light
Modulators exist and have been used by Farhatl, Psaltis?, and
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others to build Optical Neural Networks. These systems were
either very expensive, slow, or tied to TV format. In general

these systems were quite limited by the performance of the SLM.
Several holographic techniques wusing film have been
demonstrated, but they suffer from the inability to vary the
interconnections.

The SLMs described here are based on an all solid state

silicon technology, called Deformable Mirror Devices3. The
light switch elements are small metal mirrors, approximately 15
microns by 15 microns in area. We have produced fully
functional two dimensional arrays of 64,000 mirrors. The

addressing circuitry 1is also 1included on the silicon chip
reducing the number off off-chip leads required.

Certain aspects of the DMD are ideally matched to neural

network computations:

1. The mirror deflections are both wvariable and
electronically controlled in an analog mode.

2. The degree of mirror deflections is equivalent to the
value of the interconnects wused 1in neural network
computations.

3. The mirror deflections are limited, and sigmoidal 1in
nature, providing an ideal threshold function.

Several neural network configurations wusing DMDs are

described. Special consideration 1is given to the electrical
addressing constraints imposed on the optical operation of the
DMD arrays. System partitioning between optical and electrical

subsystems is shown to allow rapid execution of highly parallel
matrix computations, while retaining timing, synchronization,
and dynamic range consistency.
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Bistable Deformable Mirror Device

Larry J. Hornbeck
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William E. Nelson
Texas Instruments Incorporated
Data Systems Group
5701 Airport Rd/MS 3237
Temple TX 76503-6012

1. introduction

The bistable DMD 1s the digital version of a class of reflective, micromechanical spatial light
modulators (SLMs) known as deformable mirror devices (DMDs). In its earhiest form the DMD was a
hybrid SLM consisting of a metalized polymer mirror bonded to an underlying silicon address
arcuitf1,2]

From this technolog, <. wiveu a monolithic, anaiog DMD consisting of an array of aluminum
alfoy cantilever beams integrated over an underlying silicon address circuit [3]. The monolithic,
analog DMD is capable of being line-addressed at TV rates, and contains on-chip, all of the necessary
serial-to-parallel converters and decoders. Its small analog deflections (1°-2°) make 1t suitable for
correlatior: and other optical processing apphications [4-5], as well as neurocomputing [6]

There has been a growing interest in the DMD for optical crossbar switching[?], and for
printing applications[8] using both photoreceptor and film media For these applications, precise,
large angle digital deflections (10°) are required. The bistable DMD described in this paper meets
these criteria. It features a large deflection angle which is precisely determined by the device
architecture and not by a balance of forces, as in the case of analog DMDs.  Flatness in the zero
deflection state s ensured by a torsion beam pixel design. In a printing application requiring gray
shades, pulse width modulation produces uniform, accurate shades of gray.

In the following sections, the architecture and operating characteristics of the bistable DMD
will be described Because the bistable DMD 15 a very recent development, mcre details of device
performance in printing applications will be presented at the conference

2. Device Descripticn

The architecture of the bistable DMD is shown in Figures 1 and 2. Each pixel consists of a
torsion beam, made from a layer of thick reflecting metal, connected to a surrounding conducting
support layer by two thin metal torsion rods at diagonal corners. A planarzing, insulating spacer
material underlying the torsion beam is removed by isotropic plasma etching to form an air gap
under each torsion beam. Underlying each torsion beam are four electrodes, two landing electrodes
and two address electrodes. The landing electrodes are electrically connected to the torsion beam.
Flatness of the torsion beam is ensured by the fact that the torston rods are under tension.

When an address electrode is energized, the electrostatic force of attraction between the
beam and address electrode causes the beam to rotate about its diagonal in the direction of the
address electrode until its tip touches the landing electrode {dotted line in Fig. 2). The angle that the
fully deflected beam makes is called the landing angle, 6,. The beam rotates to + 8 or -6
depending on whether the (+) or (-) address electrode is energized. Both landing electrodes are
maintained at the torsion beam potential, and function to reduce the landing torque and to provice
an electrically neutral contact to the landing surface.

In order to operate the bistable DMD, positive potentials are applied to one or the other of
the address electrodes and a negative potential called the differential bias, is applied to the beam
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and landing electrodes. The function of the differential bias is to lower the address voltage
requirement by providing a torque gain to the applied address torque. The term differential bias
reflects the fact that no torque results unless there is a potential difference between the address
electrodes, or the torsion beam is deflected. The bistable DMD may be operated in any of three
modes, monostable, tristable, or bistable, depending on the magnitude of the differential bias. This
is illustrated in the potential energy plot of Figure 3. With no differential bias, and in the abcence of
an applied address voltage, the torsion beam is monostable, with only one potential energy
minimum and hence only one stable state at 6 =0. in order to deflect the beam to the landing angles
0= +0,, a constant address voitage must be applied. When this voltage is removed, the beam
returnsto0=10.

As differential bias is introduced, the potential energy at the fanding angles begins to
decrease, and eventually two potential energy minima develop at 0= + 0, The torsion beam 1s now
tristable, with stable states at 1 = -0),,0, + 0, In order to address the beam from its undeflected state
at =0, an address voltage 15 applied with a magnitude sufficient to momentarily lower the
potential barrier between ) =0 and the desired landing angle, 0 =-0, or +8_ The beam rotates to
the landing angle, and when the address voltage is removed, the beam remains in a statically stabie
state at = 0 until the differential basis removed.

As the magnitude of the differential bias is increased further, the poiential barriers
between 0=0and 0 = * 0, disappear and the beam becomes bistable. Momentary application of the
address voltage causes the beam to rotate to the desired landing angle and to remain there untl the
differential bias is removed. The lowest address voltage requirement is achieved by operating in the
bistable mode

At the end of each address cycle the deflected beams must be returned to the undeflected
state, or reset, before being readdressed To accomplish this, the differential bias 15 momentarily
returned to ground and a short duration reset pulse is applied to the beams and landing electrodes
via the differential bias bus. The reset pulse acts to store potential energy in the torsion rods by
deflecting the beam and torsion rods downward towards the electrodes. When released, this
additional potential energy assures a uniform, reliable reset action of all deflected pixels to the
undeflected state.

Because the reset and differential bias functions are common to every pixel, they can be
provided by a single off-chip driver. Only the address electrode signals (10 volts or less) need to be
switched by on-chip circuitry and this funciton is supported by conventional C-MOS structures.

3. Operating Characteristics

The present chip design is a linear array of 512 pixels consisting of four rows of 128 pixels,
with an effective center-to-center spacing of 19 microns. Because this embodiment is meant to
demonstrate only the electrooptical characteristics of a bistable DMD, it does not include on-chip
address circuitry, but is hard-wired on-chip into 32 blocks of 16 independently addressable pixels.

The beam landing angle is 8.9 degrees, determined by the torsion beam diagona! length
and spacer thickness. The electromechanical response time at atmospheric pressure 1s six
microseconds as measured by a photomultiplier The measured pixel deflection cycle lifetime is
greater than 12 billion cycles.

Using a conventional darkfield microscope, an image of one portion of the chip is shown in
Figure 4. Here 10 of every 16 pixels are addressed in the tristable mode from 0 =0 (dark state) to
0 =06 (bright state). Gray shades are accurately produced by using pulse width modulation Because
of the short response time of the DMD, the address pulse can be delayed after reset to control the
duty factor and therefore produce precise gray shade modulation. Table 1 is a summary of the
design and operating characteristics of the bistable DMD.
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Table 1
Bistable DMD Summary

Array Size 512 x 1 (Four rows of 128 pixels)
Effective Pixel Spacing 19 Microns at Unit Magnification
Address Configuration 32 Blocks of 16 Independently Addressable Pixels
Address Voltage + 10 Volts (Tristable), + 5 Volts (Bistabie)
Differential Bias -10 Volts (Tristable), - 18 Volts (Bistable)
Reset Pulse + 60 Volts, 1 Microsecond Pulse Width
Angular Deflection + 8.9 Degrees
Angular Nonuriformity

Undeflected State 10 2 Degree

Deflected State *0 1 Degree
Response time () =0to V) 6 Microseconds at Atmospheric Pressure
Pixel Lifetime Greater than 1 2 x 10°0 Cycles

4. Summary

The architecture and operating characteristics of the bistable deformable mirror device
(DMD) have been presented The bistable DMD 1s a reflective, micromechanical spatial light
modulator, monohithically formed on sihicon  Large angle digital beam deflections ( + 8 9 degrees)
are achievable with a very high degree of uniformity. Because of its fast response time (6
micraseconds) it can be pulse width modulated to produce accurate gray shade modulatior A
differential biasing technique lowers address voitage requirements to 10 volts or less so that
conventional C-MQG$S on-chip drive circucts can be employed Applications currently under evaluation
at Texas Instruments include printing and optical crosshar switching
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SUMMARY

The Spatial Light Modulator (SLM) is perhaps the most critical element in several
optica!l prucessing architectures such as the Vander Lugt Matched Filter Correlator and
the Joint Transform Correlator. The SLM is a device used to encode information onto a
laser beam so that it may be processed by a coherent optical system. Several devices
are available which perform this critical task. The optical characteristics of these
devices will determine, to a large extent, the speed, resolution, and efficiency of an
optical system since the SLM is responsible for supplying the system with new
information. The Hughes Liquid Crystal Light Valve (LCLV) is a reflection type SLM
that is both optically addressed and read. The limitations of the LCLV are its low
sensitivity to the write light, low resolution, and slow response time. The
Semetex/Litton Magneto-Optic Device (MOD) is a transmission type SLM that is
electrically addressed and optically read. The MOD is comparable in resolution to the
LCLV but the optical throughput of the device is only 3-5%. Neither device will operate

at high frame rates.
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A new device, recently developed by Texas Instruments, is electrically addressed
and optically read in a reflection mode. The Deformable Mirror Device (DMD) is
capable of megahertz pixel rates and can be addressed by either a camera or a
computer.!  The monoalithic device is a 128x128 array of pixels on a silicon substrate.
The silicon substrate also contains the necessary drive and line addressing electronics.

Figure 1 is a drawing of an individual pixel of the DMD. Each pixel of the array
consists of four tiny mirrors which are hinged on one corner. The mirrors are 12.57 um
square and are formed on 51um centers. An air-gap capacitor is formed between each
set of mirrors and an underlying electrode. The electrodes are connected to the

sources cf an array of metal-oxide semiconductor (MOS) transistors. The addressing
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Figure 1. A cut-away drawing of the DMD spatial light modulator.
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electronics drive each electrode to a voltage corresponding to a given video signal.
The electric fieid created between the electrodes and the mirrors causes the mirrors to
deflect slightly.! The amount of deflection in each pixel will correspond to a phase
change in the light reflected from the mirrors. In this manner, a video signal can be
encoded into the phase of a laser beam.

Severa! optical characteristics of the DMD have been examined. These include
reflectance, deflectioii angle of the mirrors, active area, and high order diffraction
effects. The diffraction effects have been experimentally investigated and theoretically
modeled. The results will be used to determine the effectiveness of using a DMD as a
spatial light modulator.

The reflectance of the DMD determines, in part, how efficiently the available light
is used. A high reflectance alone, however, does not ensure efficient use of the light.
The light must be reflected at a small enough angle to ensure that vignetting coes not
occur. This condition places an upper limit on the deflection angle of the mirrors. The
smallest useful deflectior angle is determined by the minimum usable phase shift in the
reflected wave.

The high order diffraction effects will also play a large role in determining the
usefulness of the DMD as a spatial light modulator. Each mirror has four tiny holes to
aid in etching the wells under each pixel. These holes along with inactive areas
around the pixels will cause high order diffraction effects when viewed in the Fourier
plane. The optical Fourier transform of the DMD with no input signal is shown in Figure
2. The Fourier transform of an input scene displayed on the DMD would be convolved

with this diffraction pattern. The result of this convolution would yield the Fourier
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transform of the input scene at each element in the ditfraction pattern of Figure 2. Only
one order is useful in many optical processing applications so light diffracted into the
higher orders is wasted.

The results of these investigations will be presented along with optical processing
architectures which could make use of a DMD spatial light modulator. Future research
will focus on the phase modulating properties of the device. The pixel design for the
next generation of DMD's will also be presented. This design should result in larger

active areas and greater phase modulation.

Figure 2. The far field diffraction pattern of the DMD with no input signal.
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Introduction

The spatial light modulator (SIM) considered here consists of a thin incom-
pressible viscous fluid layer and is addressed by an electron beam. As a
consequence of the deposited charge image, the fluid surface is deformed by
electrostatic stresses. For the incident light, this surface deformation
represents a phase ocbject causing phase modulation and thus diffraction. The
conversion of this (invisible) phase modulation into a (visible) intensity
modulation is achieved by means of a schlieren-optical imaging system. In
previous publications [1,2], the transfer characteristics of the system for
sinusoidal charge patterns, which lead to sinusoidal deformations because of
the control-layer's linear transfer function, were extensively descriled;
here, the transfer characteristics of the same system for spatially non-peri
odic structures are analyzed, and the resolution limits caused by the incom-
pressibility of the SIM material and by the optical filtering are determined.

Surface-=Charge Pattemmn

In order to study the non-periodic deformation behavior of the fluid SIM, an
isolated line on a dark background is considered. For writing one line, the
electron beam is scanned horizontally with the constant velocity vy: at the
same time, it is wobbled vertically with a very high frequency according to
the line modulation. The position of the beam spot on line n at time t is
thus given by

g(t)rvxt and n(t)=nd+c~sin(2"fwt), (1)

where d is the line pitch (for an extended carrier grating, d represents the
grating period), and c and f,, are the wobbling amplitude and frequency, re-
spectively. Assuming a spatially invariant current-density distribution
g(7,n), the charge-density distribution on the fluid surface is fourd as

vn(x,y)= f gl{x="(t),v=-n(t)at. (2)
Fourier transformation of Eq.(2) leads to the charge—density spectrum:
= (3)
Q, (f x’fy) S(fx, y)K(fx,fy)

is the Fourier transform of g(:,n) and K(fy,f,) is a function
J.g&s the effects of the beam modulation and is defined as

K(£,£0= 7 exp [ij(fx;(t)+fyf(tﬂ- dt.

here S(fyf

(4)

If a cm:'rent—dens1ty distribution of the form g(g,r)=g 2( /a)cos2(w n/b),
whose shape is similar to a Gaussian distribution, is assumed and if the
spotdmensmnsaredmosentobea—v/f and b=d, as required for an ideal
dark-field adjustment, the normallze)é spectnnn of a horizontal line becames

0 (0.£ ) n(rf 4)
n'oriy’ T Trfyd(1-f a2 o

) b4
where J the zero-order Bessel function; this equation forms the basis for
the following analysis of non-periodic surface deformations.

- o™
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Surface Deformation of the Spatial Light Modulator )

In order to find the fluid-layer surface deformation resulting from a sinu-
soidal charge pattern, the electrostatic potential has to be calculated by
means of laplace's equation AV=0; subsequently, the electrostatic deformation
stresses are derived fram the electric field at the SIM surface. Then, the
resulting hydrodynamic deformation of the viscous fluid is determined on the
basis of the linearized Navier-Stokes eguation. For a sinusoidal deformation
of arbitrary spatial frequency, the time dependence of the amplitude is [1]:

a(t)=ag [1-exp(-t/1,)] . exp(-t/,), ()

where the parameters a_, 74, and T, are functions of spatial fr_equency, layer
thickness, and such magerial properties as viscosity, capillarity constant,
conductivity, and dielectric permittivity (for details see Ref. [1]).

Assuming a linear system, the spatial-frequency response for a given periodic
charge pattern was calculated for different times; the resulting band-pass
curves are shown in Fig.l. The decrease towards low spatial frequencies is
essentially caused by the inconmpressibility of the SIM material, the decline
at high spatial frequencies is a consequence of the surface tension.

In general, the transfer characteristics of the SIM can be represented by a
multi-dimensional linear system in which a spatially varying charge pattern
as input leads to a space- and time-dependent surface deformation as output.
Thus, the deformation at time t, caused by an arbitrary charge distribution
can be calculated according to the following general formula:

o

a(x,y,to)=_;; H(fx,fy,to)Qn(fx

/£,)exp [32 (fxx+fyyq df df (7)
where H(f,, f,,t,) is the time-dependent spgtial—fx_cequency response of the SIM
as depicted 1n Fig.l. When considering a single line on a dark background [4]
the integration is restricted to the variable f,. Fig.2(a) shows the charge-
dens1ty distribution of a single line; the corresponding deformation is given
in Fig.2(b). According to Eq.(5), the writing of a single line on the fluid
leads to side labes of the charge pattern and also of the deformation; it
should be noted, that, because of the SIM incampressibility, the deformation
pattern contains side lobes even for charge distributions without side lobes;
thus, the image of a single line is always a triplet. Unfortunately, this
feature, which is characteristic for all incampressible SIM's, is not ade-
quately discussed in the existing literature. Furthermore, it is found that
the deformation pattern widens with time (Fig.4), since, according to Fig.l,
the camponents with low spatial frequencies are daminant in this range.

Schlieren-Optical Imaging System

As already mentioned in the Introduction, the surface deformation of the SIM
is made visible by means of a special schlieren-optical system, a dark-field

imaging system, that acts as a high-pass filter for the deformation pattern.

The transmission of the phase ocbject represented by the SIM can be written as

t(x,y,to)= exp [j -2-;"(n-1)'a(xIYItO)] ’ (8)

here, n and ) are the refractive index of the SIM material and the wavelength
of the light, respectively.
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The dark-field imaging system is schematically shown in Fig.3; along the
optical axis, five planes are labeled by numbers: l-the light sources, 2-the
control layer, 3-the principal plane of the schlieren lens, 4-the diffraction
pattern, and 5-the image plane. For periodically arranged narrow light
sources as necessary for high brightness and good resolution, the filter in
plane 4 has to be a periodic arrargement of slots and of bars that block the
undiffracted light of the source images (cf. the optical system of the
General Electric light valve [3]).

The light distribution in plane 4 is proportional to the Fourier transform
T(X4 Y4 to) of the transmission t(x2, Yor to) given by'Eq. (8), ard the
coordinates x, and y, of the diffraction pattern are defined as [2]

X~E 0 - Mxy and y4=fka - My, )

where M=z3,/2; 3 is the magnification factor of the source image, and Q=2,,23,/2):
is a scaling factor. Behind the high-pass exit filter of transmission func-
tion P(xy, yu) in plane 4, the modified light distribution is proportional to

T (x4,y4,to) = T(x4,y4,tO)P(X4,y4) . (10)

Finally, the desired intensity distribution of plane 5 is obtained from a
further Fourier transformation of the light distribution given by Eg.(10).
Apart from magnification factors, the intensity distribution of a single line
whose surface-deformation pattern varies only with the y coordinate, becrmmes

_ Voo 2
I(yslto) = IO.i t'( yS,tO)l B (11)

where t'(-yg, t! is the Fourier transform of T'(yg, tQ) . Fig.4 depicts the
deformation pa and the resulting intensity distributions at three in-
stances within the frame period T. For the calculation of the distributions,
light sources with a Gaussian shape and a broad spectrum were assumed. In
spite of the temporally widening deformation pattern (see above), the line
image remains narrow because of the optical high-pass filter. The widths of
its exit slots are chosen so that the diffraction maxima of a single line
move in time from the centers to the inner edges of the slots and that to-
wards the end of a frame period the lower spatial frequencies are blocked by
the bars. Thus, the filter always keeps the image of a single line relative-
ly narrow. In case of an extended carrier grating, its period @ should be de-
signed to be so small that the light diffracted fram it passes the slots
close to their auter edges; then the largest possible part of one modulation
side band can be transmitted.
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Summary
introduction

The TIR linear spatial ILght modulator, which has been discussed in a number of
previous publications,'¥ is a VLSI-driven device which utilizes phase change in
lithium niobate to achieve modulation of a line of light at a number of positions
along a line. It does this by coupling fringing fields from a set of electrodes on a
VLSI chip into the crystal and interacting with these fringing fields in a total internal
reflection mode of illumination. The device is used to phase modulate the light and
can be either directly read out or used in a Schiieren readout system to create
intensity modulation. In this paper we present information on design, fabrication,
and performance of a new high performance device which has 4735 elements and
operates with a 256 MPixel second data rate.

Device Structure

The basic configuration of the device is shown in Figure 1. It consists of a thin flat
plate of lithium niobate which has electrodes deposited on one surface and has two
sides polished to allow interaction with a beam of light in a TIR mode. In this case,
the electrodes are 3.5 mm long, have a spacing of 10 microns, and there are 4736
of them spaced over 47.35 mm. Individually selectable voltages are applied to
each of these electrodes by addressing them with two integrated circuits which
have complementary sets of electrodes and are pressure-contacted to the
electrodes on the crystal.

Crystal with Electrodes N
on Bottom Surface L i

-

///’;;
Chip with ‘—t P et Care e bar V0
electrodes - ————— T i e
on surface /"/‘"//‘ P .
Pl
L /// P

e ik J—

fR:bbon Cabte

Figure 1
TIR modulator assembly.
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Figure 2 shows a circuit layout for each chip. The design utilizes 16 lines of data
which are sequentially written to each successive group of 16 electrodes on the
device with a shift register addressing technique. There is a CMOS transmission
gate for each electrode so that the voltage is held on each electrode until it is to be
changed. The electrodes on the VLSI chip are .5 mm long and on 10 micron
spacings. They are patterned in a second layer of metal which is located at the
highest elevation on the chip so that when it is pressed against the crystai
electrodes good electrical contact is achieved. The chip stores up to 15 volts on
the electrodes, which is enough to achieve 50 percent diffraction efficiency into the
two first orders (i.e., 50% of the light is scattered out of the undiffracted zero order
beam). The shift register operates at an 8 MHz data rate, providing a chip
bancwidth of 128 MHz (16 lines x 8 MHz) and a modulator bandwidth with 2 chips
of 256 MPixels/second.

A modulator of the type shown diagrammatically in Figure 1 and using two of the
chips shown in Figure 2 is illustrated in the picture of Figure 3. Each chip is
mounted on a carrier bar consisting of pieces of aluminum with an elastomer layer
mounted underneath each chip. When the carrier bar with its associated chip is
assembled to the crystal, the elastomer is compressed, forcing the chip electrodes
against the crystal electrodes with a uniformly distributed pressure on the order of
100 psi. This pressure is sufficient to break the oxide layers and provide good
electrical contact between the chip electrodes and the crystal electrodes. The
pressurizing structure of the modulator shown in Figure 3 utilizes two spring metal
plates which are curved in opposition to apply the pressure. When these metal
plates are flattened by the force exerted by the screws clamping them together, the
elastomer is fully compressed. Their complementary reverse curvature applies a
balanced pressure along the length of the modulator, thus producing a flat surface
at the chip.crystal interface. This is important in achieving a good interaction with a
line of light which is focused in the sagittal axis.

Figure 2
VLS! circuit configuration. Photograph of the TIR modulator.

Figure 3
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Device Testing

In order to test tho modulater, it ic iluminated with a narrow lacer bcam and the
modulator is reimaged onto a detector plane. A slit which is the size of the image
of one modulator element is placed in the detector plane. The modulator is
translated across the beam, and the detected intensity passing through the slit is
plotted on a chart recorder. This scheme is shown in Figure 4. By using such a
testing technique, nonuniformities in the iluminating beam are_geliminated from-the
measurement, since the same part of the beam is always used for-testing. Figure 5
shows a typical plot of modulator output. The efficiency is between 40% and 50%
(as measured by the ratio of light measured with the stop in place and all pixels
turned on to that with the stop taken out of the system and all pixels turned off). |t
can be seen that all pixels work, but there is some locatl nonuniformity from element
to element. Overall contrast is about 100:1, as indicated by the background trace
on the same plot.

MODULATOR UNIFORMITY TEST SET UP

Pb O

IMAGE AN

PECA | aNg 4

A R Flgure 5
G wmernd e Modulator uniformity and background
N measured n apparatus of Figure 4
CONTROLLER
THANSLATOR
DRIVE
MOTOR
Figure 4

Configuration and methodology
used to test modulator performance.

Device Application

Figure 6 shows a typical optical system in which this spatial light modulator is
incorporated in order to achieve intensity modulation in an output image plane.
This particular system is used for laser printing, but other applications are
suggested which might utilize the same basic device at different magnifications and
with different types of illumination sources. The laser light is expanded in the
tangential direction by lens L1 and collimated by a combination of L2 and L3. it is
brought to focus in the sagittal (vertical) direction by lens L3 so that it is focused
into the modulator and onto the lower surface of the crystal in the center of the
electrodes. Lenses L2 and L3 are aspheric in nature so that some of the light in
the center of the Gaussian laser beam is redirected towards the outside of the
beam to produce a tangentially uniform beam in the plane of the modulator. After
this light illuminates the modulator, it is brought to focus inside the imaging lens
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onto a stop which blocks out the zero order diffraction. The imaging lens collects
the difiracted light and images the modulator, with some magnification, onto the
output image plane. For laser printing, this particular set of optics was used to
image the modulator at 300 spots per inch on a 15.7 inch format. An example of
the type of image spots produced at the output of such a system in shown in Figure
7.

Lt %

STOP

P Figure 7
X Highly magnified output tmage ot the
‘ g system shown in Figure 6.
Figure 6 -

Optical system using the TIR spatial light
modulator for laser printing.

Conclusion

We have shown the design, construction, and test evaluation ot a TIR spatial light
modulator with 4735 individually controllable elements and a bandwidth of 256
MPixels per second. Such a device has potential application in areas of printing.
optical computing, and addressing of large optical memories.
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I, INTRODUCTION

In the last few years extensive efforts have gone into the development of spatial hight modulators
SLMs) for the realization of massively parallel optical pmcesmrs“"]. The silicon-PLZT SLM approach is
one of the promising approaches and has the potential of combining the computational power of sthicon and
the communication power of optical interconnects. By using the third direction normal 1o the processing
plane, the Si/PLZT approach allows the opuical interconnects o provide the advantages of high speed paraliel
and ¢global interconnections to simple silicon clectronic circuits performing local computationsl operations, In
this paper, we report on the successtul fabrication of two-dimensional electrical matrix-addressed SEMs by
wicgraung stlicon MOSFETs and electro-optic PLZT Light modulators on the same substrate (PLZT) using
simultaneous laser crystatlizatton and ditfusion techniquc"l. When tully developed inte large arravs this
SYPLZT electrically addressed SLM (ESLM) can be used efficiently as an input device to optical processors,
transducing clectneal information into optical form while being fully compatible 1n Jdata format with the
optically addressed Si/PLZT SLMs presently under development at LCSD. In what follows we describe the
theory and design consideration for the SyPLZT ESLM. detail the experimental techniques used and discuss
the results obtained.

2. OPERATING THEORY AND DESIGN CONSIDERATIONS

The fabricated matnx addressed ESLM consists of a 12x12 array of identical unit cells 2s shown in the
photonucrograph in Fig. b As all SY/PLZT SLMs, it has a spatially segmented tormat and can be operated 1n
transmissive as well as in reflective mode! 1 A unit cell of such an array is shown mn the photomicrograph
in Fig 2a and consists sumply of a MOSFET that connects the PLZT modulator to the clectrical modulating
mput as shown in the schematic of the cwrcuit in Fig.2b, The operation of the cell is very similar (o the
operation of 4 single transistor dynamic RAM cell. When the gate of the pass MOSFET is high, the electncal
modulatung mput is directly connected to the PLZT modulator electrode. At this ime a charge proportional
1o the electrical mput 1s deposited across the PLZT modulator capacitance. Once the gate of the pass transistor
is returned o a low state, thix charge remains stored in the TLZ0 capaciance until the pass transistor is
actvated again ar which tune the charge in the modulator capacuance is refreshed. The stored charge i the
modulator establishes a transverse eletrical field in the PLZT modulator, which then modulates a read beam
with a modulation depth proportional to the electrical input. Thus the Si/PLZT ESLM can work in both
andlog as wetl as in binary mode on the proper choice of the wnput.

Crircal parameters involved 1n the fabrication of large ESLM arrays involve the storage time and the
response time of the cell and the output dynamic range. In order to increase the storage ume or the refresh
ume, the leakage current of the MOSFET must be minimized. Therefore. for successful operation. Si/PLZT
SLMs require good Si crystal quality with a long carrier recombination time. The ume response of the cell
must also be minimized by maximizing the MOSFET transconductance, another parameter closely related to
the silicon crystal quality. Finally. in order to achieve good modulation depth the transistors must have a
large breakdown voltage. yvet another parameter related to the silicon ¢ry stal characteristics.

The next section describes the experimental methods utilized in achieving good silicon crystal on PLZT
and in the fabricaiton of SI/PLZT ESLMs.

3. EXPERIMENTAL METHODS

The fabrication of the Si/PLZT ESLM arrays cntailed several crucial issues. The samples were prepared
by depositing a 3.5¢m layer of SiO> on to the front surface of the PLZT substrate by PECVD at 250~C. This
layer is used as both thermal and clectrical isolation. A 0.64m thick layer of polysilicon is then deposited on
both sides of the composite by LPCVD at 640°C. The front side polysilicon layer is later on crystallized and
used to host the silicon transistors while the backside layer 15 used as a masking layer protecting the PLZT
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substrate throughout the process. A PECVD grown S105 layer is then deposited on the poly Layer and used
as a mask for the drain and sourge rgy‘ons of the MOSFETs to be tabnicated. A phosphosithica bilmy wath
impurity concentration of 1 X 10-%em s spun on to the front surfiace of the sample tor use as a ditluswon
source. The thickness of the impurity layer was 2000A. These waters are then baked moan oven at 100 O tor
I hr to form a thin, highly-doped SiO> film.

The dopant is incorporated into the film by an Ar' Lser assisted diffusion that s varried out
simultancously with the laser crystalhzation process of the sihicon tiley - The vartous considerations that went
into the implementation of this technique are detaiked in Reterence 30 A rectangular aperture is placed across
the laser beam to reduce the beam width in the ditection of the scan to 23m. The beam wadth normal to the
scanning direction was 70 m and the spacing between adjacent scan lines wis 104m. The PLZT substraie
was held at room temperature duiing the laser scanming procedure. The laser power was Kept at 7W . The
masking S10- layer was then removed and the standard VLST device tabnication procedures followed excepl
for the gate oxidation step which was performed at the relatively low temperature of 850-C an a pyrogenic
oxidation tube. This low temperature oxidation is necessary since PLZT is damaged at temperatures above
900-C. Prior to the gate oxidation process, the samples are stripped of the polysilicon layer on the backside o
the PLZT. In case the layer is feft on, the strain induced at the interface of the PLZT and polvsilicon duning
the oxidation process damages the PLZT and degrades the electro-optic performance.

RESULTS AND DISCUSSION

Following the laser-assisted diffuston, the St films were characterized by measunng the averace
resistivity, the average Hall mobulity and the impurity concentrations. These results are summuarized i table
1. The I-V characteristics of the NMOS transistors were then tested. Figure 3 shows the characteristios of
typical NMOS transistor that was fabricated. The breakdown voltage obtamned from the characteristics i
48V which is at least a factor of 2 larger than previously reported thin film transistors. The transconductunce
1s 200 S. From the obtained characternistic, the electron mobility w s calculated to be 330cm® / Vs, This
value is within 15% of electron mobilities obtained in bulk silicon devices. This suggests that the techmyue
of laser-assisted diffusion provides an excellent means of fabricating MOSFETs on PLZT.

The time response characteristics ot the devices were also measured. Frgure 3 is a photograph ot
typical response characteristic. As can be read from the picture, rise and tall times within 104~ are achieyed
tor a 30V peak-to-peak voltage swing. Presently, we are measuring the storage time. leakage current .and
optical modufation depth. These parameters will be presented at the conterence.

In summary, we have demonstrated the successtul fabrication ot antegrated 2-D array ol 4 matnix
addressed Si/PLZT SLMs. Imitial measurements performed on the device show that the pertormance i~ in the
expected range.
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A 2-D Optically Addressed Silicon/PLZT Spatial Light Modulator Array

T.H Lin J. Wang. S. Dasgupta. S. C. Esener, and S. H. Lee
Department of Electrical and Computer Engineering
University of Californta, San Diego
La Jolla. CA 92093

I. Introduction

Optically addressed  spatial light modulators (OSLAM) are an  important  component for the
implementation of massively paraltel high performance opto-electronic computers. Such devices are
particularly usetul for applications such as optical logic and memory, wavelength and coherence
transformations and 2-D filtering. The technology which combines silicon for detection and computation and

electro-optic PLZT (Pbg gLy 121y 65Ty 35 ]()97503) for optical modulation allows the realization of such

SLMs These two malerials combine the computational power of silicon and the parallel communication
capability of optics. In this paper we report the successtul fabrication of 2 x 2 OSLM arravs using
polycrystalline silicon deposited on a PLZT substrate. We detail the device design considerations. describe
the expertmental techniques utilized and discuss the resulting OSLM performance.

Depositing polysilicon on PLZT by chemical vapor deposition (CVD) is one approach for SLM
fabrication. However. silicon of good crystalline quality is necessary to obtain a high breakdown voltage and
high detection efticiency in the driving circuntry. Laser recrystallization of polycrystalline silicon is a useful
technique for the growth of large grained silicon. Crystals ~100gm by ~25um have been previously
obtained. An electronic circuit including a hight detector and an amplifier to drive the electro-optic light
modulator was designed. fabricated on silicon on PLZT and their optical and electronic performance
characterized.

I1. Design Considerations

A schematic of the circuit fabricated for the OSLM is shown in Fig 1. The circuit includes a
phototransistor. the driving circuitry and an optical modulator. On sensing the light from the input beam, the
photodetector produces an output which is then used as an input to the driving circuit. To achieve a dynamic
range of 100:1 from the modulator. the necessary output from the driver is around 25Vl Fig. 2 is a
photomicrograph of a 2 x 2 Si/PLZT SLM array. Each pixel of the array consists of a ficld and light induced
current-punch through transistor (FLIC-PTT) as the photodetector and the driver of additional PMOS and
NMOS transistors. A fraction of the photodetector output is fed back to the photodetector gate through a
CMOS inverter in order to achieve a large gain through a positive feedback.

The fabrication of such a device requires careful investigation of certain materials and device processing
issues. As mentioned before, laser recrystallization is used to obtain larger grained material. In addition, low
temperature processes for device fabrication have been developed to prevent damage to the PLZT.

I1. Experimental Techniques

In the next section we describe the experimental techniques utilized to obtain the OSLM arrays. The
device fabrication was carried out using mostly the standard VLSI fabrication procedure, For the NMOS
devices, the source and drain are implanted with phosphorous doses of 3x 10'*/cm? at 30KeV and
1.0Sx 10 /cm? at 60KeV. For the PMOS devices, the source and drain are implanted by boron with doses
of 1.14x 10" /cm? at 30KeV. and 3.5x 10'* /cm? at 80KeV. An Ar" laser was then used to crystallize
the film and activate the dopants. The output power from the laser was 16.5W. which melted a zone 60um
wide when scanned at a speed of 22 ¢m/s with 10g m steps between consecutive scans.

Since PLZT is prone to damage when heated to temperatures higher than 900°C:1*! the following steps
were taken to limit the temperature rise in the PLZT substrate.

I. A 3.5 um thick plasma enhanced chemical vapor deposited (PECVD) SiO> film was used as a thermal
buffer layer between the polysilicon film and the PLZT substrate.

The beam dwell time on the polysilicon film was limited to 0.1 ms to reduce heat conduction into the
substrate. This dweil time was achieved by using a combination of beam shaping and contiolled scan

I
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speed.
3. A 100nm thick gate oxide is grown by pyrogenic oxidation at 850-C.

IV. Results and Discussion

The devices thus fabricated were then individually tested for their I-V charactensucs, their respons?
time and modulator performance. Fig. 3 is a photograph of the [-V characteristics of the photodetector
fabricated on SySi10;/PLZT. The breakdown voltage measured from the 1-V curve is ~ 28V, The mobihity
calculated is 332 ¢m~/V-s. The transconductance is 100 4 S/V. The PMOS transistors fabricated demonstrate
characteristics shown in Table 1. To calibrate the process parameters. sthcon on sapphire (SOS) samples
were included with the Si/PLZT samples in the device fabrication procedure. The performances of these
devices are listed in Table 1. We are in the process of measuring the sensitivity, the modulatuon depth, the
lime response and the leakage current of the optical gates. These results will be discussed at the conference.

V. Conclusions

Laser crystalhzation was used 1o implement a SPLZT optically addressed spatial hght modulator. We
have demonstrated NMOS transistors with electron mobilities of 442 cm~/V—s and transconductances of
1001 S/V. PMOS transistors with hole mobulities of 40cm~/V=s, and transconductances of 10U S/\V were
also fabricated. These devices are used as the detector and the driver of the OSLM array.
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Table 1. Performance of PMOS Transistor

Matenial Mopﬂity' Breakdown | Transconductance
(cm~/v-s) | Voltage (V) WS/V)
SYPLZT 40 28 9
S0S 101 32 28
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Fig. 3. Typical I-V characteristics of Si/PLZT NMOS transistor utilized in OSLM array.
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A Spatially Segmented Design Appraoch to Spatial Light
Modulators

Ravindra A. Athale, BDM Corp.and Sing H. Lee, Sadik Essner,
University of California, San Diego

BACKGROUND

2’1 optically addressed spatial 1light modulators (SLM)
contain the functionalities of detection of input light pattern
and corresponding modulation of +the readout beam. These two
functions are often performed by two physically distinct parts,
although in some cases the same material or structure performs

these two functions. The isolation between these two
functionalities of an SLM is an important feature, which can be
achieved using several different approaches: (1) wavelength

seperation between read and write signals, (2) seperation along
the direction perpendicular to the device plane, (3) seperation
along a direction within the device plane.

The most familiar SLMs based on the wavelength seperation
approach are the Pockel’'s Readout Optical Modulator (PROM) and
its variant, PRIZ. Although simple in construction, these
devices are not cascadable thus limiting their applicability.
The isolation between the detector and readout is also less than
perfect, thus imposing limitation on the readout beam intensity.
In the second approach, the separation between detection and
modulation takes place along the direction perpendicular to the
plane and 1is adopted by most of the familiar SLMs (PhotoTITUS,
Hughes LCLV, Hamamatsu MSLM). These devices are readout in
reflection and sometimes contain an additional 1light blocking
layer between the detector and the modulator. These devices have
primiarily utilized electrooptic materials that operate in a
longitudinal geometry (electric field and light propagation
colinear). These devices are also mainly fabricated in
continuous structures, although discrete arrays of pixels can
also be achieved. 1In this paper we will describe the SLM design
approach that uses the third alternative of lateral separation
within the plane of the device in order to achieve the desired
isolation.

DEVICE DESIGN AND RESULTS

The lateral separation of the detector and modulator in the
plane of an SLM necessarily implies that the device consists of a
2-D array of discrete cells and not a continuous structure. The
schematic diagram of such an SLM is shown in Figure 1l(a). As
such, this devices resembles a true three terminal device with a
control terminal, an input/power terminal and an output terminal.
The single cell of +this device contains a detector and a
modulator that are electrical coupled. The electrical coupling
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between the detector and modulator can be achieved using four
distinct geometries shown in Figure 1tb). These configurations
are created by arranging the electric field in the
detector/modulator colinear/perpendicular to the direction of
light propagation. The first two configurations (L-L and T-L)
are ~imilar to 7.-* of the conventicnel CLMs L. t1.0L LUbey use
longitudinal electrooptic effect. The phlanar geometry of the
electrodes associated with the detectors in the T-L configuration
makes the fabrication easier using standard semiconductor
processing techniques. The remaining two configurations (L-T and
T-T) on the other hand utilize a transverse electroouptic effect
and hernce are unigyue. 1ln the spatially segmented approach to SLM
design, the transverse electrooptic effects can be used just as
easily as longitudinal effects thus opening up a much wider
selection of materials (e.g. PLZT electrooptic ceramic) that can
be used.

Three out of these four structures have so far been
experimentally demonstrated. The L-L and L-T gemoetries used the
twisted nematic liqguid crystal as the modulator and sputter
deposited CdS thin film photoconductor as the detector. These
devices were designed and fabricated for performing logic
operations on binary images and were assembled in simple circuits
as well as with optical feedback to demonstrate cascadability 1-
3. The T-T gemoetry has been fabricated with PLZT electrooptic

ceramic as the modulator and a 51 phototransistor as the detector
4

SPECIAL FEATURES

In a simple photoconductor-liquid crystal SLM the electrical
impedance match between the two parts is critical to obtaining
good depth of modulation. The segmented design allows electrode
geometry manipulation for better impedance matching. For
example, the electrode gap in the L-T design or the transfer
electrode shape in the L-L design <an be adjusted for optimum
voltage transfer to the 1liguid crystal as a function of the
control light intensity. This can allow the operating region to
shift over different parts of the electroovtic response of the
modulator.

The potential role of SLMs in optical processing has evolved
considerably in the past decade. Although the original function
of incoherent-to-coherent conversion and real-time input
transduction still plays a major role, increasing attention is
being paid to SLMs as active components an optical computing
architecture. Towards this, "smart" SLMs are being developed for
performing linear and nonlinear, point and neighborhood
operations on the input images. The segmented design described
in this paper offers the flexibility needed for this role.
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The plane of the segmented SLM can be utilized for
connections between different pixels. It has been proposed to
perform summation of light intensities along a column with
detector interconnections and broadcasting along a column with
modulator interconnecrtions for 2 comp=ct electrocpiic neural net
architecture 5. A more complex interconnection shown in Figure 2
can implement a cyclic shift of input elements that could find
use in digital optical architectures.

One proposed optical architecture for adaptive, multilayer
neural net model requires a bidirectional SLM with different
transfer characteristics for the two directions . Such an SLM
can be easily designed with the segmented approach by coupling
two modulator <cells to a single detector cell as shown in Figure
3.

SUMMARY

A segmented approach to GLM design 1s shown to provide
flexibility in +the selection of the electrooptic material and
electrode geometries. This flexibility, which comes at the
expense of more involved fabrication, can be exploited in
achieving a widre variety of point and neighborhood, linear and
nonlinear operations on input images.
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Figure 1(a): Schematic diagram of a spatially segmented SLM
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Figure 1(b): The four electrode geometries for a segmented SLM
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Figure 2: The electrode pattern implementing a 4-pixel cyclic shift
within the segmented SLM.
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Figure 3: The schematic diagram of a single pixel of a segmented SLM
to be used in an optical Backpropagation Neural net. The
forward and backward propagating signals have seperate
modulator sections having appropriate transfer functions
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On the Progress of the Liquid Crystal Television
Spatial Light Modulator

Hua-Kuang Liu and Tien-Hsin Chao
Jet Propulsicn Laboratory
California Institute of Technology
Pasadena, California 91109

The pocket-sized liquid crystal televisions recently marketed
by several Japanese companies have been welcome gifts among
friends and found useful in applications such as the view-finders
in wvideo cameras. Many optical processing researchers have
alsc beqgun to use these devices as a spatial 1light modulators
(SLM’s) 1in a variety of ways. It has been demonstrated that
LCTV’s can be used as optical input devices, logic elements,
computer generated hologram recordings, and .-D phase image
representations. The LCTV may be used for these processing
applications because it has several attractive features. For
exanple, it 1is electronicallv addressable throcugh a micro-
computer, and since it is a TV by design, it is naturally
addressable by a TV camera and it can be refreshed at a speed of
30 Hz. By definition, when the LCTV is used as a SLM, it can be
controlled remotely by an emitting antenna anywhere in the weorld.
So one can imagine that a joint experiment on optical processing
could be performed by researchers from Asia, Europe, and the
United States through the TV transmitter and receiver linkage.
The speed of 30 frames/sec. 1is sufficient for the present usage
because the inputting of image signals from a computer can hardly
exceed this speed.

The purpose of this paper is to give a review of the principle of
operation of the LCTV SLM, to present the recent findings of the
spatial light modulation properties of a high-resolution research
module LCTV, and to make a comparison of this module and the
Radio Shack, and the Epson modules.

The basic structure of a twisted nematic cell is shown in Figure
1. The liquid crystal molecyles are sandwiched between two layers
of transparent electrodes~. An electric field can be applied
between these electrodes. In Figqure 1(a), it is shown that when
the two polarizers are in parallel, due to the rotation of the
polarization of the light through the cell, the output is dark
when the addressing voltage is off. The output is bright when the
addressing voltage is on. The opposite 1is true when the
polarizers are orthogonal as shown in Figure 1(b). In the TV
operation, to gain speed, the rotation is much less than 90
degrees and therefore the contrast is reduced. Recently, thin
film transistors(TFT) have been built into the LC cells as shown
in Figure 2. The function of these TFT’s is to hold the
addressing voltage and thus to prevent the loss of contrast due
to the voltage relaxation effect“. The Epson LCTV has TFT'’s in
the cells.
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Ordinary LCTV’s that are commercially available have a total
number of pixels of not over 206,000 and a pixel size of not less
than 300 by 300 square micrometers. The characteristics of these
types of LCTV SLM have been reported during the past couple of
years in the literature. Recently, we have experimented with a
research-type LCTV SIM that is not yet commercially available.
This LCTV has a screen dimension of 21.56mm x 28.512mm having 220
X 648 total pixels. However, since it is designed for color 7Tv,
the number of effective pixels equals one third of the total to
account for the three primary colors. For our test, the color
filters in the screen have been remcved to achieve black-and-
white transmission. Under this condition, the LCTV still has a
spatial resolution that is about an order of magnitude higher
than the existing models on the market.

After proper correction of the non-uniformity of the aperture,
due to the uneven structure of the multiple-layer TV screen, we
measured the Fourier transform of the high-resoclution LCTV and
recorded the result which 1is shown in Figure 3(a). For
comparison, a similar resulit ot that of a previous Radio Shack
LCTV SIM is shown in Figure 3(b).

To see the other characteristics of this high-resolution LCTV, we
have also measured the angular rotation of the 1liquid crystal
molecules as well as the corresponding light transmission and
contrast ratios as a functicn of the bias voltage of the TV. The

contrast versus bias voltage is shown in Figure 4. As it can be
seen, when the bias voltage is 14 volts, the maximum contrast
ratio is only about 6:1. The poor contrast is probably due to

two reasons. One is that in order to maintain the 30 Hz TV frame
rate, the maximum angle of rotation of the nematic 1liquid
crystals must be relatively reduced to cover the increased number
of pixels. In addition, we have found that the laser beamn
becomes elliptically polarized after it passes through the liquid
crystal with a biased voltage as high as 14 volts. This could
cause a reduction of the contrast.

To those who question the value of this device because of its low
cost, we would respond as follows: If we counted all the
development cost that the display community has invested in this
device, the cost of each unit of the LCTV would probably be much
higher than any of the other existing SLM’s on the market today.
An example is the research module under test in our laboratory;
it was extremely expensive to develop. Furthermore, a significant
improvement can be made on this device with regard to both
contrast and speed. An LCTV with contrast ratio of over 100,
ocperating at TV frame rate and of high resolution is being
developed in Japan. However, if we hope that the LCTV'’s will
serve as SLM’s operating according to optical processing
specifications, intensive research work in this area should be
encouraged. For example, the following additional specifications
are desired: light throughput of more than 25%; operating
wavelength of 0.6 to 1.3 micrometers; and an overall flatness of
witgin 0.1 wavelength over the aperture and writing speed of 100
sec These goals seem within reach if reasonable development
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efforts can be devoted to them.

To present an overview of the latest progress on the f.CTV SLM's,
we have summarized the characteristics of the Radio Shack, the
Epson, and the high-resolution module LCIV SILM and listed the

data in a Table of Comparison. This Table will be presented in
the meeting.

The authors would like to thank Shigeru Morokawa for providing
JPL with the experimerntal LCTV modules and for many helpful
discussions. The research reported in this paper was performed at
the Jet Propulsion Laboratory, California Institu*- of
Technology, as part of its Innovative Space Technology Center,
which 1is sponsored by the Strategic Defense Initiative
Organization/Innovative Science and Technology through an
agreement with the National Aeronautics and Space Administration
(NASA) . The work described was also co-sponsored by NASA OAST
and the Physics Division of the Army Research Office.
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EVOLUTIONARY DEVELOPMENT OF ADVANCED LIQUID CRYSTAL SPATIAL LIGHT MODULATORS

N. Collings, W. A. Crossland
STC Technology Ltd, London Road, Harlow, Essex, CM17 9NA
and
D. G. Vass
Dept. of Physics, Edinburgh University, Mayfield Road, Edinburgh,
Scotland, EH9 3J2Z

INTRODUCTION

One of the future goals for computing will be the ability to transform data
arrays at high speed. Where the transformation is regular across the array,
such as symbolic substitution, or can be realized with simple optical
components, such as the Fourier transform, then it is a natural solution to
spatially multiplex the data across a coherent light beam. This entails the
need for developing SLM's of high space-bandwidth product. 1In order to reduce
thermal dissipation an ideal electro-optic effect should operate at low
applied voltages and use a material of low dielectric constant. Liquid
crystal devices fulfil some of these requirements. Here we describe the
properties of multiplexed ferroelectric liquid crystal (FLC) spatial light
modulators that run at faster than video frame rates. We suggest that for
reasons of addressing speed, compactness, and integrability with silicon
circuitry, then silicon active backplane FLC SLMs offer significant
advantages. The design and potential performance of such devices is briefly
discussed, as is the possible impact of a more recent fast, analogue

electro-optic effect in chiral smectic liquid crystals.

FERROELECTRIC LIQUID CRYSTALS

In order to demonstrate the applicability of ferroelectric liquid crystals (1)
to SLM technology, we have developed a 64 x 64 display device which operates

at video line address times (2), and have proven its applicability to the
optical correlator system (3).

142



Thb2-2

The characteristics of this SLM were: size of pixellated area 1 sq. in;
contrast ratio of 35:1 (pixel) and 20:1 (character); and transmission of 50%.
The power required to drive this device is 4mW. A photo of the packaged

experimental device is shown as Fig. 1.

These devices operate in a multiplexed manner, and very large arrays of pixels
can in principle be addressed due to the electro-optic bistability.
Multiplexed in this context refers to the address mode; the data is loaded
into the display a row at a time and the pixel voltages on each row are
submitted to error voltages when subsequent rows are being addressed. The
bistability of the electro-optic effect is sufficiently strong, so that the
state of the liquid crystal is not altered by these error voltages. However,
the contrast ratio is poorer than it would be at a pixel which is not subject
to these error voltages, since the optical condition of the pixel is modulated
by them, though without inducing them to change to the other bistable state.
Under conditions of continual electronic refresh (such as might be used in a
visual display device), then these devices achieve a contrast ratio of >20:1.
Methods of increasing this value in SLMs by modifying the electronic
addressing mode, or by changes on the construction of the device will be
discussed. (Values of >1000:1 are achieved in directly addressed pixels.)
With advances in materials, we have been able to reduce the frame speed at
room temperature to 2.5 msec. Currently, we are developing a 128 x 128

version (4).

ACTIVE BACK PLANE SLMs

The active buck plane approach incorporates one or more transistors at each
pixel (5, 6). The transistor allows the pixel voltage to be established and
then isolated at a speed determined by the transistor circuitry, and
independent of the response time of the liquid crystal. Therefore, this
approach has considerable advantages over the multiplexed mode of operation.
In terms of speed, a number of rows can be addressed within the liquid crystal
response time, rather than one in the multiplexed case. 1In terms of contrast,
the drive voltage can be sustained at the pixel and error voltages will not
appear; consequently, higher contrast can be expected. 1In terms of size, the
ability to fabricate transistor circuitry around the periphery of the array

allows a more compact design than one in which every row and column electrode
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must be separately connected to external wiring. In addition, if single
crystal silicon is processed to produce the active back plane then it is not
difficult to conceive of a more intimate connection between the SLM and memory
blocks on the same wafer, which would allow faster access times. The
disadvantages of this approach are lower yield; undesirable surface topography
on the processed silicon; and smaller pixel real estate as a proportion of the
repeat spacing of the pixels. Devices using single crystal silicon as the

active backplane must also operation in reflection.

A device using a static RAM active backplane design with nine transistors per
pixel, and a 16 x 16 pixel array has been developed at Edinburgh University
(6). At present it employs a nematic liquid crystal, which is much slower
than can be achieved with ferroelectric materials. It is also low resolution,
but it represents an important step in the evolution of single crystal silicon
active backplanes. Present collaborative work between STC Technology and
Edinburgh centres on fast dynamic RAM single crystal SLMs with large arrays of
pixels and using ferroelectric liquid crystals. Trade offs between matrix
size, semiconductor technology and minimum feature size, drive voltage and
speed will be briefly discussed. Meanwhile, development of static RAM devices

of higher complexity continues.

FUTURE GENERATIONS OF LIQUID CRYSTAL SPATIAL LIGHT MODULATORS

A successful active back plane technology can be brought together with other
fast liquid crystal effects. Although the switch time of the present
ferroelectric materials can be fast, their settling time is much longer and
limits the frame speed of the device. We will be exploring the use of
ferroelectrics with higher spontaneous polarization than those used in display

devices, and materials specifically designed for active matrix addressing.

Response times of 350 nanosecs have recently been observed using the
electroclinic effect in chiral smectic A systems (7, 8). This appears to be
faster than comparable measurements on ferroelectric liquid crystal devices.
In addition, the electro-optic response is accurately linear. Problems
requiring critical evaluation include the available contrast range,
requirements in terms of temperature stability, and electronic addressing
methods. Recent measurements on single pixel test devices of this kind, based

on novel materials, are presented and their applications to SLMs discussed.
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To utilise the wide grey scale response available from the electroclinic
effect requires the generation of analogue voltages at each pixel. 1In
electrically addressed active matrix devices this is conceivable, but
necessitates more complex circuitry. However, this would also find
applications for the fine tuning of the phase modulation at each pixel of the

SLM, which would allow more sophisticated application of these devices.
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Ferroelectric Liquid Crystal Spatial Light Modulator:
Materials and Addressing

[..A. Pagano-Stauffer M.A. Handschy N A Clark

Displaytech, Inc.
2200 Central Ave., Suite A
Boulder, Colorado 80301

1 Introduction

Ferroelectric liquid crvstal (FLC) technology is ideally suited for the making of spatial light modulaters
(SLMs) because of its fast, low-voltage, low-power electrooptic effect. Its bistabilty and sharp dynamic
threshold further make multiplexed addressing schemes attractive, promising SLMs with a large numiber
of elements vet with an economical number of electronic drivers. We report here results of several
implementations of the most common multiplexing scheme, “matrix addressing,” and point out several
properties of the FLC materials that are likely to influence the performance of matrix-addressed S Ms.

2 Electrical Matrix-Addressing

The matrix-addressed ferroelectric liquid crystal SLM is made by filling the gap between closely spaced
transparent electrode plates with FLC. The electrode layer on one plate is patterned into rows, on the
other it is patterned into columns. A pixel is defined by every overlap of a row and column electrode. One
can then switch a selected pixel by applying voltages to its row and column electrodes: this inevitably
puts voltages on the unselected pixels in the same row and column. The challenge of matrix addressing
is then to develop voltage waveforms that produce the minimum optical respunse in the unselected pixeis
while producing the maximum response in the selected ones.

FLC electrooptics. Applying 2 moderate voltage to a simple FLC device produces a state with its
optic axis nearly uniform along the direction perpendicular to the elsctrade plates. In this “voltage-
preferred” state the optic axis is rearly parallel to the plates. Applying the opposite sign of voltage
rotates the optic axis aroung the “tilt cone” of angle y, switching the device to another similar state,
with the optic still nearly uniform and parallel to the plates, but now at an angle 2¥ to the first
voltage-preferred atate, Between crossed polarizers these voltage-preferred states have maximum optical
contrast. The states obtained after removing the voltage from the voltage-preferred states, while not
necessarily of maximum contrast, are optically distinct—that is the FLC device is bistable. Furthermore,
switching from one voltage-preferred state to the other in a given amount of time requires the applied
voltage magnitude be above a certain sharply-defined threshold vaiue. These characteristics of the FLC
device's optical respongse are important advantages for matrix-addressing. They imply that a waveform
whose average over long times is zero and whose average over short times is small enough will have
negligible optical effect. The fact that the FLC is average responding rather than r.m.s. responding
allows matrix addressing waveforms to be equally effective on a device of any number of lines.

Bistability. In practice, two effrcts are responaible for the above-mentioned bistability: surface inter-
actinns and dielectric anisatropy. A surface is formed in the center of the device by a kink in the smerctic
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layers that is produced by their shrinkage accompaning the transition from the orthogonal, paraelectric
smectic A* phase to the ferroelectric, tilted smectic C* phase.[1,2] When the layer tilt & is less than the
molecular tilt ¥ two molecular orientations (those having the optic axis parallel to the electrode plates)
have zero strain across the center kink surface. The surface stress of states intermediate to these two
states destabilizes them, producing bistability with an energy barrier of about 0.1 erg/cm between the
two stable states. Both the ferroelectric torques and surface torques favor states with the optic axis
parallel to the plates, with the surface torques favoring the two states equally, producing bistability, and
the ferroelectric torques favoring one state over the other, producing switching between the states when
they are strong enough. However, another electrostatic torque, arising from the dielectric anisotropy
of the material can be helpful. When the dielectric anisotropy Ae is negative, another torque equally
favoring the two states parallel to the plates is produced. Since the dielectric torque is quadratic in the
applied field (I = (Ae/47)E? sin? ), while the ferroelectric torque is linear ([' = PE), these dielectric
torques will significantly enhance bistability when the applied field E is comparable to 47 P/(Acsin® ¢),
producing “dielectric stabilization.”

We have investigated several matrix-addressing schemes for use with FLC arrays. In a matrix-
addressed SLM the voltage across a pixel is the difference between the intersecting row and column
potentials. Driving waveforms are organized to allow switching of only the element defined by the
intersection of the selected row and column electrodes. Several different addressing schemes using row
(or line)-at-a-time addressing have been successfully demonstrated with different FLC compounds (see
ref. {3,45,6,7]). These matrix-addressing schemes rely on the bistability and threshold of the FLC
material. The critical threshold value is seen in the pulse height (V), pulse width () product, creating
a critical (V' - 7) area. Thus, if the peak voltage V is just sufficient to switch from one state to the
other if applied for a time 7, then a subthreshold pulse of height V/3 will not cause switching when
applied for the same time 7. The same is true for 3 pulse of peak height V applied for a time of /2.
The seiect waveform sequence, usually consisting of 2-8 pulses, is the amount of time used to switch an
individual row. Since the addressing is done a row-at-a-time, the rows which are not being addressed
receive non-select waveforin s-.cn*es consisting of dig/=* pulses. The critical (V' - r) product of an
FLC device varies gratly with the materias, temperature, surface conditions, and cell thickness.

A recently developed matrix-addressing scheme uses varying pulse widths for the pixel select and
pixel non-select waveforms.|8| Generation of these waveforms for different pixels is shown in Figure 1.
During the select waveform sequence, the select pulse is applied and has a peak voltage 17 and a pulse
width 7. This pulse switches the FLC element into its desired state. During the successive non-select
waveform sequences, the disturb pulses vary in amplitude between 0, V/3, and 2V//3 while the pulse
width is reduced to r/2. By shifting the nonswitching parts of the waveform to higher frequences, this
scheme exploits the dielectric stabilization described above.

3 SLM Device Development and Results

The prototype FLC SLM which we are using is a 4 x 4 array with each pixel approximately 1.6 mm on
a side with 0.6 mm spacing between pixels. Custom driver electronics have been designed and built to
provide maximum flexibility in generating various waveforms. The user can select up to 16 pulses per
select sequence and up to eight different voltage levels for each pulse. The pulse width is independently
controlled by a timer circuit and can be adjusted from 1 ps to 100 ms.

We have investigated several different commercially available FLC compounds, surface alignment
treatments, and matrix-addressing waveforms to develop a fast, low-power, high contrast FLC SLM.
Material studies include SCE3 and SCE4 from British Drug House, and ZLI-3654 from E. Merck. The
surface alignment material used is polyvinylalcohol (PVA).

Characteristic parameters including rise time, fall time, delay time, and contrast ratio of each device
were measured with the device in direct-drive and £12 volts applied to each pixel. The compound proveu
most desirable for matrix-addressing was the ZLI-3654 material. The measured rise time of the material
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is 22 us and the contrast is ~105:1 using HeNe (633 nm}) laser light in direct-drive operation.

We used the dielectric stabilization matrix-addressing scheme shown in Figure 1 with a select pulse
width of 22 us and a peak voltage of 27 volts. Averaging the optical response over time, a contrast ratio
of 8.5 : 1 was obtained for an individula pel switching between its bright and dark state when placed
between crossed polarizers. A contrast ratio of ~7:1 was obtained for two adjacent pixels in opposite
states.

This matrix-addressing scheme requires six pulses for a select waveform sequence. With a pulse width
of 22 us, the entire 4 X 4 array is addressed in 528 us. Using the same material and the same addressing
scheme, it is possible to address an array of nearly 230 x 230 at a frame update rate of 30 ms.

4 Future Work

With the advancement of taster compounds, successfully addressing a 1000 x 11900 array is quite realistic.
For example, a material having a switching time of inat § ps {obtainable today at 60°C with V' < 30
volts), could have a multiplexing ratio greater than 1000:1 for a frame update time of 30 ms, yielding
an optical processing rate of 33 Mbits/sec. Molecular engineering of £'LC compounds optimized for high
selection in matrix-addressed devices is possible, but would benefit from a more detailed understanding of
the mechanisms controlling the ratio of layer tilt to molecular tilt, whicl. in turn controis the bistability.
Detailed models of the switching dynamics of FLC devices would allow effective waveforms to be designed
rather than developed by trial and error.
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Development of a spatial light modulator - a randomly addressed

liquid-crystal-over-nMOS array.

D.J. McKnight, D.G. Vass and R.M. Sillitto
Department of Physics, University of Edinburgh,

Mayfield Road, Edinburgh. FREHG 3JZ. 1.K,.

Introduction

Following the successful fabrication of a prototype liquid crystal
over silicon spatial light modulator '*7), a more advanced version having a
larger number of pixels with smaller dimensions is being developed. To
provide an indication of thne progress being made towards the realisation of
nigher performance devices, details relating to the prototype are included
in parentheses in the description of the new active silicon backplane. is
described below the protctype has 3lso been used as a test-bed for
optimising the performance of the 1light modulating layer for the new
device,

The 1MOS active backplane

An nMOS array having 52 x 52 716 x 5] pixels has been designed using
the VLSI packages available on computers at Edinburgh University and at the
Rutherford Appleton Laboratory. Test wafers have heen processed using the
1.5 [6.0] um nMOS process being developed 31 the Edinburgh Microfabrication
Facility. A photograph of a fully processed siliceon backplane is shown in
figure 1. Every pixel contains a m=2tal pad 53 x 4% 7710 x 110] um° formed
by evaporating an Af%-2lloy on to the opricaily flat surface of the wafer to
form a good quality mirror. The metal pad also acts as an electrode for
transmitting the signals from the output of the pixel eircuitry to the
element of the overlying Tiquid crystal iayer immediately above it.
Adjacent rows and columns of the array are spaced 74 [200] pm apart.

2
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Figure 1

A photograph of the

nMOS array covering an

area of 3.7 x 3.7 mm 1
on the silicon chip. i
[The prototype array

has an active area of bbb "
3.2 x 3.2 mm .]
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The circuitry associated with each pixel incorporates a static memory
cell whose output signal controls through a XNOR arrangement the phase of
the voltage drive signal applied to the mirror electrode, as illustrated in
figure 2. A universal clock signal CK of nominal amplitude 5V peak-to-peak
is broadcast to all pixels. Also the complement CK of the clock signal is
applied to the common counter electrode of the liquid crystal cell formed
over the surface of the array. As 1indicated by the truth table, the
voltage difference between the counter electrode and the mirror electrode
of an individual pixel is negligible when the memory cell output has a
logic value '0', but oscillates at the clock frequency with a RMS value of
5V when the memory cell output has the logic value '1'., In this way the
modulation of the reflected light passing through the liquid crystal is
controlled by the stored logic value; indeed by adjusting the precise
value of the voltage supply to the chip and the amplitude of the clock
signal, the drive voltage across the liquid crystal layer may be tuned
within the range 4-7 V to optimise the optical performance of the device.

[ZN
C [COUNTER ELECTRODE  IDPut Liquid crysta]
DATA i LC CELL A CKB C State
ROW A B | PIXEL MIRROR
INPUT 0O 0 1 1 OFF
pr— 0O 1 0 0 OFF
MEMORY 1 0 0 1 ON
R, |1, CK 1 1 1 0 ON
J j T
READ  HOLD

Figure 2. Functional diagram and truth table for pixel operation.

The circuit diagram of the 9 transistor cell {s presented in figure
3(a) with in 3(b) a micrograph of the corresponding section on a processed
wafer showing the physical layout of the circuitry around a pixel mirror,

Figure 3,
(a) Diagram of pixel circuit. (b) Micrograph of pixel (74 x 74 ym®).
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To store a pattern within the memory array, a 50-bit binary word is
loaded serially into a shift register to appear in parallel at the inputs
to the rows., Simultaneously another 50-bit word is loaded into a "column
enable" shift register to select the column{s) being addressed; this
allows the READ and HOLD 1lines of the column(s) to be controlled
externally. The former 50U-bit word is then transferred into the memory
cells of the jth column by addressing in the correct sequence the READ and
HOLD lines, R, and H; respectively, figures 2 and 3. The same word may be
loaded at the“same time into the other selected columns, if any.

Sample structures have been fabricated on wafers to investigate and
characterise the performance of single transistors, single pixels, sections
of shift registers etc, for the 1.5 um process. Ylectrical tests have
shown that these components function correctly and assessment of the array
itself is continuing. It 1is expected that the tull 50 x 50 array will
operate with frame freguencies up to 1 KHz and universal clock frequencies

up to at least 100 KHz.

The light modulating layer

Severa: reflecting 1liquid crystal =zells have bheen constructed o
simulate the behaviour of the pixels of a SLM, using an aluminised silicon
wafer as the reflecting back electrode and an ITO coatad glass plate as tne
transparent front electrode., Using 2 ncmatic liquid crystal, BDH type E7,
and PVA alignment 1ayer§ on the electrodes, the cells were assambled o
create a conventional 45 twisted nematic arrangement 37.

The reflectivities of sample c=2lls, 5 x 5 mmz, wers measured, A heam
of coherent light from a He-Ne laser was polarised and shone normally 2n a
cell, with the polarisation vector parallesl 1o the director of the liguid
crystal at the front surface., The reflected 1light was steered by a bean
splitter through an analyser and then focussed by a 1ens onte a pnotediode,
Centronic 0SI5. The liquid crystal 2ell was driven by 3 1 KHz sguare wave
voltage s3ignal and the intensity of the light transmitted through the
system was measured as a function of the amplitude of the drive siznal.
With crossed polaroids, typical variations in intensity for a 12 um thick
cell are shown in figure 4,
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The switching characteristics of the cells were also investigated. It was
found that the optical switch-ON and switch-OFF processes were completed
withIN 100 ms of the electrical signals being applied.

Optical performance of a prototype SiM

Finally a SLM was assembled using the prototype array and a NSO
liquid-crystal configuration, but with obliquely evaporated magnesium
fluoride instead of rubbed PVA as the alignment layers. Photographs of the
SLM imaged in coherent He Ne laser light are shown in figure 5,

Figure 5. Patterns displayed on the SLM imaged in coherent light.
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Nonlinear Optics of Liquid Crystals for Image Processing, Professor lam
Choon Khoo, Department of Electrical Engineering, The Pennsylvania State
University, University Park, PA 16802

Summary
Current research and development in optical imaging, computing,

communication and signal processing and switching have focused con<:derable
efforts on highly efficient nonlinear optical and electro-optical materials.
In combination with novel nonlinear optical processes and c¢w or pulsed
lasers covering a wide spectral range, several useful practical devices

have been developed. In particular, optical switching elements anc logic
gatesl’z, infrared-to-visible image converter, real time image ccrretators,
image or beam amp]ifie*s3, nonlinear guided wave structures, ootical memory
devices {e.g., associative memory by phase conjugationA) and various beam
steering and beam combining devices® have been proposed and cemonstrated.

Concommitant to these device cevelopments, optimizeticn proleclures and

§

system requirement consicCerat cns Wave narrowed the "“Cea’’ ~orlinear

cptical materials %0 @ ‘ew Cliazses, such as semiconductors, photore<ractive
crystals and organic materials®., Several of these materie’s are sii'7 in
the research phase, a’though tney rnave heen

characteristics (such as high spees &g Tow

Tne other componerts € an a’l-optica!

for example, the spatiel *ignt —oculatcore,
cevices also employ & variety cf .emizonductors, photorefracti-ve zng
electro-optical crystals.

1

in this paper, we will focus on the unigue Znaracte--si:7s 0 rematic
iiguid crystals, and newly develcpec/observed nonlinzar processes, ¢or
applications in some of these optical switching and beam amplification
gevices. In particular, liquid crystals possess very broac bangwicth
resgponse (visible through infrarec), can operate fairly fast (‘o nanosecond

response times) with low energy requirement {estimated to be on the order

of <nanojoule for bistable elements), possess high damage *hreshold (>500
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Megawatt/cmz), well known low-cost fabrication techniques and stability,
integrated circuit compatibility (eg. thin film configuration) and
room-temperature operation capabi]ity7.

In the last few years various nonlinear optical processes have been
demonstrated, including optical bistability, AND and NOR type logic gates,
transistor action, wavefront conjugation, beam applications and image
reconstruction, etc., but they are based on the much slower, though
extremely large reorientational nonlinearities. Recently, the much faster
response of thermal nonlinearity is recognized in several studies which
point to the possibility of many of the aforementioned devices.
Furthermore, the thermal nonlinearity can also be utilized for beam
amplifications, image reconstruction, correlation, and conversion devices,
operating from the visible through the infrared regimeg. Correspondingly,
we have developed theories {with successful preliminary experimental
demonstrations) regarding these new aspects of nonlinear optical wave
mixing processes (for a general Kerr medium?, and for thermal
nonlinearity8). Equally significant are the recent demonstration of
optical image conversionlo, optical wavefront conjugation with gain by our
group and the French Themson CSF group, and image corre]ationlz, using the
faster thermal nonlinearity. We have also formulated a detailed theory of
transverse opticai bistability switchingl3a——the basic mechanism,
conditions for switching, switching intensities and
characteristics--following our first successful experimental
demonstrationsl3b, The theory explicitly outiines the conditions for
switching for both positive and negative nonlinearities (both natura’™:

exist in nematic liquid crystal films) in conjunction with the laser oeam
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curvature and distances between optical elements. Transverse diffusion,
saturation and their roles in the optical bistability switching
characteristics and intensity are alsc theoretically investigated13a.

Using the newly developed two and four-wave couplings, we have also
pursued experimental studies of the various predicted opticmal
configurations for amplification of laser beams, or image or
message-bearing beam, and the related self- and ring-oscillation adaptive
optics devices. Ultimately, these wave-mixing effects, which have led to
successful demonstration of phase conjugation with gain and
self-oscillation, may alsc be configured, in conjunction with holographic
elements, for associative image reccnstruction and tweo-cdimensional beam
deflection and steering operationswa. In view of the transperency 3¢
1iquid crystal throughout the visible--infrared region, various imege
conversions {visible tc infrared, near tc far infrarec, etc.} can obvious'y
be achieved using the Bragg-type diffraction geometry used in 2 previous

preliminary study]o.
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An Optical Intensity and Polarization Coded Ternary Number System

Shing-Hong Lin
Physical Optics Corporation
2545 W. 237th St
Torrance. CA 90505

1. INTRODUCTION

The lack of practical multiple-valued logic devices has in the past discouraged extensive
investigation into multiple-valued logic. Recently, however, a number of optical processors have
been presented to perform either multiple-valued logic functions[1,2}. modified signed-digit
arithmetic{ 3], or residue arithmetic[4]. Most of these implementations utilize position coding tor
the representation of residue numbers or multiple-valued numbers. For example, 9 pixels are
needed to represent the combinations of two ternary inputs, and only one of the pixels will be
wrned ON atatime. As a result, the spaunal utilization of input SLM (spaual light modulator) plane
i~ quite low. In this paper. a new ternary number representation, which make use of both intensity
and polarization codings. is proposed to perform both ternary logic operations and modified
signed-digit anthmetic. The advantages ot this system are that only one pixel is used to carry 1-bit
information, and the conventional optical logic arrav[5] and SLMs. which are designed for binary
svatem implementation. can be used in the proposed ternary system.

2. TERNARY NUMBER REPRESENTATION

The ternary number representation utilized in this paper is a fixed radix 2 and a digital set (1. 0, 1].
where 1 denotes -1, An n-digit ternary integer Y = [y j..vp] (v, € {100 1)) has the value

no-
2 e

o= (])

For example, [0101]. [O111]. and [1111] wiil represent "S7. In optical implementatioa. It
requires three different states to represent the three possible values of a ternary digit. Thus. the |
can be represented by a horizontally polarized light with intensity 1. 1 by a \erdll\ polarized light
with intensity 1, and 0 by a light with intensity 0. The representation based on the intensity and
polarization codlngs is shown in Figure 1.

The input stage of an optical ternary system can be simply realized by cascading a binary-intensity
SLM (which represents 0 and 1 intensitnv)[6] with a polmzm<V SLM (Mmh represents vertical and
honzonml polarization){7]. If we add two ternary inputs optically. 6 possible states, i.e., {003,

W} {01}, {11}, {11}, and {1 1}, can occur. These states are shown in a phasor diagram in
I raure 2. Various ternary logic opemuon\ and ternary arithmetic are. hence, realized by separating
the six Input states into three output states (i.e.. 1. 0.1 ) E xamples will be provided for ternary
combinatorial logic functions in the next section: the realization can be gencralized to ternary
arithmetic.
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3. OPTICAL TERNARY COMBINATORIAL LOGIC

The avaiiability of MAX, MIN, and appropriate unary operators enable any multiple-valued
combinatorial function to be synthesized in a sum-of-products form as shown in Figure 3 [8]. As
their name implies, the MAX and MIN operators give outputs that take the value of the maximum
or the minimum of the input signals, respectively (as indicated in Figure 4 for the ternary system).
As shown in Figure 5, the optical implementation of MAX and MIN operators is to separate the
phasor diagram into 3 output regions, each of which corresponds to an output value (i.e., 1, 0, or
1). If Py and Py represent the polarization directions of a polarizer in the horizontal and vertical
axes, respectively, then the optical implementations of MAX and MIN operators are shown in
Figure 6. For example, in MAX realization, a Py polarizer will discriminate {(00), (01), (11)},
{(11), (0D} and {(1 D), by 0-, 1-, and 2- intensity values, respectively; an LCLV (liquid crystal
light valve), which acts as an AND array, will separate { (00), (01), (11), (11), 0L} and {1 D) }
into 0 and 1 output intensity value, respectively; finally, an output polarizer with vertical
polarization will turn all the 1-intensity pixels from the AND array into vertical polarization which
represents 1 in the ternary system. Simularly, {(01), (11), (11)} can be dxscnml_nated_from olhers
by a Py polarizer and an OR array for ternary output 1 (i.e., horizontally polarized light). Since
the input set {(00), (0D} corresponds to the outpui value of 0, the discrimination of {(00), (01))
from others is not necessary. Therefore, the realization of MAX only requires two parallel stage as
shown in Figure 6. For providing functional compieteness, the unary operator can be simply
implemented in the polarizing SLM([7].

4. CONCLUSIONS

In this paper, we have introduced a new representation for ternary logic and arithmetical operations
that are more powerful than our familiar binary operations. The new representation is based on
intensity and polarization coding. and has very simple op:ical implementation with the aid of
several polarizers and conventional optical logical arrays (designed for binary systems), the
architectural realization of a complete ternary combinatorial function has been demonstrated and the
extension to the ternary arithmetical operations is straightforward.
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Figure 5. Phasor diagrams tfor MAX and MIN operations
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Figure 6. Optical implementations for MAX and MIN operations
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Figure 2. Phasor diagram for

Figure 1. Ternary number representation based on two ternary inputs
intensity and polarization codings
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Figure 3. General realization for any multiple-valued combinatorial function,
using MAX, MIN, and unary operators
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Figure 4. Two ternary-input MAX and MIN operators
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Active-Matrix—Addressed Viscoelastic Spatial Light Modulator
R.Gerhard-Multhaupt, R.Tepe, W.Brinker, and W.-D.Molzow

Heinrich-Hertz-Institut Berlin GmbH, Einsteinufer 37,
D-1000 Berlin 10, Federal Republic of Germany

Introduction

Thin metalliized viscoelastic layers with active-matrix addressing are proposed
as spatial light modulators (SLM's) for eventual use 1in a reflective Schlieren
light valve or in other electro-optical devices. A periodic deformation of the
mirror electrode covering the viscoelastic layer leads to diffraction of the
incoming light; the relative light intensities in the diffraction orders are
determined by the deformation amplitude and can thus be controlled by means of
the applied voltages. In order tc obtain an almost linear deformation response
with relatively small video signals Vs, a constant bias voltage Vo 1s applied
between the top (mirror) electrode and the interdigital-electrode grid.
Further details of the suggestcd viscoelastic SLM and a theoretical analysis
of 1ts deformation behavior are found in previous articles {1,2].
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Fig.1. Schematic drawing of the proposed active matrix with two metal-oxide-
semiconductor (MOS) silicon transistors and two electrode pailrs per picture
element; the insert shows the circuitry of a unit cell one picture element!.

Active-Matrix Design

The proposed active matrix consists of a two-dimensional array of MCS s1licun
transistors which allow for an i1ndependent addressing of all picture elements
as schematically depicted in Fig.l. Each picture element carries on2 pair of
interdigital signal electrodes as shown in the enlarged insert of Fig.l. These
electrodes define two periods of the potential distritution effecting the
required sinusoidal surface deformation of the viscoelastic SLM. At the
periphery of the chip, the incoming serial video signrals are paralleled by
means of two column multiplexers and applied to the drain lines D1, and Dra
(metal column electrodes). After completion of the actual image line, the next
gate line (poly-silicon) 1s selected by the line (or row) multiplexer. The
floating source contacts of all MOS transistors in this line and thus also the
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directly connected diffraction-electrode pairs are charged tc the same
voltages as the respective drains. Subsequently, the gate line 1s switched
off. Now, the following line of video information 1s traasferred to the drain
lines, the appropriate gate line is selected, and the sequence is repeated.

Apart from providing for some redundancy, the two transistors found in each
picture element can be employed to shift the deformation grating periodically
by half a period in order to avoid irreversible long-term deformations of the
SLM. Two switches operating at the video-frame rate lead to the required
alternation of the drain voltages. However, since the transistors operate with
one polarity only, a constant offset voltage equal to the maximum video signal
(typically about 10V) has to be added to the two symmetric video signals.

Theoretical Analysis of the Deformation Behavior

Since a sinusoidal deformation of the mirror electrode 1s desired for optimal
diffraction properties, the electric potential at the interface between active
matrix and viscoelastic layer 1s assumed as V(x)=Vo+Vscos (2mf,x), where Vo and
Vs are the bias and signal voltages, respectively. f. 1s the spatial fregquency
of the periodically varying potential, and x 1s the spatial coordinate
perpendicular to the length direction cof the picture-zlement electrodes. With
respect to the available transistor voltages and the required linearity, the
signal voltages should be much smaller than the bias voltage: V;/Vo<<l. Using
these assumptions together with the proper boundary conditions, the electric
field in the viscoelastic layer can be analytically detcrmined from Laplace's
equation for the potential AV=0 (for details see Refs. [1] and {2]).

In order to calculate the deformation of the viscoelastic layer under the
influence of the electric field, the theory of linear viscoelasticity [3] 1s
employed: The layer is modelled with an elastic clement "

("

spring'}
characterized by the shear modulus G and a dissipative element ("dashpot")
representing the dynamic viscosity 9. According to the so-called V)igt model.
whose electrical analogue 1s the Maxwell model, the two elements .re connected
in parallel. Consequently, since the viscoelastic layer is 1isotropic and
incompressible, 1ts mechanical behavior 1s governed by Laplace's equation for
the pressure Ap=0 together with suitable boundary conditions (no deformation
at the interface to the active matrix) [2].

In addition to the viscoelastic properties of the layer itself, the mechanical
behavior of the mirror electrode has to be taken into account. Here, the
theory of plates [4] 1s used to determine the bending resistance of the thin
metal layer as a function of 1ts thickness &, Young's modulus E, and the
bending radius depending on the respective deformation. Altogether, the time
behavior as well as the spatial-frequency response of the SLM deformation were
calculated for realistic sets of the parameters mentioned above [5].

An example 1s given in Fig.2 which shows the theoretical spatial-frequency
responses of three metallized viscoelastic layers with different thicknesses.
Different bias voltages were assumed 1in agreement with experimental values
{(see below). The responses exhibit a band-pass characteristic whose low-
frequency part 1s caused by the incompressibility of the layers, whereas the
steep high-frequency decrease is determined by the thickness of the SLM and
the bending resistance of the mirror electrode. Because only final deformation
amplitudes are depicted 1n Fig.2, the results do not depend on the viscosity i
of the viscoelastic material.
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VSLM SPATIAL-FREQUENCY RESPONSE
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Fig.2. Theoretical spatial-frequency responses of metallized viscoelastic
spatial light modulators (VSLM's) with different thicknesses; the assumed
values of the relevant parameters are given 1n the Figure.

Deformation Measurements

For the experimental investigation of the deformation behavior, inierdigital-
electrode patterns with several different grating periods were employed
instead of the active matrix which will be available only later. The temporal
performance of the viscoelastic layers was determined by means of diffraction
measurements; some results are given elsewhere [1]). An example of measured
spatial-frequency responses 1s presented 1n Fig.3 where the same layer
thicknesses (4, 7, and 15um) and bias voltages (60, 160, and 210V) as 1in the
theoretical result of Fig.2 were used.

Fi1g.3 contains values of the quasi-steady-state deformation amplitudes which
were obtained by manually evaluating interference images taken with a Zelss
photomicroscope equipped with a Mirau interference attachment [1]. Especially
for small deformations, large error bars have to be taken into account because
of the uncertainties of the visual evaluation. At lower spatial frequencies,
the electrode stripes generate deformations which are not sinusoidal, since
the approximately trapezoidal potential distribution in the electrode plane
contains prominent higher spatial harmonics [2]. Therefore, values in this
range represent only estimates; computer evaluation of the Mirau
interferograms is planned in order to remedy the problem. However, in view of
these difficulties and the fact that the viscoelastic and mechanical
parameters of the experimental SLM devices are not known, the qualitative
agreement between the analytical results of Fig.2 and the experimental values
of Fig.3 is quite satisfactory, at least for the higher spatial frequencies.
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VSLM SPHTIRL-FREQUENCY RESPONSE
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Fig.3. Experimental spatial-frequency responses of viscoelastic spatial light
modulators (VSLM's); details are given 1n the Figure and 1n the text.

Conclusions

From our analytical and experimental results, the time behavior and the
spatial-frequency response of viscoelastic SLM's seem to be sufficient for
full modulation of high-resolution images at video frame rates. Open questions
concern the long-term stabilities of mirror electrode and viscoelastic laver,
the avoidance of defects in these layers and in the transistor array, and the
optimization of the necessary reflective Schlieren-optical system. Work on
these problems is under way.
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aptics itabaratary utilizing a +HeNe laser. spatial filter and lens
doublet collimator’.
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BACKGROUND:

The rundamental theorv of optical spatial filtering was done 1n
the mia—-1950’s by Cheatham, kahlenbera. and 0 Neiril. Since that time,
significant extension and crogress has oeen mage (n  optical data
processinag and spatial filterina. Author vander tugt [103J, in 1964,
presented a method for a 'practical” realication ot a general complex
optical filter. Up to this point in time. onlv photographic film hHhad

been Jsed successtuliv as a carrelatina “filter" +or the optical
processina. Furthermore. vander Luqt’'s wark shaowed that his filter
could one implemented bhv bBinarv values in two dJdimensions usina 3
“"phase”’ principle and conerent iiaht. Since a spherical lens can take

the Fourier transform of a complex distribution of irtaht. one can
construct an aobtical system bv arrangina a sequence of lenses which

iorms a succession of Fourier transform olanes. AN imaae at the
1nputs plane can be e+fected by placing a lens behind plane P2 as
shaown in  the fiqure below. 4 positive spherical lens alwavs
introduces a oositive rernel in the transfaorm relationship.

vander Lugt assumea that the svstem has unity magnification and
surficiert “bandwidth” to opass the highest spatial frequency of the

input function ‘This concept reqguires that a very high guality
matched” set of Fourier transform lenses be used in the correlator
such as the SDRL 195/5F used in this research). When a “"filter"” is

placea at P2, the output of the svstem essentially represents the
orobability that a correlated signal has occurred. A bright spot at
the output olane, PT, ingicates a high deqree of correlation and
law—light level indicates a low degree of correlation. However. the
system is sensitive to the "crientation” of the inout signal but a
rotation of the =+ilter at P2 relative to the 1nput provides a
seguential search of all arientations (To accomplish this task in
real—-time a hiagh speed computer is required to generate a seauence of
1mages that represents various filter orientations/.

Ten sears later 19274, coherent optical processing had been
‘retined’ ta the extent that major attention was beina rocused an
spatiail ‘1lrer technoloavy  and auch  research  was sevoteao *a the
~abrication of arbitrary pnase and amplitude filters. Much 1interest
was spent :n 1dentifving materials that could -hanae the angle of
palarizced coherent light. Magnetgoptic effects in materials such as
MnBi. NiFe, and others were quite attractive for realization. Dther
ftechni gues. such as liqauid crvstal, thermaolastics, acoustooptics,
also received considerable 1nterest. In 1979, Lee developea the
metheoorloay tc aenerate sinarvy holograms. In 1977, Litton Data
Svetems of Yan Nuvs., Califcrnia. under the direction ot [r. Wwilliam
Ross. invented the LIGHT MOD Litton Iron Garnet H—-Magnetically
Triagered Magneta Optic Device) in conjunction with SEMETEX and
Airtron. SEMETEX is currently manufacturing several "arrav' tvpe of
devices.

The ocriginal SEMETEX 48 <« 48 arrav was calleag the SIGHT MOD
(SEMETEX beina substituted for LITTON) 48, Much of the research up to
1985 was done with a 48 « 48 sized arrav at the i1nput anc Fourier

pianes. Currentlv the SIGHT MOD arravs produce (or have “he potential
to groduce’ the highest " frame’ rate ot anv spatial lieht modulator,
SLM. The liguid crvstal rorm af spatial light modulator 15 aquite
aopular ecause of 1ts avalliablilty and low cost. but suffers .n frame
rate Gy oa tachtor ot L0 Yo L oo, it was oniv 1n aboutr 1982 when Ross.
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Psaitis anag Nnderson presented the resuits of the current saprication
techni ques. Quicklv, Horrer. Yu. Psaltis. Flannerv. Davie. Mills. and
many other researcners peqgan setting up Vander Lugt correlators with
48 » 48 arrav SIGHT-MOD's used as the generator of hinarv filters and
as an 1nput 1mage generator. Both acevices are controlied bv an IBM-AT
class of computer and can operate at commercial television raster
rates. The switching time for "frame' rates is currentlv verv laow
owing to the fact of using "serial data transmission” to the SIGHT MOD
units, It 1!s anticipatea that 10,000 +frames per second could be
obtained if frame rate switching was done "in parailel"” rather than
serial as it tvoicailv is being dane naw. Just aeveloping a "dricer’
for the SIGHT-MOD to switch at high-speeds would justify a smaill
research project. Dr. Charles Hiagins (Ph. D. May 1987, New Mexico
State Universitv at Las Cruces) . has provided an insiaoht to this
problem.

Currentiv, the researchers mentioned above are just -ecelvinag
the newer '8 « 1728 SIGHT MOD’'s to continue their researcn effarts.
SEMETEX predicts that 29& « 256 SIGHT-MOD s will be availabie durinag
the +r1rst quarter of 1988 but the cost will be 1n excess of $40,000
per unit.

EARLY EXPERIMENTS:
As  of this date. the research team has obtained all ot the

nardware necessarvy to beqQin a series ot correlati1on experiments.
Software to drive the SEMETEX SLLM’s and the abilitv to prcoduce a BPGF

mask 1S missing. Currentlvy. 4 series of experiments is  beino
pertormed to determine the “obtimal” input target size within the
1mage scene ta produce a reasonably large transform pattern. Several
schemes of observing data at all planes are beina emplovea. The
SEMETEX device is being studied to determine the "best”' approach to
increase the ‘write” speed. By the time of the zonterence
presentation, we expect to have opreliminarv data oan transform
+eritication. correlated "spot” image pre-nrocessinag alaorithms. ang
1npUt  1maace  ennancement. Several 2raduate students have aireaav

indicated a serious interest in this emergina and exciting area of
aptical /1mage orocessing.

SUMMARY :
The Qotics ang image Processing Laboratorv at Louisiana Tech

Universitv is currentlv involved in the development ot applications
for optical orocessing usina the Vander Lugt correlator and real-time

1mage Dprocessinag  techniques. This research 1s in progress and
presently emplovs only a single SEMETEX SIGHT MOD oblaced at the
Fouri1er Plane. Plans are being made to acquire a second SIGHT MOD at
the *+~ime o+ this presentation. The research team 1s cevelopina

expertise 1n:

i Correiator Iinput [mage Enhancement
o, Generation of BPOF Masks

3. Correlator Output Image Enhancement
q. Target Acquisition and Trackino

S. Real-Time Imaoce Processing Algorithms
b High-speed SIGHT MOD displav rates

7. Svstem Software

3. S1gnal Measurement Techniagues
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General Thin-Lens Action on Spatial Intensity Distribution

Behaves as Non-Integer Powers of Fourier Transform

Lester F. Ludwig

Bell Communicaliuns Research
381 Newman Springs Road, 1A-221
Red Bank, New Jersey 07701
201-758-4018

Thix paper shows that the classical equations for the action of a thin-lens on the <putial
intensity distribution of light [3] behave generally as non-integer powers of the Fourier
transform 1,20 for separation distances within the lens-law boundary.

This very general result includes traditionai Fourier Transforming and Lens-Law properties as
special cases {corresponding to the Fourier Transform raised to powers of 1 and 2, respectively)
Between these spectal classes of separation distances, the lens action on the spatial intensiy
distribution of light behaves as the Fourier transform raised to powers between 0 and 2 (for
example, 1.3, ete ), varyving as a continous function of the separation distances. Tlhewe -
wteger powers of the Fourter transform form an algebraic group of unitary operators which are
diagonalized by the Hermite functions [1]. making the representation potentially uscful

enfibesring appiications.

4
+1X,
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1 e 1
| )
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WAVEFRONT OBSERVAEWON
PLANE LENS
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Figure 1. A thiu-lens and definftion of ussociated geometric quantities.
Levi 3 gives the equation for the action of a thin-lens with foeal length [ as {in term~ 0 t}e
zeometry and definitions of Figure 1):
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where p, a, s, and s, are functions of only a, b, and N Special cases are briefly considered,
and additional related results are categorically listed.

1. NON-INTEGER POWERS OF THE FOURIER TRANSFORM

This paper will used the normalized definitions of the Fourier transform (denoted "# ) and its
inverse (denoted "F7!7), ie.

Fif(en(e) [ firye -mods,

E oV fy)te) [ fludesrvdy

for the one-dimensional case. By change of variables argum- .ifs the Fourier transform is seen to
be a unitary operator that is of period 4 in its exponent. i.e., obeying the composition rule as
shown in Figure 2.

)

Fourier

// Tranaform

f(~x) Raflection

Edentify ¢ (x)
Raflectad

Fourier

Y-y)

Figure 2. Cemposition behavior of the Fourier transform showing integer
powers are periodic in the exrpanent with period §

It is possible to generalize this beliavior to non-integer values of the exponent by constructing
an algebi ¢ group of operators embedding the Fourier transforin and its tnteger powers [1,2];
henceforth this constructed operator will be called the "Fractional Fourier Transform”™. Cordnan
[2], with the assistance of Von Neumann, tried this 50 vears ago by solving integral equations
but was only able to obtain a partial result. The author |1

has produced a complete
construction using eigenfunctions which i bretfly oatlined here.

Wiener showed that the Fourier transform s diagonalized by the Hermite functions h, which
act as orthonormal eigenfunctions with associated cigenvalues (- 7)™ 4

Foh el O 0 h ()

Thus, it a space of functions closed under the Fourter transform {such as L*), it is possible to
represent functions in ters of their Hermite funetion expansion

flr) Ne, holr)

non

where each ¢, are simply the projections of £ aganst eooh b
) “
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and hence represent their Fourler transform us
.
- N Y N
FRely) = X eal=tth, iy
n-=U
Since the {h,} are orthonormal. an integer & power of the Fourer transform may be
represented as
.
[~ ] x N
Al k! Al Y ok N .\
Fref) ok 1;4("/1” ADE V| N,
ln-=0 : n -y L
L :
{This 1= comparable to taking powers of a diagonabizable martrix ) The valae of £ ean then be
extended by it arguments o non-integer values: By carelully combanime shehidy expanded
versions of these idens non-integer powers of the Fourier transform can be given as
. - h
.
o ro Al ‘w7 P
Fe gy o [N e e Fh ey fie)de
) NN (
The winlinite series can be summed in closed form, resuiting in
», a
~ P N T BIN . 72
F ) () [ w7 i1

b

a which may be shown to be very interesting algrbrade group of unitary operators that are
diagenalized by che Hermite functions, In two dimensions. the Torn i~ simply:

RN

‘ SRR | e lrperienten s T e e
Fragrprd sy . Jofuteir o - < drdr

“ x

2. IDENTIFICATIONS WITH LENS EQUATION

The quadractic form of the Kevnel above and i the lens vguntion now appear cquivalent within

afuctor and change of vanables Define pew varicles sealed By positive sealings s, and s,

andd relate to the twosdimension Fractoual Foarier Tranforn i variables 70§ where Jofy 2!
Logwroulepr)luy:) -
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175




R — ————
ThE4-4
2 [P aVToh)
- Tarceos sgnyf —a)v alj-b)
x /
Sroo- \/x\a/+b/ ab /?fa
V os-b
Sy \/,\\ af +bf ab -
fa
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. 371
Alf a b = Z2grecos s';vnf—a\m
» = : I
3. SPECIAL CASES
The general results above are consistant with special cases of classical optics:
1. Lens-Law Case (2 =1 L) Hlere o = 2, giving the spatial inversion of the image, and
a ok r
s,/ %, b/a.giving the magaifieation law.

2 Fourter Transform Cuase (a b o f). Here a -+ 1. giving the spatial Fourier transform of
the image, and s, /s, - 1, giving the frequency scaling by A after change of variables 10
the non-normalized representation of the Fourier iransform.

The ease of o = b and cases where either a — f or b — f alto have interesting simplicatims.

1. ADDITIONAL TOPICS

Results ean also be derived far multiple lens systems, Huyvgen-Fresnel apertures, lens transfer
functions. and interpretations ontside the lens-law boundary.
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Experimental Investigation of Photoemitter Membrane

Spatial Light Modulator Performance Limit
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damage the MCP properties. The cesium in particular is very reactive
and has a low vapor pressuire that allows the possibility of it
contaminating the PEMLM. The second complication is, to achieve a
long-term ultrahigh vacuum, a high temperature bake is required.
This requires the PEMLM to survive the elevated temperature.

An ultrahigh vacuum transfer system was built with two separate
regions. It has the glass substrate mounted on a thrust tube at the
top of the system. The thrust tube can be pushed down transfering the
substrate to the bottom of the system. The top and bottom regions are
separated by a gate valve. The valve 1is closed during any
evaporation. The evaporation sources are attached to a bellows that
moves perpendicular to the axis of the trust tube. This allows the
sources to be moved between the glass substrate and gate valve for the
evaporations. After the evaporations are completed the sources are
retracted, the valve 1is opened, and the thrust tube moves the
photocathode down against the MCP input face. The substrate has a
lip, that seats against an indium gasket, when it contacts the MCP.
The gasket seals the lower region from the top of the transfer systen.
The photocathode and PEMLM can then be demounted from the larger
part of the system. Figure 2 shows the spatial responsivity of a
photocathode fabricated in the transfer systemn.

The properties of the membrane must withstand the high temperature
bake and be tailored tooptimize the speed of the device. It is commom
to bake the system above 250 'C to remove any possible source of
phr*ocathode pcisoning. We have found reasonable results with a
longer bake at 150 ‘C. This lower temperatuve is still too high for the
traditicnally used nitrocellulose membrane, Nitrocellulose has been
used because the process of making the film on water, produced a
membrane with a preset tension. This tension plays a central role in
the membrane dynamics{31. The behavior of the membrane can be modeled
by the differntial equation,

2z

Qr
Q0
~
N
&y

- T + = P(t) (1)
r dr

¥

& )
where, Z is the membranc deflection. M is the mass density, ¥ is the
damping coefficient, P(t) is the spatially uniform pressure on the
membrane, and T 1s the preset membrane tension. For a parabolic shape
membrane of radius R, equation (1) reduces to

9% oz
+ Y —

P(t)
fowgfz = (2)
d M

&t

2

with «y= (4T/MR 4% /% This is the equation for a damped oscillator.
Both the membrane's deflection amplitude and resonant frequency, .,
are functions of T. The constants, w,; and % can be determined
experimentally by ploting driving frequency vs the membrane's
amplitude (Fig.4). The curve peaks at wg and the full width at half
the maxiwum is % When an image is impressed on the device the output
is valid when the membrane has settled to a new equilibrium. For this

1ty

S T e e -
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system equilibrium is reached in akbout 207/ vy, This 1is one speed
constraint. The second is the rate of electron deposition on the
nembrane. The charge in an electric field produces the furce P(t).
The time it takes a MCP with a current density J todeforrm the nenhrane
a quarter wave 1=
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AN APPLICATION OF OPTICAL LOGIC ON FERROELECTRIC LIQUID CRYSTAL
SPATIAL LIGHT MODULATORS TO NEURAL NETWORK PROCESSING

Mark A. A. Neil and {an H. White,
Cambridge University Engineering Department.

Trumpington Street, Cambridge CB2 1PZ, England.

Abstract
We discuss the use of ferroelectric liquid crystal spatial light modulators as
optical polarisation rotating logic elements in a direct storage

implementation of the Hopfield model.

Introductiorn

The development ot spatial light modulators as inputs to parallel optical
array processing svstems has reached a stage where many forms of device are
available. In particular ferroelectric liquid crystal spatial 1light
modulators (FLCSLMs) have been shown to have the advantage that they are
adiabatic devices which allows good fanout and cascadability (1]. We describe
a combinatorial logic scheme based on optical polarisation rotation and show
how it mav be used in a direct storage implementation of the Hopfield modal
[2] to overcome problems of encoding bipolar entities on spatial light

modulators.

Logical encoding on FLCSLMs

FI.LCSLMs based on the surface stabilised electro-optic effect may be considered
as an array of half wave plates whose axes can be switched electrically
between two stable orientations separated by an angle 6 (ideally mn/4). A
logic scheme can be envisaged where logical TRUE and FALSE values are encoded
as light signals of orthogonal linear polarisation. Figure 1 shows the effect
of the two pixel states on each of these logic states.

It has been shown that by approgriate positioning of polarisation
filters, various logical combinations can be realised [1]. In particular the
placing ot a horizontal polarisation blocking filter after the device allows
the detection of the function (A AND B) OR (A AND B) = A XNOR B. Moreover
without the fiiter both TRUE = A XNOR B and FALSE = A XNOR B outputs are

present and so may be cascaded into further devices. The XNOR function is
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equivalent to multiplication within the number set {+1,-1}, hence the

applicability to the Hopfield model which relies on such a process.

Figure 1 A diagram showing the effect of the two pixel states of a
FLCSLM on orthogonal linearly polarised light inputs.

The Hopfieid model is usually described by a sum of outer products of the
stored vectors to give a multivalued synaptic weights matrix, Tij' Memory
retrieval then occurs by thresholding the product of this matrix and an input
test vector, to give a better approximation to the nearest stored vector.

The mathematically equivalent direct storage method (3] involves
bypassing the synaptic matrix setup and performing all calculations directly

on the stored vectors. This can be expressed mathematically by the equation;

M N
v,,(mo) = sgn z; E v!(mo)vgm)vgm) (1
1 3 J i
=1 =1
s
where vi'\mo) is a better approximation of vj(mo), the input test vector,
to its nearest stored vector Vimo) and sgn[x] is the sign (+1 or -1) of «x

(i.e. the threshold function). Vector elements are encoded with bipolar
values of +1 or -1 for maximum accuracy. Multiplication under such a number
set, as mentioned above, is however equivalent to the logical function XNOR

and so equation (1) can be modified to give;

NGO M i
v (m) o 2 2.. [v'.(““’) xnor v{™ xnor v{™ | - sz (2)
i j=1 ‘m=10l ) ] v

The synaptic matrix, T.., and its multivalued elements no longer appear

1)
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1n the equdations and thus the required processiag -
tormutation can e implemented with FLCSLMs 1w

wearaey ot dipoiar o ascalations.

Physical realisation ot the processor
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giving more efficient use of SLM space.
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Effective T, .
1]

plane mask Polaroid
and
photodiode
detectors
SIM A, v m0)
SIM B, v.
Figure 2 A schematic diagram of the optical vector processor. Lenses

are omitted for clarity
Conclusion
We have described the application of a logic scheme on ferroelectric liquid

crystal SLMs to a neural network algorithm. We hope to present. at the

conference results of a working optoelectronic neural processor.
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Rotatioanlly Invariant Joint Transform Correlation
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1. Introduction

Many problems in pattern recognition require the identification of an object that
has an unknown rotational orientation, and many rotationally invariant correlation tech-
niques have been proposed.! This paper describes two rotational-invariant methods uti-

lizing a joint transform correlator that can be implemented with liquid crystal televisions

(LCTVs).?
2. Information Reduction Joint Transform Correlator

The basic idea of this method is to apply multiple references in a single joint trans-
form corelator. In principle, the tolerance of a correlator can be adjusted by limiting
the correlated spatial frequency bandwidth. To gain larger tolerances, the low frequency
components must become dominant. Ideally, the zero frequency component will have the
largest tolerance, i.e., rotational invariance. However, different objects cannot be distin-
guished because all images have a common zero frequency component.

If a reference has a rotational tolerance of 30°, then only 12 references are needed
to achieve 360° rotational-invariance. It must be considered that only a limited space-
bandwidth product (SBP) is available and that a large number of references will saturate
the reference space. Therefore, to implement multiple references in the same plane, the
information content of each reference image must be reduced. This reduction is done by
using only the edge information in the reference image. In general, an edge-enhanced im-
age provides the accuracy of detection, thus reducing the ambiguity of the spatial content.
Figure 1a shows the edge enhanced multiple references of the letter “R”. Individual ref-

erences are equally distributed in a circle with an angular spacing of 30°. The total SBP

189




rr“q_m

ThEL1-2

(number of pixels) in the circle of reference is approximately 4665, while 1612 pixels are
occupied by the references themselves. Obviously if the solid letter “R”s are used, the cir-
cle of reference will be saturated. A computer simulation was performed to generate the
correlation peak and SNR of the reference with the rotated letters “R” and “X” as shown
in Fig. 1b. Figures 2 and 3 show that the tolerance is about 15°, thus 24 references will

cover the entire 360° rotational space.

Figure 1a. Reference used in the computer Figure 1b. The edge-enhanced letters “R”
simulation. and “X”
.80 ~— 40
3
¥
23 ]
30
00
7 20
5oL \
10—
. 1

DECREL OF ROTATION OF CBARACTER DECREE OF POTATION OF CHARACTER

Figure 2. The peak value (arbitrary units) of the  Figure 3. The SNR of the correlation s; ot as a

correlation spot as a function of the degree of function of the degree of rotation of th: letter
rotation of the letter “R” (solid line) and the “R” (solid line) and the letter “X” (dotted
letter “X” (dotted line}). line).
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3. Circular Harmonic Phase Only Joint Transform Correlator
It is possible that circular harmonic filters® may be implemented in a joint transform
correlator. A reference image expressed in polar coordiante f(r,8) can be decomposed into

circular harmonics :

f(r8) = > fum(r)e™, (1)
M=—-o0
where or
faalr) = % f(r.8)e~"M?dp. (2)
m™Jo

If we select only a single harmonic reference
M6
fr(r,0) = faa(r)e ™", (3)

rotational-invariant correlation can be obtained. The binarized phase factor of Eq. (3)

may be constructed as a binary phase only filter using a LCTV.

4. Concluding Remarks

We have proposed two rotationally invariant joint transform correlation techniques in
this paper. We note that the joint transform correlator has advantages such as : simplicity
in reference generation and lower resolution requirements, which are very suitable for

electronically-addressed low resolution spatial light modulators such as LCTVs,
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DYNAMIC INTERCONNECTIONS WITH A LENSLET ARRAY AND AN SLM

. Glaser and A. A. Sawchuk

Signal and Image Processing Institute
University of Southern California
University Park, Matl code (1272
Los Angeles, CA 90089-0272

INTRODUCTION

A digital circuit can be implemented with a global linear transformation and a point non-lincanty.
Several suggestions, and 2 few expenmental demonstrations, have shown that, by using opucs o imple-
ment the global transformation part, hybrid opto-electronic digital processers can be built (1,2). Though
such hvbrid svstems are stifl limited by the switching time of the electro-optical or electronic point-non-
finear part of the system, t ir overall throughput can benefit from the inherent parallelism of lightwave
communication, particulaniiy when a free-space, three dimentional. optical configuration is being used;
unlike conventional electronic gate-arrays, these hvbrid opto-electronic ones have no “design rules™ that
limit the complexity and gencerality of their interconnections.

Another type of system that can be described in terms of a linear-transform/poini-non-lincarnty cas-
cade (or several such stages) is an artificial neural network (3). Again, all-electronic implementations of
neural networks have been demonstrated: however as the number of the “neurons™ increases it becomes
morce and more difficult to use electronic communications: an optical (or an opto-clectronic hybrid) ncural
network becomes the prefered solution.

For both the gate array system and ta single stage ofy an artificial neural network, the relaton
between the inpats £ and outputs £ of the system s given by

Fgm:ﬁzf"‘[\'(‘/.k;/.m\» (1

where { ...} is a point-non-linearity and K(j.A: /.»i) is a hinear transformation kernel (1,3).

For gate arrays, P{...} can be a simple step tunction. For example, to implement an array of NOR
gates, P{al =1 if a<0.5 and cquals O otherwise. Here, the kernel K 1s a list of interconnections;
K(j.k 1.m) is set to one if the output of the (7.4)-th gate s to be connected to the input of the (/.m)-th gaie;
all non-connected terms of K arc sct to zero.

For a neural network, P{...} is the neuron threshold function, and the terms of K(j.k: [.m) are the net-
work interconnection weights.

It is clear from the form of the kernel K in Eq. (1) that any general optical implementation that has
2-D input and output arrays must provide a four-dimentional transform kernel. Since real space is limited
to three dimensions, this kernel must be implemented by some form of multiplexing (4). Multiplexing can
be done by holography; one :nay usc, for cxample, multi-facet holograms or volume holograms. How-
ever, changing and re-writing complex holgrams dynamically 15 very difficult. In this work we discuss an
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alternative tool: the tenslet array .

i {
1
> —_— N a
e el s
i
4
Figure 1 Ademslet array processor. Lis the input plane. Loy the lenslet array . Moty the

mask and O 18 the ougput plane. From refl (5,

LENSLET ARRAYS

The use of a lendet array tor wanalog: 2-D lincar transtormations s depicted  Ficure 1. The lensle
array (L an Figure 1 forms muluple images of the input ¢/, spatial signai. Each of these images s pregise-
Iv indexed with the appropriate transparency o one base funcuon of the transformaton kemel on the
) prey f ) »
mask i Mo Phus, the total amount of hight that eets through the mask from a lensiet located at coordinates
tiros proportional to the transtformed term E 1Kk,

s

When this lenslet array processor s combined with some electro-opucal device that provides point-
non-inearity, and, possibly, with mirrors and beam-sphitters that allow feed-back and convenient 'O, we
can obtain a sequential-logic circutt (2) or an terative artificial neural network.

[tis usetul to have such systems with dvaamic recontigurability. Conventional digital processers can
be adapted 1o new tasks by programming. breaking the destred operauon into many small operanons
which are then performed sequentially. We can envision, howeser, a ditferent type of processing cireuit
whose function can be changed by changing 1ts own geomeiry: recontiguring the iterconnections so that
the specitic problen is solved in few processing eviles, This reconfigurable circuit combines the flexshl-
iy of programmable CPUS with the speed of hard-wired logic.

For neural nctworks. the desirability of flexible interconnections. os weights, 1+ wadely recognivzed.
It 15 a basic building block for learning artilicial neural networks

To obtain dynamic reconfigurability we use a spatial ight modulator (SLA) as the mask. 1 a trans-
mitung SLM 1s avatlable, the configuration of Figure 1 can be used. However, most light-addressed
SLMEs are reflective: for these we must use an aliemative configusation. In the example shown in Figure 2
light from the output, night, surtace of the non-linear device 1s imaged by the lenslet array onto the sur-
facc of the spanal light modulator that serves as & mask. Light thai fits “on” points at the SLM is reflect-
cdiitsimaged. through the beam splitter. purrors and the imaving lens 1o e input, left, side of the non-
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MIRROR SPATIAL
LIGHT
MODULATOR

IMAGING LENS

LENSLET

SPLITTER ARRAY
BEAM
SPLITTER
NON-LINEAR DEVICE
Figure 2: A lenslet array based processor with a reflective SLM mask

linear device. After going through a point-non-linear transformation, light reenters the optical system.
The svstem input and output can be done optically throgh the beam splirters. For the non-linear device we
may use any device that provides the desired point non-linearity. such as a second SLM or an array of
LEDs on one side, photo-diodes on the other and drive (and usually invert) circuits in between.

Performance considerations

The potential performance of lensliet array processors have been discussed at length elsewhere (6,7).
Limiting factors include optical aberrations and diffraction, mechanical error in the mask/lenslet-array
alignment and errors in the mask. Only the last item is affecied by the use of an SLM as the mask. As
seen in Figure 2, if we allow interconnection of each gate to any other (or the same) gale. each lenslet
must image the entire array. Thus, if our array (the non-linear device and the lenslet array) 18 of size N>\,
the SLM mask must resolve at least N°xA° points. This poses rather severe demands on the spatial resolu-
tion f;, ,, of the SLM

N

fam> ;’ 2)
where N is the number of lenslets in the array in cach dimension and ¢ is the pitch of the lenslet array,
Also, the lincar space bandwidth product must be higher than N?

Another problem, is that of undesired light in the system. If an “off” pixel at the SLM is 1/r times as
bright as an “‘on” pixel, it is possible that enough light will be accumulated from r “off™ pixels to confuse
the system to “think” that therc arc one or more extra “on” pixels, resulting in an erronous output. The
number of SLM pixels that each lenslet sees, which equals the number of gates in the system. N.° This
number must be lower than . hence
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CONCLUDING REMARKS

We saw how the combination of a spatal light modulater and a lenslet array can produce a dvnami-
cally reconfigurable, hence programmable, optical processor that can be used as a logic gate array or an
artificial neural network. No alternative optical syvstem offers similar case in converting new specifica-
tions for interconnections inte physical interconnections in real time. Though the demands on the SILM in
this system are rather high. and can be satisfied with available SEMs only for a modest number of gates
or neurons, we expect that with the coming new generation of SLMs, larger space bandwidth product and
better extincuon ratio (dynamic range) would allow large reconfigurable lenslet array processors which
would becoine valuable as optical processing tools.
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Real-time Object Recognition and Classification by Code Division

Multiplexed Phase-only Encoded Filters, B. Javidi and S. F. Odeh, Michigan

State University, Department of Electrical Engineering, East Lansing,
Michigan, 48824

Abstract.

A muldobject shift invariant pattern recognition system that uses Code division
multiplexed binary phase-only filters is presented. The system computes the binary
correlation between an input pattern with a generalized set of pattern functions. This
technique uses a filter which consists of a set of binary phase-only code division multiplexed
reference pattern functions. The functions in the reference set may correspond to either
different objects or different variations of the object under study. In the proposed
architecture, the position of the output binary correlation peaks represent the locations of the
objects in the input plane. This is different from phase coded pattern recognition systems in
which the location of the output peak determines the class of the input object*. Here, the
system is shift invariant and multiple objects can be present at the input plane. The pattern
recognition is performed without increasing the space-bandwidth product requirements of the
system. Computer simulations of the architecture are also used to study the performance of
the pattern recognition architecture. The signal-to-noise ratio (SNR), and the peak to the
maximum correlation sidelobe ratio (P/SL) are evaluated as the criteria for the system

performance.

Here, we intend to store a number of binary phase-only filters by using multiplexing
techniques. Each binary phase-only filter is multiplexed by a corresponding m-sequence
binary code. The matched filter is the superposition of the m-sequence code multiplexed
submatched filters. This is similar to code division multiplexing in multiple-access spread
spectrum communications systems where a number of different signals are supposed to use
the same bandwidth simultaneously. These systems usual'y employ quasi-orthogonal
functions such as m-sequence binary codes for multiplexing. For example, if two codes,
which are assigned to two different channels, are added and sent over the same bandwidth,

the receiver can accept one code and reject the other bv correlation techniques.

* J.R. Leger and S.H. Lee, Applied Optics, Vol. 21, 274 (1982).
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The pattern recognition system employing multiplexed binary phase-only filters is
shown in Fig. 1. The system L is an optical processor where the inputs to the system are the
objects under investigation fi(x,y) and the outputs of the system are the convolution between
the input signals fi(x,y) and the m-sequence codes my(x,y) assigned to the i'" input signal.
The output signals are Fourier transformed which yield the Fourier transform of the input
signal modulated by the Fourier transform of the corresponding m-sequence code.

Mathematically, this can be written as:

E.T.
fitx,y) * myx.y) —= Fi(a,B) M;(o.f), (M
where (o,B) are the spatial frequency coordinates, * denotes convolution, and

F,(a,) and M,(a,B) correspond to the Fourier transforms of fi(x,y) and m;(x,y), respectively.

The code modulated Fourier transform of the input signal is applied to a code division
multiplexed binary phase-only filter located at plane P,. This filter is synthesized by
evaluating the binary phase-only filter for the reference objects when modulated by the
corresponding spread spectrum code. The process is repeated for each input signal and the
submatched filiers are added linearly to produce the filter. This can be expressed

mathematically for the input signals as:

N
+1; if Re ¥ Hj(ap) 20
i=1

HBPOF(a'B) = -1 (2)

otherwise,

where Hi(a,B) is the submatched filter for each multiplexed reference signal defined as:
Hi(o.B) = Fy'(cB) M{'(c.p). 3)
The operation of the proposed system can be understood by applying an input signal
convolved with the corresponding code to the above filter. The resultant light field leaving
the filter plane is given by:
T(a,B) = Fi(af) M(,8) Hgpop(a,B). 4
where T(a,B) represents the light field leaving the filter plane. The output correlation

distribution at plane P; is the inverse Fourier transform of T(a,B) taken by lens L,.

197




multiplexed binary phase-only filter is synthesized to detect the above reference objects
using a set of ten quasi-orthogonal spread spectrum codes. The results of the computer
simulations are shown in Table 1. Figure 2 shows the output correlation intensity for

128x128 bit code division multiplexed binary phase-only filter when the input signal [ is

ThE13-3

TABLE!". Results of Computer Simulations.

Computer simulations of the multiple image correlator described above are presented.
The simulations are carried out using a 128x128 point 2-D fast Fourier transform (FFT), and

the results are plotted by a 3-D plotting subroutine. The correlation tests are performed for

the letters A, F, J, N, Z, B,v, A, n,and y as reference objects. The code division
used.

Code Division Code Division Code Division
Multiplexed Classical | Multiplexed Phase- | Multiplexed Binary

} Matched Filter only Filter Phase-only Filter
1 Input SNR  P/SL SNR  P/SL SNR  P/SL
‘ A 535 290 19.43  17.79 17.96  23.23
F 7.87 4.65 1770 19.62 16.40 14.39
J 6.72 3.34 15.74 1247 1495 11.06
N 7.16 3.92 1753 1393 17.44 19.17
Z 4.81 2,12 18.74 13.73 17.03 25.85
1 B 4.07 2.16 21.77 3443 21.37  29.58
Y 5.15 2.12 2185 29.27 21.81 3044
A 6.52 453 22.14 2358 21.68 2588
T 5.30 247 23.08 3294 21.75  2C.78
) 1 7.13 434 22.88 34.55 23.78 31.82
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intensity to the maximum correlation sidelobe intensity.
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FTL: Fourier Transform Lens
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m(x.y)=Spread Spectrum Code

Figure 1. Multiple Image Optical Correlator.

Figure 2. The output correlation intensity for 128x128 bit code divi-

sion multiplexed binary phase-only filter when the input

signal B is used. Ten multiplexed reference signals were
used to synthesize the filter,
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SPATIAL LIGHT MODULATORS
IN MULTIMODE FIBERS

Mahmoud A. E1-Sherif
Air Defence College,
Alexandria, Egypt.

ABSTRACT

An external field applied to a modified multimode fiber induces
modal power redistribution. This technique is examined for spatial light
modulators , and promising results are obtained.

INTRODUCTION

There has been a growing interest in fiber optic devices fabricated on or
arround the fiber. Such devices involve removal of cladding over a small
length of the fiber and replacing it with a sensitive medium like
electrooptic, magnetooptic, or dye material.'>3>  In this paper, an
electrooptic material is used as an active cladding, and the device is
employed as spatial light modulator. The principle of this device, shown in
fig.1, is explained elsewhere.3™> In short, when a field is applied, to the
modified cladding, the index of refraction increases, leading to modal
coupling, and results in modal power redistribution. This modal coupling has
been investigated theoretically and experimentally. The analysis results in a
matrix formula which gives the complex amplitudes of the modal fields in
terms of the perturbation in the active region. For experimental
investigation, the modal power redistribution, i.e. the spatial modulation, is
examined by a very fine scanning of the far-field pattern at the output end of
the fiber.

THEORETICAL ANALYSIS

In this analysis, the wave theory approach and the continuity equations
are used at the input and output of the active region (at z=-d and z=0) for the
evaluation of the modal fields, shown in Fig.2, and the resuits are,
at z=-d

N
z‘lbn e’j B"d' Cn e-j B"d] en =
N=
S L) L)
E‘Ifs(An) " Bslend_ gstam e BN E(a) (1)
o=
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] S

N
2 anen= Z‘Ifsmn) = gs(an) 1 Egan) V3]
n=1 S=

where bn and c, are the complex amplitudes of the n-th forward and

backward modes, respectively, and N is the total number of modes in region |.
Bn is the eigenvalue of the n-th mode and e, and h, are the orthonormal

eigenfunctions representing the various modes in Region |. Furthermore, S is
the total number of propagating modes in the active region, f(an)and g.(an)

are the complex amplitudes of the S-th forward and backward modes,
respectively, and are 3 function of the electrooptic effect, i.e. an, of the
active material. ES(An) and Hs(An) are the transverse fields of the S-th mode

for a complete set of orthonormal functions. B'S(An) is the complex

propagation constant of the S-th mode. This propagation constant is a
function of the electrooptic effect inthe acttive region. an is the complex

amplitude of the n-th mode in region Hit. The expressions for the magnetic
fields are similar to equations 1 and 2. A complete analysis concerning the
complex propagation constants for guided and radiative modes is discussed
in a different paper.6 Using these field equations, the output modal

amplitude an is derived in terms of the input modal amplitudes and the

electrooptic effect of the active material, this results in a generai matrix
form, as

(al,; = (Ban,d], (bl + [Clan,d)), [c] (3)

nx |

where, n=1,2,. N, [a] | are the output modal amplitudes in region Ii! at z=0,
and [b],., and [c], , are the input modal amplitudes for the incident and

reflected waves at z=-d, respectively. [B(an,d)],, and [C(an, )], are the

coupling coefficients of the input forward and backward modal amplitudes to
the output modal amplitudes, respectively. These coeffizients are functions
of the perturbation of refractive index. The theoretical analysis shows the
redistribution of the output modal fields, i.e. the spatial modulation of
interference pattern at the end of the fiber. This spatial modulation will
depend on the external applied field.
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EXPERIMENTAL INVESTIGATION
A He-Ne laser is used to fill a limited number of modes of a multimode
fiber. The nominal indices of this fiber are nco=l‘6 and nC,=1.48. A nematic

liquid crystal (NLC), having ny=1.4962 and n,=1.617, is used as a modified

cladding. To scan and display the far-field radiation pattern, a computer-
controlled, three-dimensional micro-positioner is used, as shown in Fig.3.
The detected far-field pattern in the absence and presence of an external dc
field is shown in Fig4 The applied field redistributes the rmodal power,
causing a significant coupled-mode-power. Consequently, the shape of the
interference pattern in the far-field is changed.

The resuits are qualitatively in agreement with the theoretical analysis.
In addition, because the electrooptic effect of the NLC is the resuit of the
anisotropic polarizability of its molecules, the polarization sensitivity of
the device Is being investigated. Further more, the experiment was repeated
several times and the consistency of the stability of the far-field pattern
was verified. Therefore, this technique can be employed for sensitive
applications. For real time informations, the interference pattern can be
detected by using a CCD (video) camera, or two dimensiona! ari ay of sensors.

CONCLUSION

A new technique that turns part of a multimode fiber into a spataii
light modulator is presented. Additional work is needed to optimize the
results and investigation for possibie future uses.
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Optical Pattern Recognition using an Optically Addressed
Spatial Light Modulator.

Janine M. Vaerewyck
Department of Physics
University ¢f Alabama in Huntsville

H. John Caulfield
Center for Applied Optics
University of Alabama in Huntsville
Huntsville, AL 3589%

Introduction

The purpose of this paper is to discuss the first results
of a continuing study on the use of a Spatial Light Modulator 1in
a pattern recognition system. The specific SLM that 1s being
studied was bullt by Lockheed Missiles and Space Company Inc. of
Palo Alto Ca.* and 1s on loan to the University of Alabama in
Huntsville. This SLM, an optically addressed device, 1is being
used as a spati1al filter 1n a pattern recognition system. The
results of a computer study into the most advantageous use of
the SLM will be presented as well as the experimental test plan
that has been devised from these results.

Theory

The experimental system is shown in Figure 1. Parallel
light will enter the system from the right. L1 will focus this
light at the SLM. An object tranmsparency wilill be placed between
L1 and the SLM to enable the size of the fourier transfarm to be
easily controlled. The SLM will be optically addressed from the
opposite side using a page oriented hologram on which the
fourier transforms of the input objects will be stored. In this
configuration all phase information will be lost and the SLM
will act as an addressable spatial filter. After reflecting off
the SLM, the input beam will retrace its path to a beam
splitter. The beam will then pass through L2 and be
reconstructed in the output plane. One should note that this
system 1is much like a basic spatial filter system such as that
discussed by Goodman=. ’

If an object is input to this system and the fourier
transform of that object is used to optically address the SLM,
an unaltered image of the object will be seen in the output
plane. If the same object is i1nput to the system and a
different fourier transform is used to address the SLM, a
distorted image of the input object will be observed in the
output plane. In this way this system can be used as a pattern
recognition system.
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The concern of this study 1s to determine the best use of
the SLM 1n this system. Three main areas are be:ing explored.
First the positioning of the 1nput fourier transform on the SLM.
There 1s expected to be a best orientation ot the input
transform. This orientation depends not only on the SLM but on
the i1input object 1tself. Second the size of the 1nput transform
1s being considered. 0Once again both the SLM and the 1mage are
taken i1nto account. As stated above, the variation of the size
of the transform 15 simply performed 1in this system. Lastly,
the feasibility of i1nputting more than one transform of the same
object to the system 1s being explored. This can be
accomplished using a grating placed between the input object
transparency. This grating will have to be designed for each
input object and each SLM.

In order to study this system more efficiently a computer
study 1s being conducted. The SLM is being modeled as a binary
phase only filter using the technigues described by Psaltis et
al®., A Fast Fourier Transform program is being used to perform
the required transformations. The effect of having a SLM that
15 not continuous has been studied to allow comparison of
continuous and noncontinuous StMs. As expected noncontinuous
modeled SLMs give much more distorted results than continuous
modeled SLMs. Arsenault and Bergeron® described a method of
recording the complex phase and amplitude of the faourier
transforms in computer generated holograms. Using superpixels,
consisting of many individual pixels, a computer generated
hologram can be written that they report has improved guality
and has phase accuracy of better than/74. This technique may be
used to construct the page oriented hologram that will be used
to optically address the SLM.
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Conclusions

From the results of this study a test plan will be devised
that will thoroughly explore the capabilities of the SLM in the
system. The results of this study will also be used to begin
the initial design of the page oriented hologram that will be
used to address the SLM. Initial lab experiments will be
conducted using a much simpler version of this device.
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Optical Matrix-Vector Multiplication Using a Spatial Light Modulator and a Phase Conjugator

Arthur E. Chiou, Pochi Yeh, and Monte Khoshnevisan
Rockwell International Science Center
1049, Camino Dos Rios
Thousand Oaks, CA 91360
Tel: (805) 373-4464

SUMMARY

A variety of optical matrix processing schemes [1, 2] use two-dimensional spatial
modulation of optical intensity to represent a matrix to exploit the inherent parallel nature of
optics. Such an approach typically requires the projection of a spatial pattern to match another
pattern to perform the element-by-element multiplication. The basic incoherent matrix-vector
multiplication scheme [3], for example, requires the use of anamorphic optics to project a linear
array of sources (or a one dimensional spatial light modulator) to precisely match a two
dimensional matrix masks. In the matrix-vector multiplication scheme using four-wave mixing
in nonlinear media [ 4], simultaneous alignment of all the pixels of the matrix and vector is 4
major task, particularly for a large number of pixels. Misalignment of the pixels may lead to
severe errors. For a given size of matrix mask, the density of elements increases as the
dimension (N) of the matrix increases. As a result, the requirement on alignment becomes
more and more stringent. In practice, the critical alignment required is likely to impose a
practical limit on the ontimum dimension of the matrix (N) to be of the order of one hundred or

less depending on the specific architecture.

In this paper, we report a new scheme for optical matrix-vector multiplication that uses a
phase conjugator (with a finite storage time) in conjunction with a spatial light modulator
(SLM) to eliminate the pixel-by-pixel alignment requirement at the cost of some reduction in
parallelism (N2/2 instead of N2). Phase aberration due to tmperfection in optics is also

self-corrected by the phase conjugation process. The optical system involved is relatively
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simple compared with the other approaches. Without any modification, such a scheme can also

perform matrix-matrix multiplication with NZ2/2 parallelism.

LASER BEAM

LENS

BEAM CYLINDRICAL
PHOTOREFRACTIVE SPLITTER LENS
PHASE CONJUGATOR

(-9

Fig.1 A schematic diagram illustrating the basic concept of optical matrix-vector
multiplication using a photorefractive phase conjugator in conjunction with a
spatial light modulator.

Referring to Fig.1, we use a SLM to impress the matrix and vector information in
sequence to an input laser beam. This beam is directed toward a phase conjugator which has a
finite storage time (a photorefractive barium titanate, for example). A cylindrical lens is inserted
in the phase conjugate output beam path to perform the summation.

The principle of operation is as follow. the SLM first impresses the matrix information
onto the input iaser beam. This beam is then incident into a phase conjugator which stores the
matrix information after a finite grating formation time. When the matrix information is
removed from the SLM, say by turning all the pixels into maximum transmission condition, the
phase conjugate beam which contains the reconstruction of the matrix information exists for a
finite duration. This finite storage time depends on the strength of the input (read) beam.
During this time, if the next frame of the SLM carries the vector information, parallel
multiplication is performed as the phase conjugate beam propagates back through the SLM.
Here the vector is represented as a two-dimensional array of N identical column vectors. where
N is the dimension of the vector. A cylindrical lens in the output port is used to perform the
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summation. The dark storage time during which the matrix information can be retrieved is
determined by the photorefractive material and the pumping configuration. It ranges from

seconds to microseconds.

The system can also perform matrix-matrix multiplication by time multiplexing. In this
case, each column vector V; (i=1 to N) which constitutes the second matrix M, is sequentially
impressed onto the beam to multiply with the first matrix M| according to the matrix-vector
multiplication scheme described above. To avoid the degradation of the information of M,
stored in the photorefractive hologram during the readout, it is necessary to refresh the
holographic memory with M, to restore its diffraction efficiency. This can be done by
re-impressing M, onto the beam after each readout cycle. Consequently, a total of 2N clock
cycles, consisting of N cycles of write and N cycles of read, will be required to carry out the
multiplication of two NxN matrices.

Using a photorefractive barium titanate crystal as a phase conjugator in conjunction with
a 48x48 magneto-optic spatial light modulator (SIGHT-MOD SMD48I from Semetex Corp.),
we have demonstrated the basic principle described above. Preliminary experimental results
will be discussed. Some advantages and disadvantages of this approach will be compared with

those of the others.

This work is partially supported by DARPA/AFOSR contract No.F49620-87-C-0015.

REFERENCES:

(1] R. A. Athale, "Optical matrix processcrs," in Optical and Hybrid Computing, H. H.

Szu, Ed., SPIE Vol. 634, 96-111 (1986).
(2] W.T. Rhodes, "Optcal matrix-vector processors : basic concepts," in Highly Parallel

Signal Processing Architecture, SPIE Vol. 614, 146-152 (1986).

(3] J. W. Goodman, A.R. Dias, and L. M. Woody, "Fully parallel, high-speed incoherent
optical method for performing discrete Fourier transforms, " Opt. Lett., 2, 1-3 (1978).

(4] P.Yehand A. E. Chiou, "Optical matrix-vector multiplication through four-wave mixin I
in photorefractive media,"” Opt. Lett, 12, 138-140 (1987).

210




Fa2-1

Optical Associative Memory for Word-break Recognition, Eung Gi Paek and A.
Von Lehmen, Bell Communications Research, 331 Newman Springs Road, Red
Bank, New Jersey 07701

In this paper, we descnbe a novel associative memory based on a coherent optical correlator
which is able to identify individual words in a continuous stnng of letters  The output is
readable text : a senies of words with spaces inserted between them. The system is shift invanant

and has error correction capability.

The following sentence shows un example of a concatenated word siream, illustrating the

word-break problem raised by Tank and Hopfield|!].

TEXTREEDINGWITHAUTWORDBRECKSMAYBEKAMEDIFFICOLT

Withor! spaces between words, it 1s difficult to decipher the text. The task becomes even more
difficult if the continuous word stream contains errors. The system which can decipher the
word stream must be able to recognize words, correct errors in them and insert spaces between

them.

Obviously, word-break recognition requires shift invariant pattern recognition. To achieve
shift invanant pattern recognition in recent neural network models, all shifted versions must be
stored separately. However, coherent optical correlators can perform this task simultaneously
and in a paralle} fashion due to the shift invariant property of the Fourer spectrum which can

be easily obtained by a simple lens.

The pnnciple of optical word-break and error correction system is schematically shown in
Figure 1. The system is a modified version of the holographic associative memory originally
developed at CALTECH(2]. The memory words are stored in a conventional I'ourer
transform hologram. All of the memories to be stored are arranged in a column spatially
separated along the p direction ( perpendicular to the word direction ). The Fourier spectrum
of all the memornes interferes with a single tilted plane wave to simultaneously make a multiple

hologram at the focal plane of the lens /..

For the word-break recognition, the input word stream is presented at the plane £, of an

optical VanderLugt correlator. The correlation peaks appear at the corresponding positions of
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the corrclation plane P;. These correlation peaks are detected after threshold and are
anamorphically imaged so that the separation between the peaks is magnified along the x
direction{ word direction ) only. This can be achieved either by the anamorphic lens system
which consists of the two cylindrical lenses or by electronically adjusting the honzontal scale of
the video monitor. These bright spots are reflected back to illuminate the hologram again.
Light emerging from the hologram reconstructs all memory words at the output plane P, which
1s situated at the symmetric position of the input plane with respect to the beamsplitter. The
reconstruction due to light from each bright spot is the entire word memory shifted by the
position of the pinhole. At the origin of plane P4, a window is placed to select only the desired
central portion of the reconstructed images, which is the corrected version of the onginal input

with spaces between words.

Figure 2 shows the experimental results. The four words used as the memories in this
experiment arc shown in Figure 2(a). The correlation output for the concatenated input with
errors as In (b) are shown in (c). The sharp autocorrelation peaks appear at the corresponding
positions of the filter along the y direction and are shifted according to the positions of the
input along the x direction. Also, the sidelobes appear over the whole correlation plane. Figure
2(d) shows the thresholded version of the correlation output shown in 2(c) after peak detection
with the spaces between peaks magnified along the x direction. The final output from the
system is shown in Fig. 2(c). Compared with the initial input in (b), spaces arc inserted
between words and all the errors in the input are corrected.

In summary we have descnibed an optical word-break recognition system with error
correction capability which outputs readable text. An analyiical description of the system
discussed has becn done, and will be presented along with experimental results. The authors

acknowledge L:.M. Kirschner for technical assistance in preparing thc transparencies.
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FIGURE CAPTIONS

Holographic word-break recognition system.

(a) The four patterns stored in the holographic memory ; (b) The input to be read
(c) correlation output ; (d) the thresholded version of the correlation output which 1s
anamorphically magnificd along the x (word) direction ; and (¢) the associative

recalled output with spaces between words and error corrections.
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ADAPTIVE FRAUNHOFER DIFFRACTION PARTICLE SIZING
INSTRUMENT USING A SPATIAL LIGHT MODULATOR

E. Dan Hirleman and Paul A. Dellenback*

Mechanical and Aerospace Engineering Department
Arizona State University, Tempe, Arizona 85287
(602) 965-3895

*Mechanical Engineering Department, Southern Methodist University, Dallas, TX
SUMMARY

Introduction

Electro-optical sensors can measure a variety of properties important in manufacturing
and industrial processes such as temperature, species concentrations, particle sizes, flow
velocities and rates, surface characteristics and velocities, and part geometry. The performance
improvements available from next-generation electro-optical sensors will be due in part to the
integration of some forms of artificial intelligence into the system. For example, we are
interested in sensors which might autonomously adapt themselves to optimal or near-optimal
coufigurations as dictated by the instantaneous measurement context Many schemes for
adaptive controt of sensor systems can utilize spatial light modulator technology whereby the
spatial distribution of an optical field can be controlled. We are investigating laser diffraction
particle sizing systems where the angular distribution of scattered light is collected at multiple
angles for use in an inverse scattering calculation. Spatial light modulators (SLM) can be used
to create programmable detector geometries which can be optimized depending on the particular
particle size distribution under analysis. In this paper we the discuss the integration of Faraday-
effect magneto-optic spatial light modulators into adaptive laser diffraction particle sizing
instruments.

Fraunhofer Diffraction Particle Sizing

Fraunhofer diffraction has achieved widespread acceptance as an optical diagnostic for
sizing ensembles of particles large compared to the wavelength. There is extensive literature on
the topic reviewed by Hirleman [1987], and several commercial instruments for sizing particles
based on the method are available. The conventional Fraunhofer diffraction instrument
configuration is given in Fig. 1, where the light diffracted by particles along the line-of-sight of
the probe laser beam is collected by a lens and sensed in the back focal (Fourier transform)
plane. Each particle size produces a distinctive diffraction pattemn signature which is mixed with
diffraction patterns from the other sizes at the detector plane. The essence of tire particle sizing
problem is to unravel these signatures by clever sampling of the diffraction pattern and
determine the particle size spectrum. In the context of adaptive controj of the system the
objective is to extract the maximum amount of useful information on :he siz# distribution with a
minimum possible number of measurements. The maximom infoination obtainable is
dependent on the noise levels in the measurements, the sampling or detection scheme, the
stability or robustness of the inversion method, the actual size distrituiion, and the allowable
level of uncertainty. Ideally, then, a laser diffraction system would have variable detector
geometry and size resolution which could both be adjusted at run time depending on the
conditions encountered.
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One serious challenge is the fact that the scattering intensity across the region of interest
in the detector plane covers 3 or 4 orders of magnitude which approaches the capability of most
detectors. Researchers have used a number of schemes to compress the dynamic range of the
signals by using multiple detectors and increasing the area of the detectors in those regions (large
scattering angles) where the intensity is low. A very common method is to use a monolithic
photodicde detector array with elements which increase in size with distance from the detector
center such as the annular ring-shaped elements shown in Fig. 1. It appears that most if not all
Fraunhofer diffraction instruments using ring detectors utilize a geometry very similar to that of
Recognition Systems Inc. which is neither designed nor optimized for this application.
Unfortunately then, most inverse Fraunhofer schemes in use today have been dictated by the
geometry of an existing detector.

The basic equation of Fraunhofer diffraction particle sizing is a Fredholm integral
equation of first order and first kind, and following Hirleman [1988) we formulate the problem:

o0

1(0)02 = [inc A2/4n2  J12(aB) o2 n(a) da (1
0

where: o = td/A is the particle size parameter; n() is the unknown particle size distribution; and
i(0) the scattering intensity which can be measured at various scattering angles. Hirleman [1988]
has derived an optimal scaling law for the problem, and annular detectors with areas proportional
to 82 as in Fig. | are optimal. Most workers discretize Eq. (1) and sclve the resulting linear
system for a discrete particle size distribution. However, for a fixed detector geometry as shown
in Fig. 1, the the linear system and its inversion properties then become quite dependent on the
size distribution and scattering signature. Further, the amount of information concerning n(o)
which can ultimately be extracted via Eq. (1) using measured i(8) clearly must depend on the
level of noise in the measurements. In fact, the maximum amount of information describing
n(a) which can be obtained through an inversion of Eq. (1) is dependent on: the noise levels in
the measurements; the sampling or detection scheme; the stability or robustness of the inversion
method; the actual size distribution; and the allowable level of uncentainty. Ideally, then, a laser
diffraction system would have variable detector geometry, inversion scheme, and size resolution
which could all be adjusted in real time depending on the conditions encountered. It is toward
this end that the integration of an SLM into the optical system is proposed.

Adaptive Fraunhofer Instrument Using SLM

By adaptive instruments we mean those which have either hardware or software degrees
of freedom which can be adjusted on-line depending on the instantaneous context of the
measurement. For the present application, we first assume that only a finite number of scattering
angles at which measurements can be made are available in any practical instrument. It is also
clear that the optimal positions of the detectors (i.e. positions which would provide the maximum
amount of information about the particle size distribution) in a laser diffraction instrument
depend on the size distribution. This is a dilemma since the size distribution is obviously not
known before the measurement is made, and instrument designers must place fixed detectors at
locations which will be adequate over a large range of particle sizes. However an intelligent,
adaptive instrument would ideally configure the optimal detector placements in real time. This
might be accomplished by first obtaining a low resolution estimate of the size distribution, then
configuring the detectors to focus on the particle size region of immediate interest. This process
could be repeated to obtain higher and higher resolution estimates of the size distribution until
the signal/noise considerations do not permit further information to be extracted from the
scattering inversion.
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The optical system we have developed to introduce adaptive control into the laser
diffraction method is shown in Fig. 2. Instead of placing a detector array at the back focal plane
of the transform lens, we insent a Faraday-effect SLM discussed by Ross et al [1983] and
marketed by Semetex. A large area detector is then placed behind the SLM which is operated in
a binary transmit/absorb mode. Pixels are opened in groups which form rings concentric about
the optical axis as also shown in Fig. 2. The optimal number and positions of the detectors is
determined by condition number or eigenfunction analysis of the inverse scattering probiem
teported elsewhere by Hirleman [{988]. To summarize briefly that approach, the second
moment of the size distribution n(o)o2 is expanded in terms of the eigenfunctions of the kemel
J12(0®) of the integral equation Eq. (1). The eigenfunctions retain their identity even after
passing through the integral operator, but are scaled by a constant which is the associated
eigenvalue. Now in general the eigenfunction expansion has an infinite number of terms, but a
real measurement can only extract a finite amount of information about n(o)a2; i.e. only the
coefficients from a finite number of terms in the n(o)a2 expansion can be determined. The error
in neglecting higher order terms in the expansion can be minimized by locating the detectors (i.e.
the angles © at which the i(8)82 are measured) at the zeros of the eigenfunction term just beyond
the highest order eigenfunction which is retained. The number of terms which should be kept
depends on the measurement context, and one approach we are investigating involves keeping
only those terms for which the eigenvalue is greater than the noise-to-signal ratio in the
measurements (the eigenvalues monotonically decrease with increasing order). The number of
ring aperture detectors configured in the SLM of Fig. 2 is then equal to the number of terms kept
in the eigenfunction expansior., and the detectors are placed at the zeros of the first eigenfunction
dropped from the expansion. As the particle sample changes, the system autonomously monitors
the stability of the scattering inversion and adjusts the rings accordingly.

The selection of a particular SLM for this application involved several criteria. Typical
maximum frequencies of interest are in the 10 kHz range, and spatial frequency dynamic ranges
of the order of 100 and greater are required. The magneto-optic device used here is based on the
Faraday effect which selectively alters the polarization vector of incident light transmitted
through the modulator material. One ramification of adopting a birefringence approach for the
SLM is that the original optical field to be modulated must be linearly polarized. Therefore in
some applications it is necessary to place a polarizing filter in the optical beam in front of the
SLM in Figure 2 such that linearly polarized light is incident on the modulator. In the present
application, near forward scattering by particles, the energy is already polarized.
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Figure 1. Schematic of a conventional laser diffraction particle sizing instrument. An annular
ring detector array is shown.
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Figure 2. Schematic of laser diffraction particle sizing instrument where a spatial light
modulator has been included to provide for on-line, adaptive configuration of the detector
collection apertures. Annular ring openings are created in the SLM at the transform plane by
setting the pixels to transmit or block the incident polarized light. The field detector collects all
light passing through the SLM, and the system is sequenced through a set of rings.
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The Use of Binary Magneto-optic Spatial Light Modulators in
Pattern Recognition Processors

David Flannery, John Loomis, and Mary Milkovitch
The University of Daytea Research Institute
Dayton, Ohio 45469

1. INTRODUCTION

Binary magneto-optic spatial light modulators (SLM) [1] have been used successfully in several optical
computing architectnres. Here we concentrate on their use to timplement hinary phase-only filters {2-6] in
coherent aptical correlators including general characteristics. correlation performance. smart filters, and
the potential for ternary filter encoding.

2. BINARY MAGNETO-OPTIC SPATIAL LIGHT MODULATORS

Magneto-optic SLMa (MOSLEM=) are being developed and commercially sold by Litton Data Systems
Semetex Carporation. Cnrrently 48-hy-48 and 128-hv-128 clement models are available and a 256-hy- 256
Iab unit has been made. The construction and aperating characteristios have heen veported 1 and e
only reviewed here

The MOSLM is an electmically addreszsed diserete element SLM The modulation mechanizom bs Favadin
polarization rotation, which with @ ppropriately ariented poelanizers provides either by amplitiete o
binary phase modnlatie n. Element spacing in the 128 hy- 128 devices 12 .00% 1

Once <et, an element remembers its state essentially forever. Thiz and good wdormity of modnlanien
both intra- and inter-eloment are advantages of the device. Bulk abzorption of arannd 707 and polarization
rotation of about 10 degrees combine with area ntilization factors of 60270 1o vield modulation efiteiencore -
of only several percent, a dizadvantage. {These factors vary <igmiticawtly witle wavelength over the visible
operating 1ange.)

With appropriate drive cirenitry the MOSEM: can be addressed very rapidly, Thermal dissipation
the addressing conductors usuallv limits speed for cantinnous operation Litton has reported -7 comtinnon-
aperation of 128 Ly 128 MOSTMs at 1100 fpz, changing 505 of the elements each frame, which s enabled by
drive cirenitry designed to provide the mimimnm addressing pulse length consistent with veliable switehing,
e g 20230 ns. The device was not zpecially cooled and the on-chip digsipation of about 05 W mav result
in thermal-optic phase distortionz. Althon I operation wag verified optically, the device was not hemyg
used in a coherent optical system which would be sensitive to phase distortions. [t is anticipated that
proper attention to air flow geometry wounld reduce thermal-ontic distortion effects to a fevel supportme
coherent optical processing. Passive optical quality has varied in the past depending on substrate waler
pohishing specifications hut no fundamental o1 cost izsue precludes peak-to-peak phase distartion of o
quarter wavelength

3. CORRELATION USING MAGNETO-OPTIC BINARY PHASE-ONLY FILTERS

The binary phase-only filter (BPOF) 23] encades only two phase values (0 and 180 degrecsi. ol e
by thresholding a reference function transform, as opposcd to the continuons-valned phase and amphon b
varintions required in a matched spatial flt > Siulations of correlation wsine the BPOF & indicare oo
performance. incinding two chara feristics assoctated with any phasecondy hlta 0 shap correbinn e
and high Horner efficiency. Other characteristios and de<ign aspecte of the BRPOE oy beey a2 %
10

The MOSLM i well cutted for implementing chis tvpe blter it can provaeds che pmned ey pliase
only encoding and it alto implements spatial-carvier-free divect phaze encodmg wal attendaes el ency
in space-bandwidth utilization.
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We have conducted hundreds of experimental-theoretical comparisons using our real-time MOSLM
BPI'OF correlator and a computer model of the correlator [4,5‘ll|. The correlator uses two 48-bhy-48
MOSLMs, one for binary pattern input and the other to implement BPOFs. The comparison study
addressed issues of machine vision, character recognition, and several simple types of composite filters.
Qnantitative agreement with theory was typically within 2 dB or better over hundreds of cases [11].

4. BPOF SMART FILTERS

A “smart filter” is herein defined as one which significantly improves the fundamental trade-off between
distortion-invariant response and non-target rejection in linear space-invariant correlation. A number of
such formulations have been defined and tested (primarily in simulations), all designed to be encoded in full
continnous complex-valued filters [12-15]. The BPOF (and the POT) are fundamentally different because
their encoding involves a non-linear operation to generate a (binary} phase-only function.

Initial approaches to creating BPOF smart filters involved simply converting an existing continuous-
valued tilter function {e.g., SDF filter) to BPOF form by conversion using the appropriate nonlinear op-
eration. This Ad Hoc approach yielded good results [16,17|. More recently, SDF formulations specifically
tailoved for POF and BPOF encoding have been reported and perform well in simulations {11,18,19]. As
ntentioned we have demonstrated good experimental performance of simple SDF-type BPOFs {involving
only three training images) [U1].

Thus the availability of effective smart filters for BPOF implementation seems assured. Development
of improved smart filter formulations for hoth discrete level and continuous level encoding continues, and
stignificant future improvements are likely.

5. TERNARY I'HASE-AMPLITUDE FILTERS

We are investigating a discrete-teve! smart filter approach based on three encoded modulation states, -1,
Noand v F, which may be viewed as a combination of binary phase and binary amplitude modulation. The
intnitive maotivation for this is simple: The zero modulation state can bhe used to block spatial frequencies
which are not found, or are very weak, in the desired target pattern. This should have little deleterious
eftect on the desired corvelation. but any substantial input energy at these spatial frequencies must arise
from nen-targets, and blocking them should improve the signal-to-noise in the correlation pattern.

The MOSLM devices are prime candidates for implementing the ternary phase-amplitude filter (TPAF)
as they are veported [1] to possess a third state of mixed magnetization, intermediate to the two fully
magnetized states normally used, and easily accessed by the proper drive sequence. We believe this state,
with proper eptical system design, will furnish zero-modulation.

Ourinitial simulations have explored a strategy for chonsing TPAF elements to he blacked (set to zero)
based on the ratio of spatial power spectra of desired (target) and undesired (non-target) patterns; we call
it the “transform-ratio” method. Figure 1 shows the binary target and non-target patterns used in these

Figure 1: Target (a) and nontarget {b) binary patternsz

sinmlations, performed with 64-by-64 element resolution using FFT algorithms. Random background noise
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in varying amounts {not shown in Figure 1) was added to some input scenes and was considered as an
additional non-target (with an assumed “white” spatial frequency spectrum) in formulating filters. This
first series of simulations addressed only noise and non-target rejection but not the handling of target
distortions.

Filter formulation involved computing the Cosine-BPOF {10} for the targct pattern and then Zeroing
some elements based on the transform-ratio concept At each spatial frequency bin the target transform
energy was compared to both the non-target transform energy and the noise spectral energy for an assumed
level of background noise. If the target energy did not exceed both references by a certain ratio, the element
was geroed. This ratio and the assnmed noise-blocking level comprise two design paranieters of the filter.

The dizcrimination and signal-to-notse performance of these filters is plotted in Figure 2 ag a function
of input noise level. Binary background noize was added by comparing the output of a psuedo-random

[N Lo XM D NI ~ S - LS TR
. o R _ e
S R
:i‘ﬁ_\“&\ - ~ -
. T ‘\\;\ \
(48) \\\&;' .
M (JB) 0 ~ T
’ K I NN
. : ~.
) ¢
B O ST S U SR X GETE X S LK e
0o1se level noise level
Filter noige-
blocking lavel- 4 <P +

Figure 2: Plots of TPAF filter performance

nimber generator algorithm with an adjustable threshold and setting input samples when the threshold
was exceeded. The notse level indicates the fractional area of noise elements.

All (he data in Figure 2 correspond to one transform ratio, 1.21, which was determined fo yield good
discrimination in the absence of noise. Familtes are plotted for different choices of the noise-blocking
filter parameter. Discrimination and signal-to-noise vatios are hased on intensities of the properly located
cervelation peak and the highest peak lncated elsewhere, either on the non-target object (discrimination)
or in the backgronnd region {signal-to-noise} The ahsolute values of discrimination and signal-to-noise are
notso important, as they are subject to arbitrary choices of inputs and resolution. The trends definitely
indicate the superior performance of properly designed TPAF filters. Filters using a sufficiently large noise-
blacking paranteter perform better with large amounts of noize present in the inpnt. As an important point
of veference, the Cosine-BPOF for the target object provided 1.14 AB diserimination and 1.98 (B signal-
to-noise with an input noise level of 0.4, significantly inferior to tha hest TPAFR

These simulations indicate the potential for superior perfarmance of ternary smart filters. We are
extending onr designs to encompass target distortions and plan to implenient the filters experimentally

6. CONCLUSION

FExperimental vesults demonstrate that the binary vhase-anly correlation hiter implemented with magneto-
optic SLMs can serve as the basis for powerful real-time correlators applicable to near term civilian and
military pattern recognition problems. Discrete level smart filter formulations will enhance their applica-

bility.
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MOSLMs have many advantages for optical processing applications. They are commercially avail-
able with useful resolution and speed parameters and have demonstrated good performance implement-
ing BPOFs. They have intrinsic memory capability and a well-controlled modulating element respouse.
MOSLMs are also a prime candidate to implement ternary filters with improved smart filter performance.
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Real-Time Programmable Joint Transform Correlator with
a Threshold Hard-Clipping Microchannel Spatial Light Modulator

F.T.S. Yu, Q.W. Song
Electrical Engineering Department
The Pennsylvania State University, University Park, PA 16802

Y. Suzuki, M. Wu
Hamamatsu Photonics KK. Hamamatsu city, Japan

Abstract

A programmable real-time optical joint transform correlator that generates sharper
autocorrelation peaks is presented. In the system, a microchannel spatial light mod-
ulator (MSLM) is utilized as the threshold hard-clipping square-law device. A liquid
crystal television (LCTV) is used, with a microcomputer, to display input target and
reference image at the input plane. By using the feed-back loop, in principle, the system
would offer adaptive processing capability. A preliminary experimen.ai result is given.

I. Introduction
Because of the high processing speed and structrural simplicity, various schemes of
optical joint transform correlators have been proposed [1] for the application to pat-
tern recognition. Nevertheless, all of the existing techniques have a common drawback,
namely, that the correlation peak intensity is only a very small fraction of the illumi-
nation intensity. Whenever SNR is low. signal detection becomes increasingly difficult.
Using a phase only filter [2] can improve the correlation peak. However, a phase only
filter is difficult to realize in practice, with the current state-of-the-art electro-optic
devices. In this paper, we will introduce a real-time programmable joint transform
correlator utilizing the threshold hard-clipping property of a microchannel spatial light
modulator (MSLM) [3]. We will show that this technique is capable of producing
sharper and higher autocorrelation peaks than the conventional optical correlator. By
combining the advantages of the state-of-the-art electro-optic devices and flexibility of
a microcomputer, the system can be built as an adaptive, self-learning correlator.
1I. Background

A. Microchannel spatial light modulator

The MSLM is a reflective type electro-optic spatial light modulator. One unique
feature of the MSLM is that when the bias voltages are properly controlled, the device
can perform quite a number of optical operations in its internal mode processing.
Several applications of MSLM to optical information processing and computing have
been reported.
B. Joint transform correlator

The principle of the classical joint transform correlator (JTC) is well known. To
compare it with the proposed MSLM based system, we shall briefly discuss its operation
in a specific example. For simplicity, we suppose both the target and the reference
image at the input plane are binary type with square apertures of width w. The main
separation between them is assumed [. The amplitude transmitiance function of these
input objects can be expressed as

) + rect({;— )}rect(:j_). (1)

[CIES
leo 1

flr,y) [rect(rflru

Hluminating the input objects by a collimated coherent light, the power spectrum can
be recorded, at the back focal plane of a transform lens, on a square-law convertor.
In linear approximation, we would use a linear piecewise model to represent the T-E
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(transmittance versus exposure) curve, as shown in Fig.2 {on the next page). Thus the
recorded amplitude transmittance can be approximated by

| si .
t=1- -7 sin(rwy) 'sm(ww#)cos(nlu)]z. (2)
w %4 Y

The corresponding autocorrelation functions at the output plane would be

1 | T+
s A A(—) + A(—
Jlayy) = — A0 A

Loy

- A =1,

L) (3)
where A is the illumination amplitude, and A denotes a triangular function defined as

A7) e
w 0. otherwise.

In view of Eq.(3), the intensity of the correlation peaks is about A?/16w?*). We
shall, in the following, discribe a programmable threshold hard-clipping JTC using a
microchannel spatial light modulator (MSLM) to improve correlation peaks.

I11. Basic principle
The schematic diagram of the microcomputer based JTC is shown in Fig.1.

LCTY L, Ly L, PHS L, Py, CCD Camera
— N .
1 < MSLM
!
\ r Cuntioller
Interface | Computer lnterface 11 NMonltor

h

TV Camera

Fig.1 The schematic of a programmable optical joint transform correlator.

The liquid crystal plate of a LCTV is used to display a real-time target and a reference
image, at the input plane of an optical processor. The working principle of the LCTV
as an optical clement is described elsewhere /4], The major advantage of using LCTV
must he that it can be addressed by a microcomputer, for the generation of various
reference images. We shall use the MSLA as a threshold Yard-clipping device. The
output light field is detected by a CCD camera. This detected electrical signal can be
sent to a TV monitor for observation. or fed back 1o the microcomputer for further
instruction. Thus an adaptive hybrid electro-optic correlator mav be constructed.

Let's assume that the target and reference image be identical. The light intensity
distribution at the input window of the MSLA would be

[(vo) [”(.wng:in'u) fz,n,(j”,l,’u-)(()s(ﬂ{l/);x~ (4)
/7 ﬂu
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Notice that, the grid structure of the LCTV, which is beyond the resciution limit
of the MSLLM, is omitted. To obtain a binarized power spectral distribution for joint
transform correlation, the bias voltages of the MSLM are adjusted such that those
values above the threshold level will be responded. This hard-clipping property of the
MSLM converts the input irradiance I(v, ) into a series of binary phase distribution,
between the X and the Y components of the read-out light, as depicted by Fig. 3.

r r
Original T-E curve _MLM[[_‘ l
,_ : £

| L/

y \\ linear approximation

<]

«

&

=

£ N
]

=

&

Exposure E
Fig.2 Linear approximation for T-f curve Fig.3 Threshold hard-clipping (from

intensity to phase output.)

By binarizing the central lobe of Eq.(4) using the half power criterion, the output phase
function can be obtained with first order approximation, as given by

v n
TAKICE

(e}

v u ~
I' = mrect{ 1 w)rect( 1/u,)2‘red(

— OO
where ® denotes the convolution operation. After passing through the polarizing beam
splitter (PBS), and transformed by lens 4, the output autocorrelation functions can

shown as

A sinln(z - l)/w]  sin|

E= {7 —1 +

™ m(x —1)

m(z 4 )/w], sin(ry/w)
m(z + 1) } Ty ' (6)

From this equation, we see that the correlation peak intensity of the proposed system
ts A%/m?w*, which is about 1.62 times higher than the conventional one. Moreover, if
the bias voltages can be controlled, such that the threshold hard-clipping takes place
at a lower intensity level to include the whole main lobe of Eq.(4), as shown in Fig.3,
the corresponding output correlation functions can be rewritten as

A sinl2n(z - 1)/w]  sin2n(z + 1) /w], stn(27y/w) ,
Ey = --{——* /7 — T N Y i
! 7r{ m(z — 1) t m(x + 1) } Ty 7

The peak intensity of this function is 16/72w?* (i.e., 26 times higher than the conven-
tional classical JTC). In addition, the width of the correlation intensity {i.e.. firsi zero
crossing) is reduced to about one half of that of the conventinna! JTC. For demonstra-
tion, the curves 1,2,3 in Fig.4 show computed normalized correlation intensity distribu-
tions for both the conventional and the proposed hard-clipping JTC, as applied to half
of the main lobe, the whole main lobe of Eq.(4), respectively. These plots illustrate
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ideal hard-clipping offers better correlation peak than the conventional JTC, under the
same coherent read-out and noisele ss condition.
IV. Experimental demonstration
Filgure 5(a) shows a input target and a reference image displaed on the LCTV.
The enlarged output irradiance obtained with this technique is shown in Fig.5(b).

0 lﬁ—wl— 2—\[—
z ] R
3 . s -
§ Q IO-I_ s g i , A
B ] K 3 (a) Input and reterence images
'g. h P 'g ‘—:_ /3 (on LCTV).
é 0.05—< é ]
z ] z 2
- _{ _(
0.00 — 0 — (b) A I N ( ) d)
-2 0 2 .2 0 2 utocorrelation (enlarged).
X X
Fig.4 Simulated correlation peaks (normalized). Fig.5 Experiment Demonstration

From the result. two distinct autocorrelation peaks can readily bhe seen. The globel
zero-order diffraction is mainly due to the unevenness of the E-O crystal plate within
the MSLM. The ratio of the output correlation intensity to illumination intensity.
Ipeak/In, is about 1,11, This result corresponds to threshold hard-clipping at the half
power level of the main lobe of £q.{(6). This experimental result has not achieved the
optimum condition. which is primarily due to the threshold hard-clipping property
and the noise behavior of the MSLM. However, the demonstration shows that the
technique has certain merit as compare with a conventional JTC. namely shaper and
nigher corretation peaks.
IV. Concluding Remarks

We have presented a joint transform correlation system utilizing the threshold
hard-clipping property of the MSLM. This JTC can produce sharper and higher corre-
lation peaks than the convetional techniques. By combining the flexibility of the misro-
computer and the high speed operation of the optical processor. the system would offer
the advantages of real-time programmable processing capability. for which an adaptive
smart correlator can be developed.

We acknowledge the support of the US Air Force. Rome Air Development Center.
Hanscrom Air Force Base, Mass.. under contract F19628  R7 (' Q0%6
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Bipolar Joint Transform Image Correlator, B. Javidi, C. J. Kuo, and S. F.
Odeh, Michigan State University, Department of Electrical Engineering,
East Lansing, Michigan 48824

ABSTRACT

Recently, we have introduced a bipciar joint transform image correlator” with substan-
tially superior performance compared to the classical optical correlator. The bipolar image
correlator uses nonlinearity at the Fourier plane to binarize the Fourier transforms’ interfer-
ence intensity to only two values, 1 and -1. The performance of the bipolar optical correlator
has been compared to the classical optical correlator in the areas of light efficiency, correla-
tion peak to sidelobe ratio, autocorrelation bandwidth, and cross-correlation sensitivity. The
correlation signals obtained by the conventional technique suffer from low light efficiency,
large correlation sidelobes, large autocorrelation bandwidth, and low discrimination ability. It
was shown that compared to the classical correlator, the bipolar joint transform correlator pro-
vides significantly higher peak intensity, larger peak to sidelobe ratio, narrower autocorrelation
bandwidth, and better cross-correlation sensitivity. The bipolar joint transform correlator pro-
duces delta function-like autocorrelation signals, and much narrower and smaller zero order
term on the optical axis. Since the autocorrelation functions have delta function features,
larger reference images can be used and the restrictions on the locations of the images and
their autocorrelation bandwidth, which exists for the classical joint Fourier transform correla-

tor, is eliminated.

In this paper, we present a theoretical investigation of the bipolar joint transform image
correlator. Analytical expressions for the output correlation signals of the bipolar joint
transform image correlator will be developed. Computer simulations will be used to test the
developed analytical expressions of the bipolar correlator. We shall also investigate the per-
formance of the bipolar joint transform correlator when multiple reference objects are stored
at the input plane and multiple targets are present at the input scene. Computer simulation of
the bipolar correlator is used to study the performance of the systein and the results will be
compared 1o the classical joint transform image correlator. We show that the performance of
the bipolar correlator is substantially superior to the classical correlator when single or multi-

ple objects are present at the input scene. The bipolar correlator can provide a much higher

* B. Javidi and C.J. Kuo, Appl. Opt. Vol.27, No. 4, Feb. 15 (1988).
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autocorrelation peak intensity, smaller autocorrelation sidelobes, better discrimination sensi
tivity, and narrower DC term. On the other hand, the classical joint transform correlator pro-
duces low intensity correlation signals with large sidelobes, wide bandwidth and large DC
term.

The bipolar joint transform image correlator using an electrically addressed binary SIL.M
at the Fourier plane is shown in Fig. 1. Plane P, is the input plane that contains the multiple
reference signals and the multiple input signals displayed on SLM,. The incoherent images
enter the input SLM and are converted to coherent images. Either optically addressed SLM’s
or electrically addressed SLM’s can be used at the input plane. The images are then Fourier
transformed by lens FTL; and the interfence between the Fourier transforms is produced at
plane P,. The intensity of the Fourier transforms’ interference is obtained by a CCD array
located at plane P, and is binarized using a thresholding network. An electrically addressed
SLM operating in the binary mode is located at plane P; to read-out the binarized intensity of
the Fourier transforms’ interference provided by the thresholdi g network. The correlation
functions can be produced at plane P, by taking the inverse Fourier transform of the thres-

holded interference intensity distribution at plane Ps.

A numerical analysis of the bipolar optical correlator is provided to study the perfor-
mance of the system when multiple reference signals and multiple input signals are present at
the input plane. The correlation tests are performed for four different orientations of the capi-
tal letter F used as reference signals. The input scene will contain one or more of these char-
acters. The correlation tests are performed for two cases: the classical joint transform image
correlator and thc bipolar joint transform correlator. The correlation signals when the input
character F with 30° orientation is used are shown in Fig. 2. Figure 2(a) shows the input sig-
nal and the reference signals, Fig. 2(b) shows the correlation result for the classical joint
transform correlator when the Fourier transforms’ interference intensity is not binarized, and
Fig. 2(c) shows the correlation result for the bipolar optical correlator when the interference
intensity is binarized. It is evident from this figure that the correlation signals ccr nonding

to the thresholded interference intensity are substantially superior.
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Figure 1. Bipolar joint transform image correlator using an electrically I°1'l.; Fourier Transform lens

addressed binary SL.M at the Fourier plaen.
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(a)

Autocorrelation signais

Autocorretauon signals

(b)

()

Figure 2. Correlation results when the character F with orientation of 30° is used as the input signal.
(a) The input signal and the reference signals.

(b) Correlation results obtained by the classical joint transform correlator,

(¢) Correlation results obtained by the bipolar joint transform correlator.
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GENERATING TANDEM COMPONENT CORRELATION FILTERS
FOR PROGRAMMABLE SPATIAL LIGHT MODULATORS

Stanley E. Monroe, Jr.
Lockheed/EMSCO
2400 NASA Road 1
Houston, Texas 77058

INTRODUCTION

Bartelt and Horner [1,2,3] have described an iterative procedure fou
constructing Tandem Component (TC) filters, which are a series of phase-only,
passive elements distributed through an optical system. 0Of the several
applications considered, the one of interest to this author is that of
optical correlators. Since the elements do not affect the amplitude of the
optical beam (ie, there is no absorption), the optical efficiency of these
systems is higher than systems using conventional matched filters. By using
more than one element, more than one degree of freedom can be influenced and
an iterative technique can be used to force a desired response in the
correlation plane for a given input.

Consider the architecture of the basic 4-f correlator shown in figure 1. An
input signal incident from the left is filtered by the first element of the

TC filter, F1, before it is transformed by the lens, Ll1. The second element
of this TC pair, F2, lies in the Fourier plane. The filtered signal is then

M

| ‘ B
U lU "'v U

| l |
S e

F1 L1 F2 L2 D

Figure 1. Placement of the elements of a simple tandem component filter in a
4-f correlator, after Bartelt [1].

retransformed by the second lens, L2, and the correlator output is detected
by a CCD imager, D.

The basic algorithm to generate the elements of this implementation of the TC
filters is summarized below:

1) Start «ith an arbitrary filter F1.

2) Calculate the Fourier transform of the product of the first filte:

element, F1, and the reference input image, I, F{Flij'lij}'
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3) The expression calculated in step 2) is the signal which will be incident
on F2. The desired functional form of the product of filter F2 and the
signal is a plane wave (ie, the function which will yroduc. a §-function in
the correlation plane). Thus, the function F2 can be calculated from

(1+0-3)
F2 = ————
F{F1-1)

4) A further constraint is that the function F2 should be the matched filter
of the input product F1-I,

F2 - [P{F1-T1}}"
or, solving for F1,

Flr2"y
F1 -
1

5) Calculate the correlation resulting from this pair of filters and repeat
from step 2) as required.

PHASE INPUT, PHASE-ONLY FILTER

The TC filters discussed by Bartelt and Horner were constructed for input
images which were amplitude modulated and then processed with two phase-only
filtering elements. Consider a system in which the input image is phase
rather than amplitude modulated: the product of the image and the first
filter can nov be realized by simply adding the filiter to the image, pixel by
pixel, before the input phase modulation.

Figure 2. 2a) is the original input image and b) is the shifted image.

A TC filter was calculated for the input image shown in figure 2a, which is a
frame-grabbed video image of a model spacecraft. Table 1 contains the
computer simulated correlation results obtained from TC filters constructed
with one to four iterations of the above algorithm. The units of the
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correlation intensity are relative to an input intensity of 1 at each input
pixel. The <correlation peak 1is seen to vrise rapidly for the first twvo
filters, and more slowly for the rest. The next column shows the value of
the second highest peak in the correlation plane, which decreases with filter
iteration.

-
NUMBER CORRELATION OUTPUT
OF
ITERAT. IMAGE INPUT NULL INPUT DYNAMIC
USED RANGE
IN FIRST |SECOND FIRST |SECOND
FILTER MAX MAX MAX MAX (Db)
1 6478 25.0 2069 | 25.2 5.C
2 14365 1.9 9876 25.6 1.6
3 15532 0.6 11054 | 21.2 1.5
4 15855 0.4 11423 18.8 1.4
! I
Table 1. Correlator results of tandem component filters

calculated for the input image shown in figure 2a.

Because the total light intensity in the input image is always the same for
phase-encoded input systems, large background offsets are usually predicted
in the correlation plane. For this reason, null images (complex input image
pixel wvalues all equal to [1,0]) were input to the correlator as a check of
the system’s dynamic range (10-log{[max response]/[null image responsel}).
The correlation results (columns 4 & 5) and the dynamic range (column 6) are
shown in table 1.

The correlation intensity output of the second tandem component filter is a
little over an order of magnitude greater than a continuous phase-only
tilter. The gains in intensity of further iterations would not seem to be
justified by the corresponding loss of dynamic range. Thus, the second TC
filter pair was used in the correlation simulations below.

TRANSLATION INVARIANCE

“ince part of the filter is incorporated into the input image, the TC filter:
i« space-variant. If, howvever, the input plane filter is moved with an
object, translation invariance should be maintained. The use of electrically
addressable SLM easily accommodates the shifting of the first filter before
it is combined with the input image.

To illustrate this point, the input image was shifted (using the computer) 16
pivels to the right (figure 2b) and the correlation was calculated using the
TC filters constructed from the original image. The peak value in the
cerieiaticon plane dropped to 8885, or 2.1 dB (Note that the correlation
iirenzity for the offset image is less than that for the null input image).

The tirst filter element, Fl., was then shifted to the right one pixel at a
tine  and  the correlation recalculated. 0f course, the second filter
component, F2, was noi shifted. The results are shown in figure 3. As

expected, when F1 is shitred 16 pixels to the right, a value close to the
original correlation is again obtained.
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CONCLUSTONS

The higher optical output intensity provided by the tandem component filter
may be applicable to a phase-encoded, phase tiltered coirelation =system. The
lack ot =«patial invariance can be overcome by using a simple shift of the
first of the tilter pair.
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OPTICAL CORRELATION WITH

A CROSS-COUPLED SPATIAL LIGHT MODULATOR

Richard D. Juday
NASA Johnson Space Center
Tracking and Communications Division
Houston, Texas 77089

ABSTRACT

In correlation filtering a spatial light modulator (SLM) is
usually modeled as affecting only the phase or only the amplitude
of light. Usually it is a one-parameter combination of phase and
amplitude that correctly describes the action. We develop an
integral equation as a necessary condition that includes the
phase and amplitude cross-coupling while optimizing a correlation
filter. The phase-only filter is shown as a special case. A
technique for solving the integral equation is outlined for a
phase-mostly SIM.

INTRODUCTION

There are programmable continuously variable spatial light
modulators (SLMs) that are driven by a single parameter (voltage
or charge in electrically addressed SLMs, intensity in light-
addressed SIMs). Hughes' liquid crystal light valve (LCLV) is an
example of the light-acdressed variety, Texas Instruments'
deformable mirror device (DMD) is an electrically-addressed SIM.
An SIM affects both phase and amplitude to varying degree. The
cross-coupling between phase and amplitude may be adjusted during
the manufacture of the device, or in the details of how it is
inserted into the stream of the correlation. But given that the
SIM is controlled through a single parameter, one cannot achieve
any arbitrary combination of phase and amplitude. Once an SLM is
installed in a correlator, the cross-coupling is not usually
adjustable, and there is never pixel-by-pixel independence of the
cross-coupling. Most previous work in simulating correlations
has not included an SLM's cross-coupling between phase and
amplitude, and none known to this author has explicitly included
the cross-coupling while optimizing the filter. 1In this paper we
develop the formulation for explicit inclusion of the (presumed
known) cross-coupling while creating an optimum correlation
filter. The results are dependent on the cross-coupling, whose
modeling can be varied to seek an optimum combination of cross-
coupling and filter signal for the cases in which the cross-
coupling can be adjusted.
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FORMUIATION OF THE SOLUTION

Suppose we wish to filter a signal to recognize the presence
of a reference pattern x(t) whose transform is X(w)

x(t) --> X(W) = A(W) eJo (W)
by using a SLM constrained to the values
H(w) = f[s(w)] elI[S(W)]

in which s(w) 1is the control value for the filter at frequency
w , and f(s) and g(s) are respectively the modulator's
resulting amplitude and phase. The problem is to determine the
scalar function s(w) for the filtering, if given A(W) , ¢(w) ,
and the functionals f(+) and g(+*) . The filtered signal
presents the field Eg at the correlation plane.

o0

Eq(t) = J eIWE aAqw) &IP(W) frs(w)] eJIISW)] 4y

-0

Signal Eg 1is intensity-detected. Among many other
possibilities, we take the criterion for choice of s(w) that it
shall maximize the central intensity, I, .

We can develop necessary conditions for s(w) by varilational
calculus. A necessary condition for maximum central intensity is
that the variation in I, be zero. Since the correlation plane
detection is insensitive to phase, we can permit E; to vary in
phase.

For any value of the SIM control value s
value of the expression

, there is a real
g(s) + Arg { [Df(s) + J £(s) Og(s)] } =: a(s)
® s o s

which we shall call the ancillary phase of the SIM. The
ancillary phase is the analogue of the phase produced in a phase-
only SIM, including additionally the amplitude variation of the
cross-coupled SIM as it affects the correlation process. As
earlier, a practical SIM will have an invertible ancillary phase

(within modulo 27m). We denote the inverse of a(+) by p(-)
For a stationary value of E; , then, a necessary condition
is that

d(w) + a(s(w)] = ©
and the constant, € , is converted to the control signal by

s(W) =p [ 6 - ¢(w) ]
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Further, though, the constant must satisfy the integral equation
now shown with its full frequency dependence:

[+ o]

J A(W) eJ (@ (wW)+g{p[6-09 (W) ]}] f{p[6-¢(w)]) dw = 1 D 0
J

a0

where the only condition on D is that it be real. This is the
integral equation to be solved for the constant 6 to produce
the optimum correlation with the pattern whose transform is

A(w) exp [J o(W)].

RELATIONSHIP TO THE PHASE-ONLY FILTER

We can easily particularize this result for the POF by
letting £ = 1.

Arg ( [Of(s) + J £(s) dg(s)) } = m/2
> s S s
inasmuch as f(-) and g{(*) are real. Continuing,
¢ + g(s) + n/2 = 6
g(s) = 6 -¢ - m/2

[+ ¢}
Lo}

00
Eg = 1 e3° JAdw
j
00

and we identify D with the integral of the amplitude, a real
quantity as required. The integral equation is satisfied by any
value of 6 , a well-known result. The POF cancels the phase of
the transformed reference image if that image occurs, centered,
in the input plane. Any value for © will d», since adding a
constant phase at the filtering plane has no effect on the
intensity-detected correlation. Note also that the amplitude of
the reference image's spectrum dues not enter the formulation for
the POF, consistent with the POF's inability to alter amplitude.
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A distinction between the optimum filter realized in a
coupled SIM and in a phase-only SLM is apparent in the integral
equation for the coupled SIM. In the coupled SIM the amplitude
spectrum of the reference image's transform enters explicitly.
If the phase of the coupled filter is changed by a uniform
amount, the correlation strength can be affected. Such is not
the case for the phase-only filter.

DISCUSSION

Though not carried through to completion here, the
optimization of the constrained filter in the presence of noise
would be done by considering the relative spectral dependences of
noise and signal, with the soclution of s chosen to give a large
value of f[s{w)] where signal amplitude is relatively large
compared with noise, and conversely. In further work we will
carry noise considerations further.

We explicitly assumed knowledge of the amplitude response
f(s) and the phase response g(s) as functions of the control
signal s . We require those functions' derivatives as well.

(As a result this method does not readily extend to binary SIMs.)
Knowing a function to high accuracy, though, does not guarantee
knowledge of its derivative to equivalent accuracy. Direct
measurement of the derivatives, as opposed to inference from the
form of the functions themselves, is a difficult task. No SIM is
known to the author to have been so completely characterized. 1If
an optimum control value can be determined for a set of arbitrary
reference signals, it may be possible to infer the derivatives by
beginning with the direct measurements of f(s) and g(s)

Thus this method could become a tool in the characterization of
SLMs.

CONCLUSIONS

We have developed the necessary condition for one criterion
of optimizing an optical correlation filter realized with a one-
parameter coupled phase and amplitude SLM filter. The optimum
filter explicitly involves the amplitude spectrum of the pattern
to be recognized. Details of the solution vary strongly with the
form of the coupling. The phase-only filter is a special case.
We have outlined an iterative solution for the filter, and we
have indicated areas for further research on coupled filters
optimized for sighal-to-noise performance.
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IMAGE CORRELATION USING A DEFORMABLE MIRROR DEVICE
AS A PROGRAMMABLE FOURIER PLANE FILTER

James M. Florence
Texas Instruments Incorporated
Central Research Laboratories
Dallas, Texas 75265

SUMMARY

The deformable mirror device (DMD) 1light modulator 1is a
monolithic silicon integrated device that operates by the
electro-static deflection of miniature mirror elements.l! There
are a variety of different mirror element structures and array
sizes currently under development for different light modulating
applications. For optical image processing applications, a
pixel structure capable of phase modulation is of particular
interest. A phase modulator can be used in the Fourier plane of
a coherent optical system to implement phase-flattening filters
for image correlation or other operations where manipulation of
Fourier transform phase is required.

An example of a phase modulating DMD structure 1is the
inverted cloverleaf mirror element shown in Fig. 1. The active
portion of this element consists of four cantilever hinged
leaflets that lie above an electrically addressable electrode

integrated intc the silicon substrate. Spacer material below
the leaflets 1is removed leaving an airgap between the mirror
leaflets and the electrode. When charge 1is placed on the

electrode, the mirror leaflets deflect downward imparting a
phase change to reflected light due to increased optical path
length. This type of DMD element is currently being built in a
128 by 128 array that is addressable at frame rates as high as
180 Hz. The center to center mirror element spacing in this
array is 50.8 ym making the entire array 6.5 mm square.

If the DMD array 1is placed in the Fourier plane of an
optical processing system, the output will consist of a large
number of output images, one for each diffraction order of the
device. Assuming that the appropriate space-bandwidth-product
constraints are imposed on the input to this optical processor,
the (M,N)th output image will correspond to the input convolved
with the effective impulse response for the (M,N)th diffraction
order. In order to determine this effective impulse response,
one must first determine the amplitude and phase response for a
single DMD element as a function of the leaflet deflection in
that diffraction order.

The DMD element response for a large number of different
diffraction orders has been analyzed and verified
experimentally.?2 It was found that phase modulation is found in
all of the diffraction orders. However, the range of modulation
is limited 1in the on-axis or 0,0 order due to the large
percentage of non-active background associated with each DMD
element. The effect of the background diminishes rapidly in the
off-axis orders resulting in phase modulation over a full 2n
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radians with easily attainable deflections of the mirror
leaflets. The phase changes imparted by the leaflet deflections
are, in all orders, coupled with amplitude changes. But,
certain orders were found to exhibit strong phase changes in
deflection ranges where amplitude changes were essenti‘ally flat.
An example of these quasi-phase-only operating characteristics
is the pixel response for the 7,4 diffraction order shown in
Fig. 2. This figure shows the amplitude and phase responses as
functions of the deflection at the innermost tips of the mirror
leaflets. Note that in the deflection range between 0.4 and 1.0
wavelengths the phase changes by almost a full 2n radians while
the amplitude varies by less than *15%.

The existence of a quasi-phase-only operating mode of the
device 1indicated the potential for implementation of image
correlations with the DMD used as a programmable phase-only
filter. To demonstrate this capability a correlator system was
implemented with the DMD in the Fourier plane. The 1input to
this system was a photographic transparency consisting of
typewritten text. The DMD was operated in a binary mode between
two deflection points with the same amplitude response but a

phase difference of 2 radians. Deflection patterns were
generated to produce binary phase-only correlation filters
matched to characters in the 1input text transparency. The

photographs shown in Fig. 3 show the impulse response of the DMD
phase-only filter matched to the lower case letter "t" and a
computer simulation of this type of filter. The close match
between these impulse responses demonstrates very good agreement
between the theoretical and experimental operation of the
device. Image correlations were implemented with the DMD filter
on a portion of the input transparency containing the words "to
the". The optical correlation and a computer simulation of this
operaticn are shown in Fig. 4. Again, the excellent agreement
between these two images indicate the close match between theory
and practice with the DMD filters.

The DMD 1light modulator has been ..o2wn to be very well
suited for the implementation of phase modulating image
correlation filters. The high frame rate capabilities and the

simplicity of the electronic addressing 1indicate that this
device can serve as the basis for an extremely powerful pattern
recognition system.
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a) DMD Filter b) Computer Simulation

Fig. 3. Comparison of DMD filter impulse reponse with a computer simulation.

Fig. 4.

a) Optical Correlation

b) Computer Simulation

Comparison of opticel .mage correlation using DMD filter with a computer
simulation
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OPTICAL IMPLEMENTATION OF ASSOCIATION AND LEARNING
BASED ON PRIMO/LIGHT VALVE DEVICES

U. Efron and Y. Owechko
Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, California 90265

Abstract

An ou er-product associative memory System is proposed which optically implements
the learning of the association weights as well as the execution of the association
operation. The simplest implementation is based on the concept of the correlation matrix
associative memory. The system is based on the use of two 1-D PRIMO SLM layers as the
input modulator, coupled with a liquid crystal light valve which represents the Tj matrix. The
system can learn the relative importance of the input vectors by self-adjusting the weights of

the T;; elements. The learning as well as the association with a given input are performed
optically.

Introduction

The effort proposed here is aimed at demonstrating the use of existing optical and
electrooptical components in implementing adaptive neural network systems. Specifically,
we propose a system which implements the outer product model(1.2) ¢f auto- or hetero-
association. Both learning and association operation can be executed using this system
which is based on the use of 1-D striped-electrode fast input modulators (based on the

PRIMO technology(3)) coupled with 2 time iniegrating photoactivated liquid crystal light
valve.

The purpose of this concept is (1) to demonstrate the potential of adaptive optical
systems for use as efficient parallel-addressed neural net systems, and (2) to study their
capabilities and evaluate the ultimate performance expected in these implementations.
The system is essentially based on three electrooptic components (Figure 1): (a) two 1-D
PLZT modulators, (b) a liquid crystal light vaive, and (c) a 1-D imaging detector. Linear
array detectors are basically available as off-the-shelf items. As for the 1-D PLZT
modulators, such devices have been under development for an optical computing PRIMO
system.(3) Operation of a 64-element modulator at ~1 uSec response time was recently
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demonstrated. For the integrating, photoactivated liquid crystal light valve either the CdS(4)
or the silicon-based devices(3) can be used.

r re_an eration _of the PRIMOQ!/ vV B Neural Ne m

The main approach is shown in Figure 1. The system consists of two 1-D
modulators (MOD1, MODZ2) which will be based at this point on PLZT technology. These
two layers will be used to construct the interconnect matrix, Tjj. Each of the 1-D modulators

consists of striped-electrode patterns on PLZT. The two layers are oriented so that their

(m)
electrodes are crossed. Thus by modulating one with a set of m vectors U, and the other

(m)
with a set of m vectors V,  supplied by the microprocessor, one optically forms the Tj;

matrix as an outer-product(6.3) where:

(m) (m)

T, = ;ul 2

The vector elements are assumed to be £1. The vectors U(lm) and V(lm) will be
supplied at a relatively fast rate (=10 uSec/vector) by the PLZT modulators. Since the
LCLV has a response time of =10 msec, one will be able to integrate up to a few hundred
outer products or vectors in this LCLV-based T matrix. Bipolar analog Tjj values can be
represented in PRIMO using temporal or spatial multiplexing.(3) Having completed the

learning phase, the liquid crystal will be modulated with the Tjj information for a duration of
= 10 msec. During this pericd one can proceed with the interrogation or the association

(o)
operation. A third 1-D PLZT layer (MOD3; will then input the vector V  to be associated.

This 1-D vector, whose components are spread in the vertical dimension, will be optically
multiplied by the Tj (LCLV) matrix by illuminating the MOD3 modulator using the polarizing

beam splitter as shown. Thus in each line, i, of the Tj matrix the columns (running j) are
(o)
multiplied by the (same) Vl information. By using a cylindrical lens at the output of the

beam splitter, as shown, we effectively sum:

for each i-line. Thus each of the i-pixels formed will correspond to the desired ith
A
component V of the matrix-vector product to be compared against a threshold level
according to the outer-product model. This operation will be carried out by detecting the
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resultant vector f/i using the linear detector and an electronic thresholder controlled by the

A
microprocessor. To complete the association, the thresholded V  is fed back into MOD3
A
and the matrix vector multiplication operation is repeated. The resultant sequence of V.

1), sz) ...an)) will be tested for convergence which, once reached, will yield the closest

A (O) . .
association with the interrogating input vector, V. . One type of learning that this system

can perform is a statistical learning as suggested by Anderson.(1) He showed that for a

neuron system coupled in an auto association scheme the muitiplication of the weight
A o) )
matrix Wj; by the interrogating vector V. will result in the output vector being one of the

(v

stable state, with a weight which is proportional to the frequency in which this vector
appeared during the learning phase.

The system can therefore learn to enhance common features which appear in
different patterns during the teaching (learning) phase. Thus when a vector appearing
during the interrogation phase has a feature which had appeared as a vector with a high
frequency of repetition during the learning phase, the output of the system will tend to be
that particular feature. The statistical learning capability is strictly true only for orthonormal
state vectors. We do expect, however, that the enhancement of the T;; weights assocciated
with this effect will also occur to some extent for non-orthonormal vectors. It should be
emphasized, however, that even without this interesting feature, the proposed system offers
adaptive learning in the sense of learning the weights corresponding to the association of
vectors U;,Vj -- in other words, a modifiable-weight Tj; matrix.

Another interesting subject to be studied under this program is the possibility of using
the vectors Q/lobtained during the association {interrogation) phase as inputs for a new,
moaified Tjj. This opens up the possibility of demonstrating a system that would adapt itself
to new state vectors (environment). this can be implemented if the interrogating vectors
(which are input to MOD3 of Figure 1) are made to represent external vectors supplied by
the environment which we wish to learn and recognize.

Finally, we wish to point out that an electro-optical implementation of the Hopfield-
Anderson model was previously demonstrated.(7) The use of acoustooptic cells in
conjunction with a 2-D spatial light moduiator for similar implementation was recently
suggested.(8)
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MULTIPLE QUANTUM WELL SPATIAL LIGHT MODULATORS:
DESIGN CONSIDERATIONS

T. Y. Hsu, U. Efron, W. Y. Wu, and J. N. Schulman

Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, California 90265

ABSTRACT

The optimization of an MQW modulator for both phase and amplitude modulation is
reported,along with preliminary structural design for a photoactivated MQW spatial
light modulator.

Optimization of the MQW Modulator

The use of the multiple quantum well for spatial light modulators has rapidly
progressed during the past few years.(1-4) The main advantage of this modulator is its
fast response and high electrooptic coefficient. However, the MQW modulator is a
narrow band device as its operation is based mainly on the excitonic effect resulting
from the sharp and narrow exciton abscrption peaks. It is neveriheless possible to
design a MQW modulator to operate at aimost any desired preselected wavelength by
the suitable selection of the semiconductor material systems and the thickness of
individual MQW layers, especially the well thickness. The strength of the exciton
absorption peak in a narrow well is larger and less sensitive to electric fields than that
of a wide-well structure. However, the shift of the absorption peak in the narrow well is
also less sensitive to the applied field than that of the wide well. For an efficient
modulator, a low applied voltage and high transmission are desirable. Thus, in view of
the trade-off between the strength of absorption and the field sensitivity, we expect to
have an optimum well thickness which will provide a compromise between these two
factors. Shown in Table | are the results of experimental and theoretical calculation
on MQW amplitude modulators of various well thicknesses: an on/off ratio of 100:1 is
assumed. The resuits show that they all give acceptable performance, while the well

thickness of = 70 A shows the best overall performance.

The utilization of electrorefraction in MQW phase modulation is a more complicated
matter. The electrorefraction is related to the electroabsorption by the Kramers—
Kronig analysis. The maximum refractive index modulation occurs at the energy level
just below the zero applied field exciton absorption peak. As the applied field
increases the exciton absorption is broadened, and the peak is reduced in height and
shifted toward longer wavelengths. Therefore, if the probing laser wavelength is
selected at the maximum refraction index modulation, the associated amplitude
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Tablel. Theoretical and Experimental Results on Amplitude Modulation of the MQW

SLM.
WELL/BARRIER | 50/50] 60/60 | 70/70 [80/80[ 90/90 94/94
WIDTH
(A)
THEORY| EXPRMT®
PARAMETER
E(10° V/cm) 1 1 1 1 0.5 1 0.5 0.5
t (um) 29 | 37 4.6 71 |6.82| 108) 9.2 11.2
V (volts) 29 | 37 46 71 |34.1] 108 46 56
T (%) 17.6 | 29.5 525 |58.7 ;153 | 583| 63 | 35
otmin(cm1) 6000 | 3300 | 1400 | 750 [2750| 500 | 3000 | 3000
Aa {cm) 16000| 12500 | 10000 |6500 |6750| 4250| 5000 | 4100™

Assumptions: (1) Contrast ratio = 100:1, (2) FWHM of exciton peak = 5.2 meV

* Extrapolated from data of 4 um sample (Ref. 4).
** Possibly due to layer thickness nonuniformity and nonuniform applied field.

modulation and high absorption are unavoidable. The utilization of pure
electrorefraction for a 2-D SLM may therefore become unrealistic due to the long
optical path required in order to obtain a significant phase modulation. However, in
applications where the low optical transmission is tolerable, a binary phase
modulation can be achieved in a MQW modulator with a negligible amplitude
modulation while maintaining a maximum refractive index modulation. As shown in

Figure 1, a refractive index change, An = 0.05, may be obtained from a MQW
modulator with 94 A well thickness at A = 0.853 um as the applied electric field
varies between 0 and 0.5 x 105 V/cm'!. A half wavelength phase modulation may be

obtained in an optical path of =8 um (4) (4 um for reflective mode), which is feasible
with MBE technology. The transmission of this modulator is < 0.2%. A larger

refractive modulation may be obtained using an MQW structure with a narrow well. As
shown in Figure 2, at a well thickness of 50 A a refractive index change of An = 0.14

is obtained, with a negligible absorption loss changat A =0.821 um, if the applied electric
field is switched between 0 and 1 x 105 V/cm-1. A half wavelength phase

modulation may be obtained at the optical path of = 3 um, however, the optical
transmission of this modulator is still very low (= 2%).

Photoactivated SLM Design
We have developed preliminary concepts for MQW-based spatial l:ght modulators.

These are based on both hybrid and monolithic approaches for the coupling of the
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driver to the MQW modulator. The hybrid approach shown in Figure 3 is based on a
GaAs substrate which is depleted by means of a metallic array of Schottky islands (e.g.
tungsten) deposited and etched on its output side. Coupling to the MQW modulator is
achieved via indium bumps contacting the corresponding metal pads on the modulator
input side. Assuming a full depletion of the GaAs structure by back-biasing of the
Schottky diode array, the photoconversion of the input image into a current pattern
results in a proportional spatial voltage drop across the MQW modulator and
consequently to a spatial modulation of the readout beam via electroabsorption. The
monolithic approach to a photoactivated SLM is shown in Figure 4. The metallic
mirror is replaced by the growth of a submicron wire grid structure over which the
MQW modulator structure can be epitaxially grown. This solution allows monolithic
integration of the GaAs driver to the MQW structure without the need for fabricating two
separate structures. Epitaxial growth of GaAs over a submicron tungsten wire grid has
been demonstrated by a group at MIT/Lincoln Laboratories.(6) The submicron wire grid
structure {which is routinely produced in the Research Laboratories in periods of

d = 0.25 um(7)) serves both as the Schottky contact and as a mirror reflecting a
polarized light oriented parallel to the grid lines.
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