Ey v A |
AN S N S RS : O OAFCGHR - TR- 85-1290

SC5502.FR ]

Copy No. 4

STUDIES OF OPTICAL MATRIX
MULTIPLICATION AND RECONFIGURABLE
OPTICAL INTERCONNECT CONCEPTS

SC5502.FR —

FINAL REPORT FOR THE PERIOD
November 1, 1986 through April 30, 1989

AD~-A214 645

CONTRACT NO. F49620-87-C-0015
Prepared for

Directorate of Electronic and Material Science
ATTN: AFOSR/NE, Dr. C. Lee Giles
Building 410
Bolling AFB, Washington, DC 20332-6448

Pochi Yeh
Principal Investigator

JULY 1989

 Approved for public release; distribution unlimited

""The views and conclusions contained in this document are those of the authars
and should not be intrepreted as necessarily representing the official poiicies, either
expressed or implied, of the Defense Advanced Research Projects Agency or the U.S.

Government.”’

’ Rockwell International +
Science Center




UNCLASSIFIED \ .

SECURITY CLASSIFICATION OF THIS PAGE

FOAM APPROVED
REPORT DOCUMENTATION PAGE OMB No. 0704-0188
s REPORT SECURITY CLASSIFICATION 1. RESTRICTIVE MARKINGS
UNCLASSIFIED
Za. SECURITY CLASSIFICATION AUTHGATTY 3 OISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release; distribution unlimited

2o CLASSIFICATION/DOWNGRADING SCHEDULE

4. PERFORMING ORGANIZATION REPORT NUMBERIS! 5. MONITORING ORGANIZATION REPOR' NUMBERf 2 9 0
SC5502.FR . AFOSR - TR-
B8 NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 73 NAME OF MONITORING ORGANIZATION
1Y Appiicabie)
ROCKWELL INTERNATIONAL Air Force Office of Scientific Research
Science Center
&c. ADDRESS (City, State. ana ZIP Cooer 7b. ADDRESS /Cuty. State sna 2IP Coces
1049 Camino Dos Rios Bidg. 410 Bolling Air Force Base
Thousand Oaks, CA 81360 Washington, DC 20332-6448
‘¥ Ba. NAME OF FUNDING. SPONSORING ORGANIZATION 80. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
} it Appiicatie)
1 DARPA ¢ /4//'/\5{ JUE CONTRACT NO. F49620-87-C-C015
. 8c. ADDRESS n./n Stare ang ZIP Coae) /”’/ "‘(6 N 10 SCUPTT I TUNGING TS
¢ 14C0 Wiison s8iva. ”Q/W¢/0 PROGRAM PROJECT TASK WORK UNIT
i+ Arlington, VA 22209 6/ j ELEMENT NOC. NO | NO. ACCESSION NO.
ARPA ORDER |

PR/l A 00 ad033:0- 4448 L Lol (R P oame | O]

11. TITLE wnciuae Secunty Ciassiiication)

STUDIES OF OPTICAL MATRIX MULTIPLICATION AND RECONFIGURABLE OPTICAL INTERCONNECT CONCEPTS

12. PERSONAL AUTHORIS

Yeh, Pochi: Chiou, Arthur E.

3 3a. TYPE QF REPORT 13b. TIME COVERED 14. DATE QF REPORT (Year, Montn, Day: 15. PAGE COUNT

Final Report rrom 11/01/86 1004/30/89 1989, JULY

16 SUPSLSMENTARY NOTATION
"“The views and conclusions contained in this document are those of the authors and should not be in-
terpreted as necessarily representing the official policies, either expre-sed or implied, of the Defense Advanced

{ Research Projects Agency or the U.S. Government.”’
: 17 COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and xentify Dy DIOCK numper
" FIELD GROUP SUB-GROUP
|
i
19 ABSTRACT /Connnue on reverse !/ necassary and wdentily by Diock numnper!

In this program, we studied unique computing concepts which use nonlinear optical phenomena to perform matrix
I multipli-ation ar.2 to provide reconfigurable optical interconnection. We have demonstrated several schemes for op-
l tical matrix multiplication using optical phase conjugation and nonlinear optical four-wave mixing in either the spatial
or the Fourier domain. Photorefractive crystals such as barium titanate or strontium barium niobate (SBN) were used
as the nonlinear media. We have also deveioped a unique concept of reconfigurauie optical interconnection which
utilizes the dynamic holograms in a photorefractive crystal in conjunction with a spatial light modulator to achieve
very high energy efficiency. The same concept was validated experimentally using a BaT‘lO3 crystal. important issues

{Continued)
27 DISTRIBUT'ION AVAILABILITY OF ABSTRACT 21 ABSTRACZT SECURITY CLASSIFICATION
UNCLASSIFIEDUNLIMITED (. SAME AS RPT X_ OTIC USERS _ UNCLASSIFIED
228 NAME OF RESPONSIBLE INDIVIDUAL 220 TELEPHONE NUMBER i2c OFFICE SYMBOL
hciuce Arsa Cooe!
Br—6—Loo-Gilas f)/, A 7 '\ ST AFOSR/NE
e 0N Tra T - S S/

DD FORM 1473, JUN 86 Previous editions are obsolete. UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE




UNCLASSIFIED

SECUR'TY CLASSIFICATION OF TriS PAGE —

18. ABSTRACT (Cont'd)

such as energy efficiency, reconfiguration time, data rate, and signal-to-noise ratio have also been investigated. Our
unique approach has practically eliminated the problem of fanout loss which has been regarded as cne of the most
! critical issues in an optical crossbar switch. Future applications of this approach in various levels of the optical inter-
connaction hierarchy (moduie-to-module, backplane-to-backplane, board-to-board, ...} in paraliel computing and in
the optical impiementations of neural-like processors can be anticipated. We have also conceived several new con-
cepts in the same ares. The results are documented in eleven technical papers/presentations and four patent
disclosures.

AN

UNCLASSIFIED

SESURTY 1RSI LION O IHiS PA




’l‘ Rockwell International

Science Center

SC5502.FR
TABLE OF CONTENTS
Page
IO SUMMARY L i i ittt i ittt ettt iiin s itssecannes I
L.l Contract DesCriplion vu v ettt ienrenesasonenasesetassaeasseennes 1
1.2 Scientific Problem ...ttt ittt iiiiittnntnensneaanns |
[.3  Progress SUMIMATY v vt vt it tnueniereasiaenssaosasnsonssasensancens l
1.4 Publications and Presentations «uveeee e inerennronseesnssnneeasas 2
1.5 Patent DisClosures ..vueriinniiiiiiineettinteasstssansontenenas 3
2.0 TECHNICAL DISCUSSION . ittt ittt ittt itetsanaentnnsans 4
2.1 Matrix-Matrix Multiplication ..o iie it ittt i ivnerarennnans 5
2.2 Matrix-Vector Multiplication ... iuvint it iinianvenronnrsanenas 8
2.3 Reconfigurable Optical Interconnect cvvveee it ennroernenanancossnns &
T S A 8 O 12
3.1  Matrix-Vector Multiplication Using Photorefractive
Four-Mave MIXIng cue e it ittt it iierienena it aen s 12
3.2 Matrix-Matrix Multiplication via Color Multiplexing . ...vovvev vt 14
3.3 Matrix-Matrix Multiplication using Spatial Convolution . ......covuut 15
3.4 Matrix-Vector Multiplication Using a Spatial Light Modulator
and a Phase ConjJUgator cuviiivt it inteneoeenssnsseranseesnnnnsnns 16
3.5 Optical Interconnection using Dynamic Photorefractive
ORI = =0 T 17
3.5. Principle of Operation ... ivieiiiiiiiiieirertiinncsinneans 17
3.5.2 Experimental Demonstration vvee s cviiieennnneanennsannss 20
3.5.3 Dermonstration of High Data Rate Transmission ....veuu.... 21
3.5.4 Energy Efficiency of Photorefractive Interconnection:
Theoretical Calculation and Experimental
Measurement ... i ittt ittt s i it 23
3.5.5 Maximizing Energy Lificiency by ! .icn~d Amplification
via Fourier Transformation «..voves tivitniennenanannes 24
3.5.6 Contrast Enhancement by Double Passuge «oovviviinioen 29
3.5.7 Experimental Demonstration of Reconfigurability .......... 33
40 REFERENCES ... it i i i ittt itseeaeneannaenanannns 34
b T £ 1 . 36
APPENDIX 5.1: Optical Matrix-Vector Multipiicaticn Through Four-Wave
Mixing in Photorefractive Media ....oviviviiiiiiiiiiiiiinneens 36
APPENDIX 5.2 Optical Matrix-Matrix Multiplication Using Multi-Color
Four-Wave MIXing «o ittt i i ittt it e 40
1

C10178TD/bje




’l‘ Rockwell International

Science Center

SC5502.FR
TABLE OF CONTENTS (continued)
Page

APPENDIX 5.3 Optical Matrix-Matrix Multiplication by Spatial Convolution

via Four-Wave Mixing..... veeeas ettt teaee ey, . 2
APPENDIX 5.6 Opuical Matrix-Vector Muitiplication Using a Spatial

Light Modulator and a Phase Conjugator . v.veieveiniennvnnsanas 54
APPENDIN 5.5 Opuical Interconnection Using Photorefractive Dynamic

Hooy@ma .............. Ch ettt e et ettt . 59
APPENDIX ».e Protorefractive Nonhinear Optics and Optlcal Computing . R 1
APPENDIN 5.7 i gy Efficiency of Optical Interconnection Using

P tor e rac ve HOOBIaIMS ve vt vt s viiecnerennneennnneeannn. 81
APPENDIN 5.8 On ige Amplification by Two-Wave Mixing in Photo-

rcfracuvc Crystals vvvveners e nsnnnns et se ettt ene 120
APPENDIX 5.9 Reconfigurable Optical Interconnection Using Photorefractive

Hologram .......................... v ea e te s e e veeu e [35

_J_—‘l_ —— bt

T

v

C10178TD/bje




’l‘ Rockwell International

Science Center

10

Il

12

SC5502.FR
LIST OF FIGURES

Page
Matrix-matrix multiplication using four-wave mixing. «.v.oviviieennnnn. 6
Matrix-vector multiplication via four-wave mixing. ....... coe . 9
Reconfigurable optical iInterconnection..c.vvveievinesnernnsen e 10
Optical matrix-vector multiplication using photorefractive
fOUr-wave MIXING vueee et irsnnereaaennsons et 12
Experimental results of optical matrix-vector multiplication
using photorefractive four-wave mMiXiNg..oveeeeiisnrvnenaens e 13
Output of the detector monitoring the intensity of the optical
beam representing the product vector. ............. teeeens Ceies e i4
Decomposition of matrix-matrix multiplication into matrix-vector
multiplication. vovviiini i anes v et 14
Optical matrix-matrix multiplication via color multiplexing. ........... 15
A schematic diagram illustrating the basic concept of optical
matrix-vector multiplication using a photorefractive phase
conjugator in conjunction with a spatial light modulator ............... 16
A schematic drawing of a | x N optical interconnection using
dynamic photorefractive hologramis. N = b, .. i iieiiiiinenns 19
A schematic drawing of a N x N optical interconnection using
dynamic photorefractive holograms. N =4, ....... Chehes et 19
A schematic diagram of the experimental configuration for a
| « 32 interconnection using a photorefractive barium titanate
e VR 1 U Ch e re e e e 20
Intensity distribution at the output Image plane ........ Ceereer e 21
Intensity distribution at the output image plane when all but
three of the signa! channels are "ON." The table on the right-
hand side compares the energy efficiencies achieved using the
conventional approzch and the holographic approach o.vvvievvievn e 22

V

C10178TD/bje




‘1‘ Rockwell International

Science Center

SC5502.FR

LIST OF FIGURES

Figure Page

15 (a) Signal carried by the probe beam and (b) amplified
signal carried by the probe beam after undergoing two-
wave mixing ..... ettt e et 22

16 A schematic diagram showing the intensities of various bean.s
ina N « N permutational interconnection «v.veeeerssanes.s e 24

17 The theoretical energy efficiency as a function of the dimension
of the array as predicted by Eq. (8) for t = I, a = 0, and an
optimum R coie ittt ettt . 25

18 A schematic diagram of the experimental configuration for
measurement of the energy efficiency of photorefractive
interconnection holograms in a barium titanate crystal +.......c0uu.. .o 23

19 Energy efficiency (n) of photorefructive two-beam coupling
In a barium titanate sample as a function of the transmittance
of a neutral density filter placed in the signal input arn.
The transmittance is labeled 1/N to relate it to the fanout
loss of a N x N permutation crossbar network ........ Cereeeeiee .. 26

20 An experimental configuration for a 1-to-N x N (for N = 10)
broaacasting network using photorefractive holograms at the
Fourier domain ........ e Ceeeen Certeeteean et tear e 23

21 The intensity paiterns of the masks for the probe and the
pump beams at the tmage plane and the Fourier plane «......coovevnnt. 23

22 Cnergy efficiency (n) as a function of numbet of signal channels
(N) in a t-to-N « N broadcasting configuration using photo-
refractive holograms in a barium titanate sample ....ovviiiviennnnn. 29

23 An experimental configuration for contrast-enhancement by
double passage ... iiiiiiii i, e et 31

24 Intensity profiles and contrast of a binary image: (a) at the
input plane, (b) at the output plane after double passage via
phase-conjugate reflection, and (c) at the output plane after
double passage via mirror reflection ........... tetsescecaiaen ceees 31

25 Experimental results showing centrast-preserving image
amplification by photorefractive two-wave mixing at the
Fourier domain; (a) input intensity profile, and (b)
armplified output intensity profile ..o oot i e e 32

Vi
CI0178TDN/be




‘l Rockwell International

Science Center
SC5502.FR

1.0 SUMMARY

1.1 Contract Description

This contract studies unique optical computing concepts which use nonlinear
optical phenomena to perform matrix multiplication and to provide reconfigurable opti-
cal interconnection. The study focuses on the use of real-time holography in nonlinear

media such as photorefractive crystals for optical computing.

1.2 Scientific Problem

By incorporating the parallel nature of optics in nonlinear media, it i1s possible
to perform parallel matrix muluplication using four-wave mixing. In addition, the
dynamic holography in nonlinear optical media provides a natura! candidate for the
reconfigurable interconnection. The general probiem in this program is to generate and
investigate new concepts which use these nonlinear optical phenomena for optical

computing.

Specifically, this program investigates experiimer.tally and theoretically the
multiplicatior of matrices using optical four-wave mixing in nonlinear media, and the
possibility of using such matrix multiplication and wave mixing for reconfigurable

Interconnection.

1.3 Progress Summary

There are several areas of significant progress achieved under this contract
that are directly related to the development of optical matrix multiplication and recon-

figurable optical interconnection. These include:

[.  First experimental demonstration of parallel matrix-vector multiplier
using optical four-wave mixing in a barium titanate (BaTiOB) crystal.

2. First experimental demonstration of summation process inside the non-
lincar media in matrix-vector multiplications.

3. Experimental demonstration of 2 x 2 matrix-matrix multiplication using

optical four-wave mixing in a BaTiO5 crystal.

1
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4. Experimental demonstration of matrix-matrix multiplication using colur
multiplexing.

5. Experimental demonstration of matrix-matrix multiplication using convo-
lution.

6. Experimental demonstration of matrix-vector multiplication using a
spatial light modulator and a phase conjugator.

7. Development and experimental demonstration of a new concept of
reconfigurable optical interconnection using photorefractive holograms.

8. Experimental demonstration of high-efficiency interconnection using
BaTiO3 crystals.

9. Development of matched amplification at the Fourier plane to achieve
maximum efficiency.

10. Experimental demonstration of high efficiency in photorefractive optical
interconnection using matched amplification.

I'l. Experimental demonstration of reconfigurability using a liquid crystal TV

in conjunction with a photorefractive barium titanate crystal.

Publications and Presentations

"Reconfigurable Interconnection Using Photorefractive Holograms," Proc.
SPIE, Vol. 1151, Paper No. 03, to be presented at SPIE's Annua! International
Sumpaosium on Optical and Optoelectronic Applied Science and Engineering
(August, 1989, San Diego, CA).

"Energy Efficiency of Optical Interconnections Using Photorefractive
Holograms," submitted to Appl. Opt. (1989).

"On Image Ampiification by Two-Wave Mixing in Photorefractive Crystals,"
submitted to Appl. Opt. (1989).

"Photorefractive Nonlinear Optics and Optical Computing," Opt. Eng. 28(4),
328 (1989).

"Energy Efficiency of Optical Interconnection Using Photorefractive Dynamic
Holograms," Optical Computing, 1989 Technical Digest Series, Vol. 9 (Optical
Society of America, Washington, D.C.), pp. 128.
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6. "Lnergy  bEificient Opuical Interconnection Using Dynamic Holograms in
: Photorefractive Media," OSA Annual Meeting. 1988 Technical Digest Series,

Vol. 11 (Optical Society of America, Washington, D.C., 1988), pp. 178.

7. "Optical Interconnection Using Photorefractive Dynanuc Holograms,"” Appl.
Opt. 27, 2093 (1933).
3. "Optical Matrix-Vector Multiplication Using a Spatial Light Modulator and a

Phase Conjugator,” Spatial Light Modulators and Applications, 1988 Technical
Digest deries, Valo 8§ (Optical Society of America, Washington, D.C., 1988), p..
253,

9. "Optical Matrix-Matrix Multiphcation Using Multicolor Four-Wave Mixaing,"
Proc. SPIE, Vo!. 831, paper 38, presented at OL/LASE'SS (Jan. 10-17, 1988, Los

Angeles, CA).

. "Optical Matrin-Vector Muluphication via Four-Wave Mining 1t Photoretrac-
tive Media," Opt. Lett, 12, 138 (1987); Opt. Lett. 12, 373 (1987),
B I "Opucal Matriv-Vector Muluiplication Usimig Four-Wave Mixing,"” Paper MM5,
OSA Arnnual Meeting (Oct. 1986, Seattle, WA), J. Opt. Soc. Anic A3 (13), e
. (19%6).
1.5 Patent Disclocres

"Multicolor Matrin-Matrix Muitipher with .’\.3 Paraiicisi," M. Khoshinevisarn, ALLLT.

Chiou and P. Yeh, Rockwell Paient Disclosure 875C37.

"Matrix-Vector Multiplier using Photorefractive Phase Conjugators,” P. Yeh, ALLELT.

Chiou and M. Khoshnevisdan, Rockwell Patent Disclosure 875C46.

"Optical Matrix-Matrix Multiplier with N Parallelism by Spatial Convolution via Four-
Wave Mixing," AL T, Chiou, Rockwell Patent Disclosure 8/75C63.

. "Reconfigurable Oplical Interconnect using Dynannc Holograms,”" P, Yeh, Rockweli

Patent Disclosure 875C 54,
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2.0 TECHNICAL DISCUSSION

The technical problem addressed in this contract is the study of optical matrix
multiphicanion and recontigurable opuical interconnection. By incorporating the paratlel
natdre of opuics in nonlinear media such as photoretfractive cryslals,l’z it 15 possible to
perforin paraile! matrixy multiphication using four-wave mixing. In addition, the dynamic
holography in nontinear optical media provides a natural candidate for the reconfiguratie

b
oplical IHLCTLOHHCCLIOH.B
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, o

andd reconlirurargbie optical mterconnection,  Photorefractive crystals such ds BaTiO;
anlstrontinn Dartun nlobate (SBN) were used as the nonhinear media.

GeobeTatly SDEGKINE, Tonr-wave mixng s a nonhnear optical process i which
three il cvaves iy Loosteld a fourth wave. In phase-midtched four-wave nusing, the
three sput waves Consist of two counterpropagating pump waves, B and b5, aid an arbi-
rars prole wave, bge A three couple through the third-order susceptibility, )~(3), Lo

Ve a ol wave Low ! cn s proportional to the product of £, dnd cornplen congu-

X
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SUCH @ Tour wave iy Car be understood in terms of the recording and readoat proces-
ses which occur an hetogranty. i tne nonlinear media, one of the purmp waves and the
probe wave foroe an interterence pattern which, in turn, induces an index grating. The
oltfrer purnn wave s diffracted from this grating and generates the fourth wave. The
tormation of the grating (or hologram) and readout processes take place at the same

trne, T, four caave tixang b osametines referred to as g real-tinme holography.

By using four-wave noxing n nonlimear media, multiplication ot signals can
tahe Dlace 10 a subpicoscecond time scales Inoaddition, 1t we use the patallel nature of
UL TIC AL Wty cach wave canodrry soaltal miformation for the purpose O tndge process-
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real-time imag: processing was recently reported using BSO crystals.lo In what follows,
we will describe some unigue concepts which use the two transverse dimensions to carry
the martrix information for the purpose of matrix multiplication and reconfigurable

optical interconnection.

2.1 Matrix-Matrix Multiplication

The matrix mulliplicatlonlO_12 between two N x N matrices can be stated as
follows:

C - AR ()
where

Cs 5 = ; Aik Bl\j (2)

Note that a matrix multiplication consists of two main operations, a parallel rultiplica-

tion and an addition,

Referring to Fig. ia, let us consider a four-wave mixing configuration which is
surtable for matrix mulUpI1(:auo,n.13 Beam | and Beam 2 contain the mnformation about
the two matrices A(x,z) and B(z,y), respectively. Beam | is propagating along the y-axis,
and Bearn 2 15 propagating along the x-axis. These directions are chosen for the sake of
clarity in introducing the concept. They are not the only directions for matrix
multiplication. Also, these matrices can be either continuous or discrete. In the discrete

Cast, each bean; consists of @ matrix of beamlets, as shown in Fig, |b.

In the nonlinear medium, these two matrix-carrying beams form an interfer-
ence pattern. As a result of the nonlinear response of the medium, a volumie grating 1s
formed. This grating contains information about the product of the matrix ecements of

these two matrices, and can be written as:

+ C.C. . (3

5
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Fig. I Matrix-matrix multiplication using four-wave nuxing.

where Pis the difterence of the wavevectors of the matrix-carrying beams and cc repre-

senty complex conjugation. The parameter ny Is the Kerr coefficient and 15 proportional

6
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to the third-order susceptibility x(3) of the medium. Note tha' the nonlinear response cf

the medium serves the purposc of paralle! multiplication.

The volume graung 1s then read out by a third beam which can simply be a
plane wave. The difiracted beam consists of the integrated contribution froni each part

of the grating along the beam path, and thus can be written
Clx,y) = [ Alx,2)B%(2,y )dz ()

where the integration is carried out along the beam path. Note that the integration com-
pletes the operation of matrix multiplication. The information about the product of
these two matrices is now impressed on the transverse spatial distribution of the dif-

fracted beam.

Due to the phase matching requirement, the readout beam must be incident
along the directions which satisfy the Bragg diffraction condition to achieve high effi-
ciency. In anisotropic nonlinear media, the polarization states, as well as the direction
of propagation, can be chosen such that the largest of the nonlinear susceptibilities is

fully utilized.

The four-wave mixing can be either degenerate or nondegenerate. In the
degenerate case, all the beains have the same frequency. In the nondegenerate case, the
frequencies of the bearns can be slightly different. This may be useful for the purpose of

separating the diffracted beam from the undiffracted portion.

To ilustrate the information capacity of such a nonlinear optical matrix
multiplication, let us consider a four-wave mixing process using an Ar 1on laser at 4880A
in a medium of a | cm cube. The grating space is of the order of 0.5 um. Thus, 10 um x
10 um is enough for each pixel of information. In other words, a | cm cube is cable of
handling 1000 x 1000 matrices. With a material response time of 1 ns, such a matrix
multiphcation has a potential data throughput rate of quadrillion bits per second
(161 bits/sy

7
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2.2 Matrix-Vector Multiplication

Another scheme as shown in Fig. 2 1s suitable for matrix-vector multiplica-

tion.H'lb

tiere, as an example, let us consider a discrete case in which we need to carry
out the multipiication of an N-element vector and an N x N matrix. The vector is fanned
out into N-rows of 1dentical vectors. These N x N small beams are directed to a non-
linear mediuni. The matrix which also contains N x N small beams 1s also directed to the
medium in such a way that each beam of the matrix i1s counterpropagating in a direction
relative to the corresponding beam of the vector. Thus, in the medium, there are N x N
spatially separated regions which are pumped each by a pair of counterpropagating
beams. Now, N x N probing beams are directed into the medium in such a way that each
probe beam will propagate through an intersection region. The probe beams will be
"plane wave" bearlets propagating in paraliel. As a result of the four-wave mixing, each
probe bean will generate a phase-conjugated beam which, within a proportional factor,
can be written M(i,jla(j). By using a cylindrical lens, a summation over j can be ob-
tained. Thus, we have

b(1) = ) M(i,j)a(]) (5)
J
where a(j) is the j-th element of the vector & and M(i,j) is the matrix element. Such a
scherme for matrix-vector multiplication can also be used for matrix-matrix multiplica-
tion by deconiposing a matrix into column vectors and then multiplying the matrix with
each of the column vectors. Using color-multiplexing, one can perform matrix-matrix

multiplication with No-paraltelisni.!?

2.3 Reconfigurable Optical interconnection

Optical interconnection will play a key role in both the optical computing and

VLSI systems}’u’le’

There are many advantages of optical interconnect. These include
high space-bandwidth and time-bandwidth products, thus, many independent channels
could be exploited for demanding computations. Optical processors are inherently two-
dimensional and parallel. Ogtical signals can propagate through each other in separate
channels with essentially no interactiori. Optical signals can also propagate in parallel
channels without any interference and crosstalk., In the VLSI systems, optical inter:
connect can be used tu solve the problem of comimuriacation, as well as the clock

distribution.
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Fig. 2 Matrix-vector multiplication via four-wave mixing.

Computer-generated holograms (CGH) can be used for fixed optical intercon-
nect. The most general CGH consists of a two-dimensional array of subholograms. Each
subhologram is capable of diffracting a gate output to any gate or combination of gate
inputs. Such a fixed interconnect pattern is adequate for many applications, including
the point operation, matrix operation, the clock distribution and a globally synchronous
systolic processor. However, there are many situations in which a dynamic optical inter-

connect Is required.

In Fourier transform and sorting, every element of an output array is affected
by all the elements of the input array, and conversely, each element of the input array
affects all elements of the output array. In addition, the interconnections change at dif-
ferent stages of the computation. Thus, these operations require global and dynamic

interconnection between different elements of the input array.

In image restoration, pattern recognition, and neural network systems, the
interconnect patterns could be data-dependent, making it impossible to foresee the
interconnect requirements at different stages of processing without having foreknow-

ledge of the input. The computational throughput of parallel processor implementing

9
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these types of operation will be critically affected by ithe availability of a dynamic and

global interconnect network.

In Fourier transform and sorting, the requirement for dynamic interconnect
can be avoided by resorting to a fixed but global interconnect pattern known as the "per-
fect shuffle". In the area of image restoration and pattern recognition, there is a mini-
mum amount of regularity and structure. In addition, there is a possible data and time
dependency in the interconnect requirements. A global and reconfigurable interconnect
network will be vital to achieving high throughput and high efficiency with parallel proc-

essors implementing these operations.

The most general interconnect system 1s one in which any gate output can be
connected to the input of any gate or combination of gates (see Fig. 3). The effect of

such an interconnect can be repres.nted by the matrix equation
O=MI (6

where [ is a vector representing the two-dimensional input array, M is the matrix repre-

senting the interconnect, and O is a vector representing the output array. [n digital opti-

17,18

cal computing, the input array 1s actually the gate output array. Each matrix

element (i,j) is nonzero if, and only if, there is a connection between pixel j of the input

wBe- 11004
NONLUINEAR MEDIUM
INTERCONNECT MATRIX

M

REFERENCE BEAM

> —

LASERS

|

DETECTORS

- =\
_JOPTOELECTRONIC'VLSlr._‘ \

i PROCESSORS I
—— -———— OR

OPTICAL LOGIC GATE
j ARRAY :]

GATE GATE
OUTPUT INPUT

Fig. 3 Reconfigurable optical interconnection.
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array and pixel i of the output array. The matrix-vector multiplication technique
described in Section 2.2 can be used as an optical interconnect, which provides both local
and global communication between the gate input and gate output. In the VLSI systems,
the vectors | may consist of N laser beams, each containing a stream of data from a
processor, and the vector O represents the output laser beams, each feeding 1nto a proc-
essor. The main advantage of using such nonlinear matrix-vector multiplication for
interconnection is that the matrix M can be easily changed for the purpose of reconfigur-

ing the interconnect.

Equation (6) can be generalized such that both the input array [ and the output
array O are two-dimensional matrices. In that case, the most general interconnect
matrix M must be four-dimensional (i.e., tensor of rank four). Each matrix element (ijkl)
represents the connection between pixel (ij) of the ocutput array and pixel (k1) of the input
array. Because of the two-dimensional nature of optical waves, it is desirable to repre-
sent the tensor M by a two-dimiensional array of two-dimensional submatrices. Thus, the
matrix-ratrix multiplication described in Section 2.1 can be used for reconfigurable
optical interconnect which provides the most general interconnection pattern. While this
interconnection scheme allows complete generality, a price is paid in terms of the space-

bandwidth product requirements on the nonlinear media.
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3.0 PROGRESS

3.1 Matrix-Vector Multiplication

In our earlier demonstration of optical matrix-vector multiplication”’19 (see

Appendix 5.1), we have used optical phase conjugation via nonlinear four-wave mixing in
a photorefractive BaTiO3 crystal to perform parallel multiplication. The summation
required to obtain matrix-vector products is performed subsequently by using a ¢,lin-
drical lens external to the nonlinear medium. With a slight modification of the experi-
mental geometry, we have also successfully demonstrated that both the parallel
multiplication and the summation can be done inside the nonlinear medium to achieve the

desired matrix-vector multiplication without an external cylindrical lens.

The top view of the new experimental geometry is illustrated schematically in
Fig. 4. The readout beam in this case consists of a vertical column of beamlets with
equal intensity. This beam enters the crystal at an oblique angle such that each beamlet
traverses, Inside the crystal, all the counterpropagating pumping beamlets at the same
horizontal plane. As the proper elements of the matrix and the vector are encoded in the

two counterpropagating beams via the appropriate masks, the phase-conjugate output of

[ 1 11 F{ )
PHOTOREFRACTIVE
CRYSTAL INPUT VECTOR b1>

INPUT MATRIX (
R Pl A 84 bz
( Ayy A4 > <t~ n \ EXPANDED INTO

A A C
21 722 4,2 T by N
—5 b2b~|>
co ‘{b b
20

READOUTY VECTOR

C AXIS

1
(9
QUTPUY VECTOR < 1 >
uT VEC 4 IMAGING LENS

f 4
Aq1by * Aqoby 9| peTECTOR AT
Apqby * Aggby = | IMAGE PLANE

Fig. 4 Opuical matrix-vector multiplication using photorefractive four-wave mixing.
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each beamlet consists of the sum of the product resulting from each individual encoun-
ter. From a pure geometrical point of view, the probe beam (i.e., the readout beam) can
conveniently be injected (from c-face of the crystal) perpendicular to the counterpropa-
gating pumping beams.

The experimental results for the multiplication of a 4 x 4 binary matrix and a
4 x 1 binary vector are shown in Fig. 5. The magnified images of the masks used to
encode the matrix, the vector and the probe are shown in Figs. 5a, b and ¢, respec-
tively. The experimental results representing the final matrix-vector product is shown in
Fig. 5d.

product vector is shown in Fig. 6. Due to the slow response time (or the order of second

The relative intensity of each output spot representing the element of the

for optical intensity of the order of a few tens of milliwatt/cmz) and the consequential

sensitivity to environmental changes of the photorefractive process, the output intensity

’

fluctuates significantly.

(a) (b) (c) (d)
INPUT MATRIX INPUT VECTOR READ OUT OUTPUT
(EXPANDED INTO (PROBE) VECTOR

MATRIX FORM) VECTOR

11017 1 3

0010 1 — 0

0011 J 0 1

1001 1 2

Fig. 5
fractive four-wave mixing.
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Fig. 6 Output of the detector monitoring the intensity of the optical beam represent-
ing the product vector.
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Fig. 7 Decomposition of matrix-matrix multiplication into matrix-vector multipli-
cation,
3.2 Matrix-Matrix Multiplication via Color Multiplexing

We have also extended our experimental demonstration on matrix-vector
multiplication  to  matrix-matrix multiplication by color multiplexingu’zo (see
Appendix 5.2). The basic idea is to decompose the problem into matrix-vector
miultiplications, as shown in Fig. 7, and carry out all the parallel matrix-vector
multiplications simultaneously by using color multiplexing. Note that each of the
operations shown on the right-hand side of the equation in Fig. 7 is in fact a matrix-
vector multiplication, The basic principle of color multiplexing used to encode the

component vectors with different colors is tllustrated in Fig. 8 for the case of 4 » 4

14
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Fig. 8 Optical matrix-matrix multiplication via color multiplexing.
matrices, Bach row vector of the matrix M is illuminated by one color, and all the color
components are then combined by the prism (angular multiplexing) into a single row prior
to further expansion by anamorphic optics (not shown in the figure) to match the mask
representing the second matrix. After proper element-by-element multiplications and
summation (summing optics omitted) into the column, the resulting multicolor output is
then demultiplexed into different color components that together represent the final

product.

Using an argon ion laser that oscillates simultaneously at five colors in the
blue-green and a BaTiO3 crystal, we have demonstrated the principle described above for

the case of 2 « 2 matrices. Detalls are given in Appendix 5.2.

3.3 Matrix-Matrix Multiplication using Spatial Convolution

In addition to the matrix-matrix multiplication using color-multiplexed four-
wave mixing described in the previous section, we have also successfully demonstrated
another schere for matrix-matrix multiplication using spatial convolution via four-wave
mixing. From the experimental point of view, the key difference between this approach
and the others described above is that the nonlinear crystal is now located at the com-
mon Fourier plane, rather than the common image plane, of the input matrix masks. The
encoding scheme, as explained in Appendix 5.3, is also different from those used in the

earlier approaches. From the conceptual point of view, matrix-matrix multiplication in
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full parallelism is achieved by space-multiplexing via spatial convolution using

degenerate four-wave mixing.

3.4 Matrix-Vector Multiplication Using a Spatial Light Modulator and a Phase
Conjugator

We have developed and demonstrated another 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) (see Appendix 5.4). The optical system
involved is relatively simple compared with the other approaches. Without any modifica-

tion, such a scheme can also perform matrix-matrix multiplication with N2/2 parallelismi.

Referring to Fig. 9, we use a SLM to impress the matrix and vector informa-
tion 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 beam path to perform the sumimation.

scasiz2
COLLIMATED
LASER BEAM

8

AR}
/ R mong = |2
S Y3
Ya
PHOTOREFRACTIVE
PHASE CONJUGATOR 7
BEAM 35
7 SPLITTER VECTOR Y
£ MATRIX A
VECTOR X

Y=A

Fig. 9 A schematic diagram illustrating the basic concept of optical
matrix-vector multiplication using a photorefractive phase
conjugator in conjunction with a spatial light modulator.

The principle of operation is as follows: the SLM first impresses the matrix
information onto the input laser beam. This beam 1is then iIncident into a phase
conjugator which stores the matrix information after a finite grating formation tumne,

When the matrix information is removed from the SLM, say by turning all the pixels into
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maximum transmission condition, the phase conjugate beamn which coniains the recon-
struction 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 multiphcation is performed as the
phase conjugate beam propagates back through the SLM. Here, the vector is represetned
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 performed the 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

: 21
from seconds to microseconds.

The system can also perform matrix-matrix multiphcation by time multi-
plexing. In this case, each column vector V, (i = 1 to N) which constitutes the second
matrix M, 1s sequentially 1mpressed onto the beam to multiply with the first matrix My
according to the matrix vector multiplication schenie described below. To avoid the
degradation of the inforination of M| stored in the photorefractive hologram during th
readout, 1t 15 necessary to refresh the holographic memory with M| to restore its
diffraction efficiency. This can be done by re-umpressing 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 N . N

matrices.

Using a photorefractive barium titanate crystal as a phase conjugator in
conjunction with a 48 . 48 magneto-optic spatial hght modulator (SIGHT-MOD SMD4S8I
from Semetex Corp.), we have demonstrated the basic principle described above. The
virtue of optical phase-conjugator ensures that precise pixel by pixel alignment is

achieved automatically.

3.5 Optical Interconnection using Dynamic Photorefractive Holograms

3.5.1 Principle ot Operation

During the first year of the progran, we have developed a new concept of
reconfigurable optical interconnection using photorefractive holograms22 (see
Appendix 5.5). This new scheme provides an optical interconnection between an array of

laser sources and an array of detectors with a very high energy efficiency.
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Reconfigurable interconnection linking laser arrays and detector arrays plays a
key role in optical computing. Conceptually, such interconnection can be achieved by

using an optical matrix-vector multiplication.
Vi My 7)

where v is the input vector representing the signals carried by the array of lasers, and v*
1s the output vector representing the signals carried by the array of detectors. The
matrix M represents the interconnection pattern. When a transparency or spatial light
modulator (SLM) 1s used as the interconnection pattern, a large fraction of energy is
absorbed by the transparency or SLM. This energy loss increases as the dimension of the
array Increases. Often, the fractional energy loss can be as large as (N-1)/N, where N is
the dimension of the array. For a 1000 « 1000 crossbar switch, the loss due to fanout can
be as big as 99.9%. This 15 not acceptable in high-speed computing because signals are

passing thraugh the SLM billion times per second anc the energy loss can be enormous.

Referrmg to Fags. 10 and 11, we describe a new method of reconfigurable opti-
cal interconnection which uses the norreciprocal energy transfer in photorefractive two-
wave mining o mnprove the energy efficiency. Figure !0 describes a one-dimensional
case for the sake of clarity 10 explaining the concept. A small fraction of a laser beani 1s
coupled out of the bean by using a beam sphtter. This small fraction (called probe
bearn) 15 then expanded by using a ¢y hindrical lens and passes through the SLM. In the
example shown, the laser bean: is 1o connect to Detectors b and d as prescribed by the
SLM. The transmitted beam is then recombined with the mamn beam inside a photore-
fractive crystal. As a result of nonreciprocal energy coupling, almost all the energy in
the main beam 1s transferred to the probe beam which carries the interconnection pat-
tern. The results 1s an optical interconnection with high energy efficiency. Figure 11
describes  the reconfigurable interzonnection for laser arrays and detector arrays. [n the
example (a 4 « & interconnection) shown, Laser | is to connect to Detectors b and ¢,
Laser 2 1s to connect to Detectors a and d, Laser 3 is to connect to Detectors ¢ and d,
Laser 4 15 to connect to Detector a and ¢. A cylindrical fens 1s used to focus the two-
dimnensional array of beams into a vector (one-dimensional array). As a result, Detector
a recenves signals from Lasers 2 and 4, Detector b receives signals fron Laser |, Detec-

tor ¢ recerves signals from Lasers |, 3 and 4, and Detector d receives signals from Lasers

18
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Fig. 10 A schematic drawing of a |« N optical interconnection using dynamic
photorefractive holograms. N = &4,
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Fig. 11 A schematic drawing of a N « N optical interconnection using dynamic
photorefractive holograms. N = 4,

2 and 3. Such a concept can be extended to interconnect NL lasers with ND detectors

where N and Npy are two large numberss.

The interconnection can be reconfigured by using ¢ different SLM pattern.
The energy loss due to SLM 15 no miore than the reflectivity of the beam splitter plus the
masterial bulk absorption due to the photorefractive crystals. The beam splitter can be
chosen such that the reflectivity as smiall (e.g., 5% or less) so that such energy loss is

murnnzed. The hologram formation in the photorefractive edium will limit the recon-
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figuration time, Once the interconnection patiern is formed inside the photorefractive
crystal as a hologram, such a scheme 1s capable of providing the interconnection for high
data rate transmuission. In such an interconnection, the output of each laser can be input
to any one or all of the detectors. Optical phase conjugation can also be used in
conjunction with the two-wave mixing to correct for any phase aberration that may be

: .2
caused by the crystal imiperfection. 3

3.5.2 Experimental Demonstration

An eapernnental configuration for a 1 x 32 interconnection using this
holographic approach is shown in Fig. 12. A Ronchi-Ruling (5C line-pairs per inch) is used
as a 3Z-cicment binary vector mask. 5% of the collimated input beam transmitted
through the beam splitter BS i1s expanded vertically by a pair of cylindrical lenses (Lcl
and Lc2) to illuminate the vector mask. 95% of the input energy reflected by the bean,
splitter BS serves as the pump beam which interacts with the spatially modulated signal
beam inside the barium titanate crystal. The crystal and the mask are placed at the
back-focal plane and the front-focal plane, respectively, of a Fourier transform
cvhindrica!l lens (Lc3). The crystal is oriented so that energy is transferred from the
pumnp beatn to the signal beam. The amplified signal output carrying the interconnection

pattern is rennaged by the ¢y lindrical lens (Lek) on the screen SC.
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Fig. 12 A schematic diagram of the experimental configuration tor 4
I - 32 interconnection using a photorefractive barium titanate
crystal,
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The intensity distribution at the output image plane is shown in Fig. 13. The
experimental results is shown in Fig. 14 for the case when only three out of the 32
channels are "ON". The table in the right hand side of the figure compares the energy
efficiencies achieved with and without the photorefractive holograms. For the latter
case, the bear splitter BS is removed (see Fig. 12) so that all the input energy is directed
into the signal channel. Note that the energy efficiency is improved by more than a
factor of 7.

5Ceans

32 ELEMENT VECTOR MASK

0

1

o

1 ———

0

1 ta) (b}

0

\ (a) INTERCONNECTION PATTERN

(bl OUTPUT THROUGH BaTiOQ3 CRYSTAL WITH PUMP OFF

{c] OUTPUT THROUGH BaTiO3 CRYSTAL WITH PUMP ON
(i e.. AMPLIFIED Via TWO WAVE MIXING)

Fig. 13 Intensity distribution at the output image plane.

3.5.3 Demonstration of High Data Rate Transmission

Ve have experimentally demonstrated that the holographic interconnection

22

using photorefractive holograms can accept very high data rate signals [see

Appendix 5.5] even though the reconfiguration time is limited by the photorefractive
grating formation, which is typically of the order of milliseconds at modest intensity.Zl
To demonstrate this fact, temporal modulation was impressed on a laser beam (argon,
A= 516.5 min) using an acoustooptic device to simulate a signal, which i1s to be
interconnected with sotme output.  The signal used was a pulse train of frequency
fo = 0.333 'z with each pulse being ~ 0.2 s wide. This rate is clearly much tugher than
the reciprocal of the photorefracive response tinie. The modulated laser beart was then
split into two beams and mixed In the crystal as described before, and the amplified

probe bearn was monitored with a photodetector. The upper oscilloscope trace in Fig. 15
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Fig. 14 Intensity distribution at the output image plane when all but
three of the signal channels are "ON." The table on the right-
hand side compares the energy efficiencies achieved using the
conventional approach and the holographic approach.
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Fig. 15 (a) Signal carried by the probe beam and (b) amplified signal carried by the
probe beam after undergoing two-wave mixing.

shows the input probe signal, and the lower one shows the amplified probe signal. The
results show a steady-state response in which the temporally modulated pump and probe
beams interact simply by diffracting off the stationary index grating that is created in
the crystal after the photorefractive response time. As this experiiment was performed
merely to demonstrate the high signal bandwidth of the system, optimization of the

parameters was not done, and the results in Fig. 15 can clearly be improved.
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3.5.4 Energy Efficiency of Photorefractive Interconnection: Theoretical Calculation
and Experimental Measurement [See Appendix 5.5, 5.6, and 5.7]

Referring to Fig. 16, we can estimate the energy efficiency of photorefractive
crossbar switch as follows. Let I be the input beam intensity and R be the reflectance
of the beam splitter. It is legitimate to assume that the beamn splitter is practically
lossless.  We may also assume that the surface of the photorefractive crystal is
antireflection-coated so that the Fresnel reflection loss can be neglected. Under tiicse
conditions, the two beams that arrive at the photorefractive cry.,:al have energies
(1 - R)and I Rt/N, respectively, where t is the intensity transmittance of the "on" cells
of the mask. Inside the crystal, these 1wo beam: underge photorefractive coupling. As a
result, most of the energy of the pump beam IO(I - R) is transferred to the probe beam
[,Rt/N, which contains the intzcconnection pattern. The energy efficiency can be easily

derived and is given b)-?'

out  tR 1 +m
n o= i = N_ T +m EXD(-YL) exp (—aL) N (8)

where m 1s the beam intensity ratio,

oo (LR .

and L is the interaction lengrh, - is the coupling constant, and a is the bulk absorption
coefficient. For photorefractive crystais such as BaTiO5 and SBN, the coupling constant

is very large (i.e., yL >> ). The efficiency can be written approximately

ro= [N_ + (1 - R)| exp(-al) . (10)
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Fig. 16 A schematic diagram showing the intensities of various beams in a N < N
permutational interconnection.

We notice that for large N, the energy efficiency is limited by the crystal butk absorption
exp(-al) and is maximized by using a beam spliter with a very small reflectance R (i.e.,
R ~ 0).

In Fig. 17, the maximum energy efficiency (with optimum beam splitting ratio)
predicted by Eq. (8) (assuming that the insertion loss of the mask is negligible, 1.e., t = |
and that the absorption coefficient a = 0) is plotted against the dimension of the array N
for different coupling strength yL. The diagonal straight line represents the intrinsic
fan-out loss. For cases where a ¢+ 0, the curve remains valid provided that the vertical

scale is multiplied by exp(-al).

Using an experimental configuration illustrated schematically in Fig. 18, we
have measured the energy efficiency of the photorefractive interconnection holograms in

a barium titanate crystal as a function of the fan-out 1053.13

Instead of expanding the
signal beam through a vector mask as described earlier (see Fig. 12), a neutral density
filter (NDF) in the signal arm is used to simulate the fan-out loss. The experimental
results are shown in Fig. 19. The solid line is a theoretical fit using Eq. (8) with al and
yL as the fitting parameter. The results (aL = 9.2, yL = 1.1) agree with those obtained

from other independent measurenients.

3.5.5 Maximizing Energy Efficiency by Matched Amplification via Fouiier
Transformation (see Appendix 5.7)

In the experiments discussed above, both signal and pump beams are Gaussian

bearmns with no spatial intensity pattern. In the interconnection applications, these beamns
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Fig. 17  The theoretical energy efficiency as a function of the dimension of the array
as predicted by Eq. (8) for t = |, « = 0, and an optimum R ~ 0.
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Fig. 18 A schematic diagram of the experimental configuration for measurement of
the energy efficiency of photorefractive interconnection holograms in a

barium titanate crystal.
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ig. 19 Energy efficiency (n) of photorefractive two-beam coupling in a barium
titanate sample as a function of the transmittance of a neutral density filter
placed in the signal input arm. The transmittance is labeled /N to relate it to
the fanout loss of a N x N permutation crossbar network.

are spatially modulated. The energy efficiency of the photorefractive interconnection
depends on the spatial overlap of the beams. We have developed the utilization of
Fourier transform to achieve maximum beam overlap and thus to achieve maximum

energy efficiency.

[t is important to note that although the beamlets in the signal beam and the
purnp bearn are intrinsically different because of the Interconnection pattern, the
individual pixels can have identical shape (e.g., square). Complete overlap is possible in
the Fourier domain, provided all the pixels are identical. Let s(x,y) be the aperture of an
individual pixel, and o{u,v) be the Fourier transform. Fourier transformation of a beam-
let of the pump beam and the corresponding column of beamlets of the signal beam can
be performed by a lens. The resulting amplitude distributions at the rear focal plane are

given by
Pump: P(u,v) = olu,v) (1)

Signal: Su,v) = & a(u,v) exp (Nn(u,v)] (12)
n
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respectively, where u,v are coordinates in the Fourier plane. The summation in Eq. (12)
1s over all the windows open in the column, and ¢n(u,v) is a phase which depends on the

position of the window.

We note that the Fourier transform of a column of the signal beam consists of
a linear superposition of identical parterns ecach with a different phase factor. Such
phase factors (exp(:

yn) are due to the relative positions of the windows in each column.

Although these phase factors may lead to interference structures, all the energies are
confined under the same envelop o{u,v). As a result of the shift invariance in Fourier

transformation, each of the signal beamlets overlaps completely with the pump beam at

the Fourier plane. Thus, maximum energy coupling is achieved.

The experimental configuration is illustrated in Fig. 20. The output from an
argon laser (514.5 nm) is spatial-filtered and expanded to form a collimated beam with
2 c:n diameter. A variable beam splitter consisting of a half-wave plate and a polarizing
beam splitter cube is used to split the incoming beam into two, a pump beam and a signal
beam. Another half-wave plate 1s used to rotate the polarization of the reflected (signal)
beam by 90° from the direction perpendicular to the plane of the paper to the in-plane
direction. A polarizer placed downstream further filters out the residual perpendicular
component. A 10 « 10 binary matrix mask is used to encode a spatial pattern onto the

signal beam.

To maximize the spatial overlap of the pump and the signal beams inside the
crystal via the properties of Fourier transform, a pump mask with a single aperture
identical to the unit cell of the signal mask is used. The two masks are placed at the
front focal planes of two Fourier transform lenses FL| and FL, (of identical focal length
f = 25 cm), respectively. The crystal is located at the com:imon Fourier plane of the two
masks (Fig. 20). The shift-invariant property of Fourier transformation ensures that,
apart from a phase factor, the diffraction pattern from each signal channel overlaps with
that from the pump iuside the crystal. The intensity patterns of the pump and the signal
at the image plane and the Fourier plane are shown in Fig. 21. Note that the two
intensity distributions at the Fourier plane differ significantly in fine structures due to

multiple beam interference among the various signal channels.
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Fig. 20 An experimental configuration for a [-to-N x N (for N = 10) broadcasting
network using photorefractive holograms at the Fourier domain.

Intensitity Patterns

Image Plane Fourier Plane

Probe

Pump

Fig. 21 The intensity patterns of the masks for the probe and the pump beams at the
image plane and the Fourier plane.
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To investigate how the energy efficiency depends on the number of signal
channels, we used a variable rectangular aperture in front of the signal mask to vary the
number of channels from 100 to |. In each case, we also adjusted the laser power and the
variable beam splitter so that both the pump power and the total signal input power are
fixed at 600 uW and 6 uW, respectively. Figure 22 is a plot of energy efficiency vs
number of signal channels. The energy efficiency turns out to be fairly insensitive to the
number of signal channels. The crystal orientation used in this particular experiment is
far from optimum, and one can expect significant improvement in energy efficiency once

optimized.
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Fig. 22 Energy efficiency (n) as a function of number of signal channels (N) in a l-to-
N » N broadcasting configuration using photorefractive holograms in a barium
titanate sample.

3.5.6 Contrast Enhancement by Double Passage (see Appendix 5.9)

All of our experimental results reported earlier are obtained with photographic
masks replacing the SLM. To demonstrate the reconfigurability and to study the
reconfiguration time, one can no longer avoid the use of SLM which, in general, have
relatively poor contrast ratio (of the order 10 to 100). I[n the parallel matrix-vector
multiphcation approach, the maximum number of fan-out channels of the optical cross-

bar can be hinted by the finite contrast of the SLM,
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As a simple example, consider a M x M permutation matrix mask with contrast
ratio C = Tl/TO, where Tl and TO are the intensity transmittance of the "ON" state and
the "OFF" state, respectively. We assume that the signal from each source is intensity
modulated between zero and peak value P, the signal level received by each detector
through the "ON" cell is PT |, whereas the noise level received through the (M-1) "OFF"
cell is P(M-DT,. The signal-to-noise ratio (S/N) is therefore given by
S/N = Tl/(M-l)TO = C/(M-1) = C/M for M > 1 . The condition S/N > | is satisfied

provided that the number of fan-out channels (M) is less than the contrast ratio (C).

A simple method to 1mprove the contrast is by double passage through the
same SLM via retroflection or phase conjugationj. In principle, if the contrast ratio for
signal passage 1s C, the contrast ratio for double pasage will become c2. The experi-
menta!l configuration used to verify this fact is shown schematicaly in Fig. 23, An
exnanded and collimated laser beam from an argon laser (514.5 nm) is transmitted
through a circular aperture (diameter = 14 mm) located at the input plane. Half of the
aperture is masked by a NDF to form a binary amplitude mask at the input plane. The
transmitted bean is collected by a lens (L) and directed into a barium titanate crystal.
The crystal is oriented so that the incoming beam is phase-conjugated back via self-
pumped mode. After reversing through the aperture, the phase-conjugated beam is
sampled by a beamn: splitter through tmaging optics which reimages the binary mask on
the output plane. The input intensity distribution (i.e., single-passage through the mask)
and the output intensity distribution (i.e., double-passage through the mask) are measured
by scanning a detector with a small aperture (diameter = | mm) across the beam
diameter at the input and the output planes, respectively. The experimental results (for
a mask with optical density OD = 0.5) are shown in Fig. 24(a) and (b). Apart from some
imperfection at the edge of the output image, the output contrast ratio is approximately
the square of that of the input as expected. Instead of a phase-conjugate mirror, one can
also place a plane mirror at the input plane immediately after the mask to retroreflect
the bear back through the binary mask. The resulting intensity distribution is shown in
Fig. 24(c). The phase conjugation has the key advantage of being intrinsically self-
aligned. The grating formation ume for self-pumped phase conjugation using a typical
bariumn titanate crystal at a few tens of milliwatt of optical power, is, however,

relatively slow (a fraction of a second to several seconds). Note that the output obtained
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3.5.7 Experimental Demonstration of Reconfigurability

Using an experimental configuration similar to the one illustrated in Fig. 20,
with the photographic mask (transparency) replaced by an SLM, we have demonstrated
the reconfigurability of the interconnection by wriling new inferconnection matrix
pattern on the LCTV. The pattern is generated by an IBM PC and sent to the LCTV.
With optical power of the order of tens of milliwatts, the frame rate is currently limited
by tre photorefractive response time to a few frames per second. As explained in
Section 3.5.3, the data rate 1s not iimited by the photorefractive response tinie and can
be higher than several megahertz. To enhance the contrast of the binary pattern, the
signal beam is passed through the SLM twice via a retroreflecting mirror (as described in
Section 3.5.6) prior to interacting with the pump beam in a photorefractive barium

titanate crystal.
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We propose and describe a new method of vptical matrix-vector multiplication by using four-wave mixing in

photoretractive media
are presented and discussed.

A large number of signal- and image-processing algo-
rithms can be expressed in terms of matrix operations.
The multiplication of two matrices is one of the most
basic operations in matrix algebra. Optics. with its
inherent parallelism, can offer great improvement in
the speed of these operations. Optical processors for
multiplying two matrices have been described in the
literature.:~ Considerable work has also been report-
ed on performing optical matrix-vector multiplica-
tion.> In this Letter. we describe a new method of
performing matrix-vector multiplication by using op-
tical four-wave mixing in nonlinear media. In addi-
tion, we also report the first experimental demonstra-
tion to our knowledge of such an optical matrix proces-
sor by using a photorefractive BaTiO.. crvstal.

Optical four-wave mixing has been a subject of con-
siderable interest during the past several vears. Much
attention has been focused on wave-front-correction® ~
and phase-conjugate interferometry.®!" Inthe areaof
signal processing. optical four-wave mixing has been
used to perform spatial information processing.'’ im-
age subtraction,}- * " and logic operations.!* However,
little attention has been paid to the use of the inher-
entlv parallel multiplication nature of four-wave mix-
ing for optical matrix multiplication. In this Letter
we describe a new method of performing matrix-vec-
tor multiplication using four-wave mixing in nonlinear
media.

In what follows. we brieflv describe the basic princi-
ples of real-time matrix multiplication using optical
four-wave mixing in nonlinear media. For the sake of
convenience, we will limit ourselves to the case of
square matrices. although extension to nonsquare ma-
trices will be straightforward.

Referring to Fig. 1. we consider a scheme that is
suitable for a matrix-vector multiplication. Here, as
an example. let us consider a discrete case in which we
need to carry out the multiplication of an N-element
vector and an N X N matrix. In this scheme. the
vector is fanned cut into N rows of identical vectors.
These N X N beamlets are directed to a nonlinear
medium. The matrix, which also contains N X N
beamlets. is also directed to the medium in such a wayv
that each beamlet of the matrix i1s counterpropagating
in a direction relative to the corresponding hbeamlet of
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Using a BaTiO crvstal. we have demonstrated such a paraliel multipircation
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the vector. Thus, in the medium, there are N X N
spatially separated regions, each of which is pumped
by a pair of counterpropagating beamlets. Now a
probing beam, which consists of N X N beamlets, is
directed into the medium in such a wayv that each
probe beamlet will propagate through the correspond-
ing intersection region. as shown in Fig. 1. The probe
beam will be plane-wave beamlets propagating in par-
allel. All the beamlets in this probe beam are of equal
intensity. As a result of the four-wave mixing. each
probe beamlet will generate a phase-conjugated beam-
let, which, within a proportional factor. can be written
as M, j)a(yj). By using a cvlindrical lens. a summa-
tion over J can be obtained. Thus we have

bi}y = N\’ Mu. .y xay). (1)

where a{j) is the jth element of the vector a and M, )
is the matrix element. Such a scheme for matrix-
vector multiplication can also be used for matrix-ma-
trix multiplication by decomposing a matrix into col-
umn vectors and then multiplving the matrix with
each of the column vectors.

The probe beam can also simply be a uniform plane
wave, without beamlets. The phase-conjugated heam
will consist of N X N beamlets, because onlv a matrix
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Fiz 1 Schematic drawing of the hasic principle of optical
motriy vector multiphoanion throuch tour-wave mini, n
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Fig. 2. Experientai setup used tu demonstrate the opucal
matrix-vector multiplication.

of N X N regions is pumped by counterpropagating
beamlets. The matrix and the vector information can
actually be carried on any two of the three incident
beams in the four-wave mixing process.

The summation process can also be obtained with-
out the external cylindrical lens by using a different
scheme, described as follows. Consider a probe beam
that consists of a column of N equal beamlets. The
probe is incident into the nonlinear medium in such a
way that each of the probe beamlets is made to propa-
gate through a row of N intersection regions. The
phase-conjugation process automatically performs the
summation as well as the multiplication. The phase-
conjugated beam is thus the product of the matrix-
vector multiplication.

As a result of the nature of the four-wave mixing
process in the medium, this new matrix-vector multi-
plier operates on the field amplitudes and thus can be
used to handle matrices and vectors with complex
elements. It is a coherent device rather than an inco-
herent one. This aspect is distinctly different from
most of the earlier approaches, which are all incoher-
ent. When the device is operated in the coherent
mode, the phase of each beamlet must be maintained
uniformly over the transverse dimension of the beam-
let. In addition. such phases must also be maintained
fixed in the summation process. If these phases are
not uniform over the beamlets, the final step becomes
an incoherent summation as a result of the spatial
averaging. Under such circumstances, this .natrix-
vector multiplier operates on the intensities and thus
handles only positive numbers.

The matrix—vector multiplication is demonstrated
experimentally by using four-wave mixing in a photo-
refractive BaTiO. crystal.’” The crystal is cut in such
a way that the faces are all perpendicular to the princi-
pal axes. All the beams are polarized extraordinarv in
the xz plane and are incident onto the a faces of the
crystal.

In our experiments, an Ar-ion laser beam at wave-
length 514.5 nm with an output power of a few hun-
dred milliwatts is used as the light source. The laser
beam is expanded and collimated into a beam size of
approximately 1 cm. Figure 2shows our experimental
setup. The expanded beam is then split into three
beams by using beam splitters BS, and BS.. To dem-
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onstrate the principle of operation, we chose the fol-
lowing matrix and vector:

1 1 1 0 1 1

1 1.0 0 1 0
M=]0 1 0 0 1} a=]1 (2)

O 1 1 0 0 1

1 1 1 1 1 1

The matrix and the vector information is imprinted
onto two of the beams by using transparencies (MA,
and MA: in Fig. 2) that consist of circular dots. White
circular dots represent the 1's, and the dark regions
the 0’s. Instead of using a cylindrical lens te fan out
the vector into five identical rows as described earlier,
we simply use a transparency of a matrix that consists
of five identical rows of (1 0 1 1 1). The incident
matrices, corresponding to the matrix M and the vec-
tor a, are shown in Figs. 3(a) and 3(b). Fourlenses, L;,
L., Lj, and L, (with focal lengths f; = fy= 0.5 m and /-
=f,=0.2 m) are used to image the transparencies MA,
and MA. onto the center of the nonlinear crystal,
where the diameter of each beamlet is 0.i5 mm with a
center-to-center distance of 0.51 mm. The size of the
whole image inside the crystal is 2.2 mm X 2.2 mm.
The uniform beam is also reduced (and collimated) to
a diameter of 3.6 mm inside the crystal by lenses Ls
and Lg (with focal lengths f: = 0.6 m and f; = 0.25 m,
respectively). The angle # between the uniform beam
and one of the pump beams is 11°. The two beams
that carry the matrix and the vector information, re-
spectively, are incident onto the opposite a faces of a
photorefractive BaTiO; crystal. The incident angle ¢
is approximately 20° with respect to the surface nor-
mal. As a result of the four-wave mixing, a phase-
conjugated beam, consisting of a 5 X 5 beamlet pat-
tern, is generated and is shown in Fig. 3(¢). A cylin-
drical lens is then used to perform the summation.
The resulting product vector is shown in Fig. 3(d). By

Daa0S

M1101
{11001 0
b=Ms= 01001 1
01100 1
117111 1

Fig. 3. Photographs showing the matrix and the vectors:
ta) input matrix: (h) input vector. expanded into a matrix
with five identical rows: (¢) resultant phase-conjugate reflec-
tion . trix; (d) resultant vector of a matrix-vector multiph-
cation after summation of {¢) by a cvlindrical lens.
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measuring the intensity of the individual dots, we
found that the product vector is (3 2 0 1 4), in good
agreement with our prediction; in other words,

1 1.1 0 1 1 3

11 0 0 1 0 z
b=Ma=}0 1 0 0 1 1 ]=10 (3)

0 1.1 0 O 1 1

1 1 1 1 1 1 4

The intensities of the product vector elements are
measured by integrating over the cross section of each
beamlet. The experimental error is less than 5%.
This small error is due to environmental perturbations
and the slow response of the photorefractive crystal.
Although our experiment demonstrates the operation
for matrices and vectors with binary numbers (1, 0),
this matrix-vector multiplier can also be operated in
the analog mode to handle elements with grayv levels.
Such an analog operation in photorefractive crystals
requires that the probe-beam intensity be weak so that
the error due to the intensity denominator in the index
modulation can be neglected. This material-related
error disappears when the matrix and the vector con-
tain only binary numbers (1, 0).

In conclusion, we have proposed and demonstrated
a new method of matrix operation by using optical
four-wave mixing in nonlinear media. In particular,
we have demonstrated experimentally matrix-vector
multiplication in a photorefractive BaTiO; crystal.

The authors acknowledge helpful discussions with
M. D. Ewbank and M. Khoshnevisan (Rockwell Inter-
national) and J. Neff (Defense Advanced Research
Projects Agency).
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Optical matrix-matrix multiplication using multi-color four-wave mixing
Arthur E. Chiou, Monte Khoshnevisan, and Pochi Yeh
Rockwell International Science Center
1049 Camino Dos Rios, Thousand Oaks, CA 91360
ABSTRACT
The concept of using color-multiplexed four-wave mixing to achieve optical matrix-matrix
multiplication with N2 parallelism is described. Experimental results, for the case of

2 x 2 matrices, using two-color four-wave mixing in a photorefractive crystal are presented.

1. INTRODUCTION

Ir this paper we propose and édemonsctrate the concept of color-multiplexed four-wave
mixing to achleve optical matrix-matrix multiplication (MMM) with N3 parallelism. This is an
extension of our earlier work on optical matrix-vector multiplication (MVM)! using chotore-
fractive four-wave rixing. The additional degree of parallelism regui.ed by MMM (N’ for MMM
versus N2 for MVM) is provided by color-multplexing the nonlinear wave-mixing process. 1In
Section 2 th:z background for optical matrix processors is briefly reviewed, and the general
idea of using color-multiplexing to conver: a MVM scheme into MMM is described. In Sec-
tion 3 we present a specific approach to apply the color multiplexing technigue to photore-
fractive four-wave rixing for MMM with full parallelism. The experimental details and re-
sults are discussed in Section 4. In Section 5 we summarize our results and discuss some of
the practical difficulties and limitations, as well as some advantages of this approach.

2. BACKGROUND

Mazrix algebra has been used extensively as a convenient mathematical language to formu-
late the probdlems frequently encountered in signal and image processing and numeric
computing. Some of the more recent applications in optical computing include opticel
interconnections, ? optical neural network processors,? and optical artificial intelli-
gence.”'s In particular, two-dimensional format of a matrix can be conveniently represented
as a sp:tial intensity distribution of an optical beam over a plane. In this context, a
matrix can b2 viewed as a two-dimensional image and can be transferred to any designated
plane and scaled to appropriate size by conventional optical technigue. The two
computational primitives involved in matrix algebra, namely multiplication and addition, can
also be carried out optically using simple reflective, refractive, or diffractive optics or
their combirations. Various aspects of optical matrix processors have been discusszd fairly
extensively in some recent review articles.® 9 1In the following, we describe briefly only
those cirectly relevant to this work.

A basic architecture for an inccherent optical MVM scheme for performing discrete
Fourier transforms was reported by Goodman et al.l!® A schematic diagram of this architec-
ture fcr multiplying 2 4 x 4 matrix ané a 4 x 1 vector 1is illustrated in Fig. 1. 1In
general, a linear array of "N" sources (light emitting diodes or semiconductor lasers, for
instance) is used to represent the input vector {(dimension = N)}; the value of each element
of the input vector is encoded as the optical power of each of the source. The source array
can be addressed electronically in parallel. A transparency or a spatial light modulator
(SLM) is usec to encode the input matrix with the value of each matrix element represented
by the (local) optical intensity transmittance at the corresponding location on the matrix
mask. The appropriate pixel-by-pixel multiplication as prescribed by the definition of MVM
is achieved by projecting the source array to match the matrix mask, using anamorphic optics
(omitted in Fig. 1 for the sake of clarity). The required summations are then carried out
by another set of anamorphic optics (also omitted in Fig.l) that projects the transaitted
light onto a linear detector array. The output of the detector represents the procuct.

When the sources are addressed in parallel, the two dimensional matrix mask allows one to
carry out the MVM operation with full parallelism (of order N2).

The computational complexity for the nmultiplication of two N x N matrices is of the
order N. In other words, it requires N3 multiplications and N? summations to multiply two
W x N matrices. The problem can also be decomposed into N sub-problems of MVM. This is
illustratad 1n Fig. 2 for the special case of N = 3. Since the columns with all the ele-
ments equal W zero can be ignpored, each sub-problem essentially involves only one MVM.
Using the configuration shown in Fig. 1, one can, therefore, complete the multiplication of
two i x N matrices M1 and M2 in N clock cycles by clocking into the source array a sequence
~f N vectors V; (i = ! to N} which together constitute the matrix M1; the other matrix M2 is
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Ficure 1. The incoherent matrix-vector multiplication scheme;
the cylindrical optics are omitted for clarity.
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figure 2. UDecomposition of a problem of matrix-matrix multiplication
into the sub-problems of matrix-vector multiplication.

represented by the two-dimensional mask as described earlier. In this approach, « storage
device 1s reguired at the output end since the final result, which takes the form of W
column vectors, is obtained sequentially in N steps. In addition to the time-multiplexing
approach with K2 parallelism dGescribed above, one can also use a color (wavelength) multi-
plexing scheme to achieve MMM with full (N3) parallelism.

A schematic diagrem illustrating the basic principle of the color multiplexing MMM
scheme 1s shown in Fig. 3. Each constituent column vector V; of the matrix M; is color
encoded by illuminating it with a unique color at a unique input angle. Chromatic (as well
as angular) multiplexing is achieved by combining the output color beam strips into a single
column with the aid of color dispersion in a prism. Multiplication in parallel of each
color encoded vector V; with matrix M; is accomplished as described earlier (see Fig. 1}.
The output, after chromatic (and angugar) demultiplexing via another prism, is resolved into
the product matrix which can be image onto a two-dimensional array of detectors. 1In
practice, one may have to calibrate the output to correct for the spectral non-uniformities
of the sour~e, the matrix mask and the detectors.

The color multiplexing technique is by no mean limited to the incoherent matrix process-

ing scheme described above. The incoherent approach is chosen as an example in this section
to explain the basic idea of color multiplexed matrix processors mainly because of its
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Figure 3. A color-multiplexing scheme for incoherent
optical matrix-matrix multiplication.
simplicity. It also serves as a reference for comparison with the coherent processor using

photorefractive four-wave mixing to be described in the next section.

3. OPTICAL MATRIX PROCESSORS BASED ON NONLINEAR FOUR-WAVE MIXING

The investiigations of nonlinear optical four-wave nixing for optical phase conjugation
and spatial convolution/correlation were reportedllrl2 geveral years ago. Recently, the
applications of nonlinear four-wave mixing for other optical processings such as MVM,!
parallel logic operations,!3 ogtical pattern recognization for symbolic substitution,l!% and
residue-arithmetic computationl® have also been demonstrated. Most of these applications
utilize the sane basic multiplicative properties of four wave mixing. They differ only in
the input spatial patterns and in their particular uses of lenses, some for imaging and
others for spatial Fourier transform. A configuration for MVM is illustrated schematically
in Fig. 4. A matrix-mask M is illuminated with a uniform coherent beam and imaged onto the
nonlinear nedium from one side. The mask representing the vector (ai, a2, a3) is
illuminated from the other side. The transmitted beams are expanded by cylindrical optics,
into three identical row vectors which align pixel-by~pixel with the matrix M. In practice,

INPUT
VECTOR a

INPUT
MATRIX M

PHASE-
CONJUGATE
RETURNS

by{ »

6 UNIFORM

2} . {PROBE)

b3 ouTPUT MATRIX
VECTOR b

figure 4. A schematic diagram 1illustrating the basic concept
of optical matrix-vector multiplication using
nonlinear four-wave mixing.
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one can avoid the cylindrical optics by using a two-dimension mask to encode directly three
(or t, in general} identical rows of the input vector. This allows one to use identicail
imaging optics in both 1input ports and thus achieve better beam-overlap. Inside the
nonlinear crystal, there are nine pairs of counter-propagating beamlets, representing the
elements of the matrix M and the vector a. When a uniform probe beam is injected into the
nonlinear crystal, optical phase conjugation takes place via the four-wave mixing process.
Under appropriate conditions, the phase-conjugate output intensity is proportional to the
products of the three irnut intensities.!® A beam splitter is used to sample the phase-
conjugate output, which consists Of nine beamlets representing the pixel-by-pixel product of
the matrix and the vector. A cylindrical lens is then used to perform the row-wise addi-
tions of the beazlets to obtain the product vector (bi, b2, b3) at the output plane. The
experimental detail and results demonstrating the multiplication of a binary matrix (5 x 5)
and a binary vector using a photorefractive barium titanate crystal as the nonlinear medium
were reported recently.!

Experimentil observation of simultanecus optical phase conjugation of several colors of
input from a single barium titanate crystal has been reported by Chang et al.17 Such multi-
color phase corjugation via four-wave mixing in photorefractive crystal can be employed to
perform MMM. figure S5 shows a schematic diagram of such a matrix processor. This configu-
ration is basiczlly the same as the one shown in Fig. 4 except for the addition of two éis-
persive elements, one in the input for color-multiplexing, and another in the output for
color-demultiplexing. HNotice that the input matrix A is decomposed into its constituent
vectors encoded with different colors as described in the previous section. The beam illu-
minating the other matrix M and the probe beam consists of all the colors urniformly distri-
buted over the beam profiles. As a result of foyr-wave mixing of each of the spectral
component indezendently, pixel-by-pixel multiplication with N7 parallelism is achieved. The
signal to noise ratio of the output depends critically on the the pixel inteaction, anc
hence the bear alignment of each of the spectral components inside the crystal. In the
scheme that we cropose (see Fig. 5), the alianment is accomplished in two steps. The input
angles for each of the spectral components and the associated vector masks are first adjus-
ted so that the output appears as a single column consisting of 2ll the spectral components.
Cylindrical optics are then used to expand this single column to coincide with the matrix
inside the nonlinear medium. This procedure ensures that all the spectral components are in
unison and can ¢ aligned simultaneously in the second step. Cross-talk due to interactions
among differen: colors does not exist, provided the freguency separation between the colors
are far bevondé the temporal (freguency) bandwidth of tne nonlinear process. This is usually
the case for mcs: of the photorefractive materials since their response time typically
ranges from micrc-second to second.
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Tigure 5. A schematic diagram illustrating the basic idea of
optical matrix-matrix multiplication using color-
multiplexed four-wave mixiny.
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4. EXPERIMENTAL CONFIGURATION AND RESULTS

Using a photorefractive barium titanate crystal as the nonlinear medium and an argon ion
taser, we have demonstrated the nmultiplication of 2 x 2 binary matrices. The experimental
configuration is shown schematically in Fig. 6. Broad band reflectors are used for the
laser resonator so that it oscillates at more than one waveleng.h. Specifically, we operate
the laser (Spectra Physics Model 171) at five wavelengths (514.5 nm, 496.5 nm, 488 nm, 476.S
nm, and 457.9 nm) in the blue-green region of the visible spectrum. The 5-color output beam
is expanded to about 1 cm in diameter and collimated by the beam expander/collimator (BE).

A neutral density filter (NDF) with OD = 1 is used to reduce the phase conjugate feedback
into the laser, and a polarizing beam splitter cube (PBS) is used to filter out the s-
polarization component. The beam splitter BS)] (R = 50%), lens L] (f = 75 cm), mirror M2 and
lens L2 (f = 33.3 c¢cm) constitute the optics for the probe beam. A 2 x 2 matrix mask MM) is
illuminated with one of the pumping beams split off from the beam splitter BS2. The folding
mirror M2, and the two lens imaging system [lenses L3 (f = 50 cm) and Ls (f = 30 cm)] are
used to project a reduced image of the mask MM1 onto the crystal. The angle & subtended by
the two beams 1s about 7°. The beam transmitted through BS2 is sent through a prism P] to
angularly separate all the 5-color components two of which (476.5 nm and 514.5 na) are
selected to illuminate the masks MM2 and MM3, respectively. The two color-encoded patterns
are combined at bear splitter B53 and imaged onto the crystal through the foldimc mirror M7,
and the two lenses Ls (f = S50 ce) and Le¢ (f = 30 cm). Fcr proper operation, eex alignment
and pixel interaction inside the crystal are critical. The barium titanate crystal (5 mm x
4 mm x 4 mm) 1s cut so that the angle ¢ between the c-axis ané one of the input surface is
about 30°. This is approximately equal to the angle between the c-axis and *“he grating
(normal) vector when the 1ncidence of the two writing bears are near normal (see Fig. 6).
Such a configuration allows us to maximize the effective electro-optic coefficient without
using oblique incidence, which reduces the useful area of the nonlinear medium. The phase
conjugate beam encoded with the pixel-by-pixel multiplication of each of the colors is
sampled by the beam splitter BSs. In the output port, the folding mirror Ms anc lens L7 (f
= 80 cm) image the canter of the crystal onto the screen S, the prism P2 angularly separates
the color components (color demultiplexing) of the output beam, and the cylindr:cael lens CL
carries out the row-wise summation for each of the colors.

8CAa008
s ct

: T o

Figure 6. The layout for demonstrating the multiplication of two 2 x 2
ratrices using color-multiplexed photorefractive four-wave mixing.

Figure 7a shows the two matrices M and A, the decomposition of matrix A irio column
vectors, and the color encoding scheme. The three masks MM1, MM3 and MM2 (see Fig. 6) for
encoding tne matrix M and the first and second column of the matrix A, respectively, are
shown 1n Fig. 7b. The experimental results are shown in Fig. 8. Figure 8a is e picture of
the output pattern on the screen S when the summing cylindrical lens {CL) is renoved; the
relative optical power of each pixel monitored by a detector is indicated by thas traces from
the chart recorder. Fiqgure 8b 1s the final result representing the product matrix when the
cylindrical lens (CL) is in place. 1In practice, calibration to compensate for =he spectral
characteristic of the source, masks, and detector may be necessary.
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Figure 7. (a) The two matrices (M and A) chosen for our demonstration, the dce-

composition of A into column vectors, and the encoded colorc.
{b) The three matrix masks MM1, MM3, znd MMz (see Fig. €) for encodir<

v the matrix M and the two column vectors A] and A2 derived from matrix A.
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Figure 8. (a) the output pattern with the sumaing cylindrical lens (CL) (see Fig. €)
removed; the relative power of each pixel 1is indicated by the chart re-
corder traces and the color of the pixel is indicated below. (b} The cor-
responding results representing the product of M and A when the sumzming
cylindrical lens (CL) 1is in place.
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5. SUMMARY AND CONCLUSICON

We have presented the basic concept and experimental results for optical matrix-matrix
multiplication using color-multiplexed four-wave mixing in a nonlinear medium. To ciarify
the concept of color-multiplexing, an incoherent optical approach was also introduced.
Although the latter is relatively simple and straight forward to implement, no experimental
results, to the best of our knowledge, have yet been reported. For multicolor four-wave
rixing, a photorefractive barium titanate crystal is chosen for our experimental denonstra-
tion because of its strong nonlinear response in the blue-green region of the visible spec-
trum and its availability. When the number of colors is limited to a few, no sigrificant
reduction in phase-conjugate reflectivity of each color component is observed. However, 2s
the number of colors increases, say to 10 or 20, it is anticipated that the gratinc con-
trast, and hence the phase conjugate reflectivity for each cclor will be reduced because of
the photo—excitation of charges by all the other colors sharing the same volume. ™ultiple
quantum wcll structures with different sets of layers designed to enhance the opticzl non-
linearity at different wavelengths are potential candidates for color multiplexcd four-wave
mixing. With the current technology, the monlinear optical approach 1is limited by the
availability of an optical medium with sufficient nonlinearity (for four-wave mix.ng) over
2 wide spectral range and a multi-color coherent source that matches the same speciral
range.

In our experinental demonstrarion, we chose to use blnary matrices and monitored the
final result 1n a mixed binary format. For analog operation, several important lssces such
as the dynamic range and pixei-to-pixel uniformity require further investigation.

One cf the major advantage of the four wave mixing configuration is the availazcility of
three input ports. As a result, the system is sufficiently flexible that it carn = adapted,
with little or no modification, to perform other types of processing such as paraliel logic
operations, 13 pattern recognition for symbolic substitution,!“ and residue arithmetic compu-
tation. it 15 guite corceivable that the incorporation of color multiplexing, ich adds
arother dimension to trhis approzch with even more degrees of freedom, will egulp «
for other forms of 1mace or datz processings.
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Optical Matrix-Matrix Multiplication with N3 Parallelism
by Spatial Convolution via Four-Wave Mixing
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SUMMARY

The convolution of two (two-dimensional) spatial patterns using nonlinear opti-
cal four-wave mixing in their common Fourier plane can be devised to achieve matrix-
» matrix multiplication optically, in full paralielism. In principle, it can be applied to the
multiplication of a matrix A (of any dimension mxn) and a compatible matrix B (of
dimension nxp). A unique feature of this approach is that the output beamlets repre-
senting the elements of the product matrix lie on a straight line; therefore, a linear array
of detectors (instead of & two-dimensional arra) can be used for monitoring the result.

The major advantage of this scheme is the full parallelism achieved with a relatively

simple optical arrangement. The trade-off is the resulting spatial complexity.

% hite and Yariv! have demonstrated that (spatial) convolution and correlation
of two (two-dimensional) patterns can be achieved in real time by four-wave mixing in
the common Fourier p'ane of the input patterns and recording the phase-conjugated
output at the correspondiri; object plane. A typical experimental configuration is shown

schematically in Fig. 1. Specifically, if U3 is a small aperture simulating a point source

(or a delta function), a patterr representing the convolution of Ul and U2 (Ul*U2) is
observed in the output plane. An illustrative example is given in Fig. 2. The design of
Ul and U2 to represent two matrices so that their product iIs represented by UI*U2 is

explained in the following paragraphs. Explicit mathematical analysis, including the
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NONLINEAR
OPTICAL MEDIUM

_ — OUTPUT PLANE
(FOCAL PLANE OF L3)

Fig. | A schematic diagram illustrating the basic idea of four-wave mixing in a non-
linear medium located at the common Fourler plane of the input spatial

pattern,

§C41298

u1l-uU2
(c)

U2
(b)

U1
(a)

Fig. 2 A schematic illustration of convolution of two spatial patterns: (a) and (b) are
the two input spatial patterns; (c) represents the resulting spatial convolution

of the two inputs.

effect of finite aperture dimensions among the others, of a similar matrix multiplication
2

concept based on spatial filtering was given by R.A, Heinz et al.
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For simplicity and clarity, let us consider the simplest cases of two matrices A
and B, both of dimension 2 x 2, and their product C = AB given below.

A= ay ajo
21 222

by;  b22 (7)
C=AB= ¢} ¢ = ajb;+ajsby ajibyz +ajoby;
C21 €22 azibyy razgby azibpy +ap5bp;

A transparency Ul consists of four small apertures, each with its intensity transmittance

proportional to each of the matrix element ajj is shown in Fig. 3a. A similar trans-

parency U2 corresponding to the transpose of B (i.e., rows and columns interchanged) is

shown in Fig. 3b. Note that the vertical distance between the elements in Ul is designed
so that it is considerably larger than that in U2, while the horizontal distances between
the elements are identical in Ul and U2. Note also that the dashed rectangular box con-
necting the four elements in U2 is an artifact to facilitate the following explanation and
should be ignored in the actual design. By comparing Figs. 2 and 3, it is straightforward
to see how the quadruplet of the dashed rectangular box is formed at the corresponding
position in Fig. 3c as a result of the two-dimensional spatial convolution. As noted
before, all the dashed lines in Fig. 3c are artifacts and the actual result should show only
the corners of each box, i.e., a total of 16 spots with the irtensity of each proportional to
the cross product of all the elements in A and those in B. The four doublets lying along
the Y-axis in Fig. 3c are drawn slightly offset from the axis to expose the individual
component. In practice, the two components of each doublet are spatially overlapping on
the Y-axis. The intensity of the four doublets, from top to bottom, on the Y-axis are
proportional to ¢ 5, C||, Cpp and C,|, respectively. The eight cross terms that do not
contribute to the matrix-matrix multiplication can be filtered out easily as they are

physically separated from the Y-axis.
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Fig. 3 A schematic diagram illustrating optical matrix-matrix multipiication by
convolution for the case of 2 x 2 matrices: (a) matri.f A and the mask U, to
encode Aj; (b) matrix B and the mask U, to encode B'; (¢c) the spatial pattern
resulting from convolution of U, and U,;.

Another example illustrating the case of multiplying a 2 » 3 matrix with a
3 « 4 matrix is shown in Fig. 4. Note that all the cross terms that do not contribute to

the matrix-matrix product are omitted in Fig. 4c for the sake of clarity.

Using an argon ion laser (51454) and a BaTiO4 crystal, we have experimentally
demonstrated the concept described above for the case of 2 x 2 matrices. The images of
the masks used to encode the two matrices A and B are shown in Figs. 5a and 5b, respec-
tively. The experimental result representing the product is shown in Fig. 5c. An over-
exposed version of Fig. 5¢ is shown in Fig. 5d to reveal the noise resulting from the other

cross terms that do not contribute to the matrix product.

In principle, the basic concept described above can be appled to the multiplica-
tion of a matrix (of any dimension mxn) and a compatible matrix B (of dimension nxp). In
practice, the signal-to-noise (S/N) ratio is expected to degrade as the dimension of the
matrix increases. The problem of S/N is less serious in the mixed binary mode. The
major advantage of this scheme s the full parallelism achieved with relativey simple

optical arrangements, Froni the technological point of view, the fact that all the output
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Fig. &4 An illustration similar to Fig. 3 for the case when the dimensions of the
matrices A, B and Care 2~ 3, 3= 4 and 2 « 4, respectively.
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(d)
A = C = AB = (1 2> OVER EXPOSED
1 2 VERSION OF (¢}
Fig. 5 Experimental results for optical matrix-matrix multiplication by convolution

via four-wave mixing in the spatial frequency domain. (a) and (b) are the
matrix masks used for encoding the matrices A and B"; (c) shows the result of
their spatial convolution; (d) is an overexposed version of (¢) to reveal the
cross terms that do not contribute to the matrix product.

elements lie on a straight line can be significant, since this allows one to use a linear

detector array instead of a 2-D array for output detection.
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SUMNMARY

A varletv of optical matrix processimg schemes [1, 2] use two-dimensional spati:!
modulation of optical intensity to represent a mzinx to exploit the inherent parallel nature o
opucs. Such an approach tyvpically requires the projecuon of a spatial pattern to match another
patiern 1o perform the element-by-element multiplication. The basic incoherent matrix-vector
muldplication scheme [3]. for example, requires the use of anamorphic optics to project a linear
arrav of sources (or a one dimensionzl spaual light modulator) to precisely match a wo
dimensionzal mamx masks. In the mawmx-vector muluplication scheme using four-wave mixing
in nonlinear media (4], simultaneous alignment of all the pixels of the matrix and vector 1s
major task, particularly for a large number of pixels. Misalignment of the pixels may lead w0
severe errors. For a given size of mairix 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 1s likely to impose &
pracucal limit on the opimum 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 inodulator
(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 imperfection in optics is also

self-corrected by the phase conjugation process. The optical s, tem involved is relatively

20=
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simple compared with the other approaches. Without any modification, such a scheme can also
perform matix-mawmix multplication with NZ/2 parallelism.

LASER BEAM

|

-
T e

BEAM CYLINDRICAL
PHOTOREFRACTIVE SPLITTER LENS

PHASE CONJUGATOR

LENS

[V

Fig.1 A schematic diagram illustrating the basic ccncept ¢f opticz! matrix-vecior

maitiplication using a photorefractive phase conjugater in conjunction with a
sczaual ight medulator.

Refernng 0 Fig 1, we use a SLa! to in.press the mawix and vecior information i
sequanitioan mp::: laser beam. This beam 1s directed toward a phase conjugzaior which has ¢

finile sworage ume (@ photorefracnve barium ttanate. for example). A cyvlindrical fens 1s inserad

SORNCIEN

17 thy phase conjugate output beam path to perform the summation.

e principic of operation is as follow. the SLM first impresses the mamix informat. o,

Tas H

ono the input laser beam. This beam is then incident 1nto a phase conjugator which stores tw
matnx information after a finite grating formaton tme. When the matnx informanorn i

removed trom the SLM, say by turning all the pixels 1nto maximum wansmission conditorn. 1o

laleTe T

phase conjugate beam which contains the reconstruction of the matnx informanon exists (o7 .
finite duration. This finite storage time depends on the strength of the input (read) besm
During s time. if the next frame of the SLM carries the vector informaton. paraie

mmulurioanon iy periormed as the phase conjugate beam propagates back :hrough the SLM

.

ferrtiovecoris representzd 4s a two-dimensonal amuey of Nidentical column vectorsow

eonmiondon ol the vector. A ovhindrical tens n the ouput ol weed o pertom o

(eu i




summatoen. The dark storage time during which the matnix information can bz retrievec -
derermuned by ihe photorefractive material and the pumping configuration. It rangss from:

[

seconds to microseconds.

The sysizm can also perform matrix-matrix multiplication by time multiplexing. In this
case, each column vector V, (1=1 to N) which constitutes the second matrix M, 1s sequenually
impressed onte the beam to muluply with the first mamix M, according to the matrix-vecior
muluphcation scheme descnibed above. To avoid the degradation of the information of M,
stored in the photorefractive hologram duning 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
cvoles, consising of N cyeles of write and N cvcles of read, will be reauired to carrv out the

muluplication ¢ two NXN matrices.

Using a prnotorefractive barium titanate cryvstal as a phase conjugator in conjunction wiih

a =SNxSN magneto-optic spatial light modulator SIGHT-MOD SMDA8I from Semetex Corp!’

we have demoernstrated the basic principle described above. Preliminary experimental results

will be discussed. Some advantages and disadvantages of this approach will be compared with

[P 8 e e
COORT O LA OINTTS.
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Optical interconnection linking laser ar-ayvs and detector
arravs plavs a kev role in optival computing.! - Conceptual-
iv. such an interconnection can be achieved by using an
optical matrix -vecton multipheation,

v = Ay, (1

where visthe input vector representing the sigaals carried by
an array of N lasers and v’ is the output vector representing
the ~signals received by the arrav of N detectors. Misan N x
N macrix representing the interconnection pattern

When atran-parency oraspatial hcht modnlator SEND s
userd a< the interconnection ma-k. paraliel matrix vector
multiplicatic:r can he aclieved et the mterconnes tirn

mask consist of an N X N arrav of transmission windows,
The input vector (a row of N elements) is fanned out by
using. for example. a cvlindrical lens pair. so that the light
from each element is broadcast over a corresponding column
of the window.. After transmitting through the intercon-
nection mask, similar optics are used to collect the light from
each row of windows and to sum the ‘output into a column
vector of N elements. Such an architecture provides the N~
parallelism. However. a large fraction of energy is absorbed
by the transparency or SLM. When used as a crossbar
switch. such an architecture has an energy efficiency of only
1/N, where A is the dimension of the array.” This occurs
because (N = 1}/N of the hght energy from each element of
the input vector does not pass through the crossbar mask.
The energv loss increases as the dimension of the arrav
increases. This is sometimes referred to as the fanout ener-
gv loss. For a 1000 X 1000 crossbar switch, the lor< due to
fanout can be as higha:99.9%  This iz not acceptable in high
speed computing because signals are passing through the
SLM at gigabit rates and the energy loss can be enormous.
In addition to the inherent tanout energy loss, all SLMs have
finite insertion loss due to imperfect transmissions such as
from absorption and scattering. If we include such insertion
fosses. the energy efficiency for a crosshar <witeh would
hecome ¢ N, where ¢ 15 the transmittance (¢t < 1) of each
window

1June 1988 / Vo: 27. No 11 APPLIED OPTICS 2093
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~chematic drawing of an 1 ox N opueal interconnection
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It his been known tor seme tite that a holographic optical
element tHOE can be emploved tor tree space ot wal inter-
conneciton. Light from each laser source of the input arrayv
1~ Bravy scattered and redirected 1o one or more detectors of
the output arrav. There are several specitic r(qmremmb
that need to be met tor an HOF to be used for interconnec-
ton of VEST cireuits. These include near perfect alignment
and high diftractien eftficieney, Inaddition. a new hologram
i~ needed tor each new imwulnnewtinn pattern. In view of
i~ desirable touse dynamic holographic media
such as photaretractive crvstats + Photoretractive crvstals
such as BaTh0 . and SBN are by tar the most efficient rea:-
tirme holographic med.a. The rec rddine of g volume holo-
£ram ikside these orvst als requures s time of IﬁH‘rd('rnf 1 m-~
using hghtinten: itv of the order ¢f T Woom -

Irthis Communication. we propose a scheme ¢f forming 2
avnamic holagram inside @ photoretractive orvstal so thm
the hologram is capabie of performing reconfigurable optical
intercennection with a very high energv efficiency. Such a
~cheme utllizes the nonrecinrocal enerey transic- in two-
wave mining toachieve an extremelv hivh energy efficiency

Keterring to Fig- 1 and 2 we de~cribe this new method of
recontigurable optical interconnection which utilizes the
nonreciprocal energy transter in photoretractive two-wave
mixing toimprove the energy efficiency. Figure 1 describes

1-Dcase for the sake of claritv mexplamning the concept. A
smalltraction of thisimcident laser beam i~ coupled cut of the
hearmr by using a bean. sphitter ¢1Bx Thic sma! fraction
tahied probe neamo is then expanded by using a oviindrical
feri- and pas-e~ thronch tie spatial light modulator (S,
[ shie example shewrn o the faser beapois to be connected 1o
detectore mand a as pre~orhed bvthe SEAL The tran~iant
teed preobie hears as then recominned with the main beam
Inside i photoretractive prvstal

coconpling

these Iasiies,

Avare-ult ot nonre aproca!
aitno-T all ke enersvoan the

. Smiain beari -
Pransterrea o the prohe beogn swhoo b carries the intercor

nectior patter; The resolo s g cntioal imtercon Lection
RTINS e PR S SN ST TIS ST
200 APT e T ORT vIoo7 e 1T dune 195

Figure 2 describes the reconfigurable interconnection for
laser arravs and detector arravs. In the example (a 4 x 4
interconnectiont shown, laser 1 is to be connected to detec-
turs b and ¢, laser 2 is to be connected to detectors ¢ and d.
laser 3is to be connected to detectors ¢ and d. and laser 4 is to
be connected to detectors a and ¢. In terms of the matrix-
vector multiplication, such an interconection can be written
das

0101 L, Lot
1 00 . L
v o= = (21
10611 L [ SN O
0110 : Lo+

where ¢, t.. .. and ¢,
elements of the arrav ¢.

A ovlindrical lens is used to focus the 2-D) arrav of bean:-
into a vector (1-1) arravi.  Asx a result. detector a receives
signals from lasers 2 and 4. detector b receives signals trom
laser 1. detector ¢ receives signals from laser~ 1. and 4. and
detector d receives signals from lasers 2 and Such a
concept can be extended 1o imerconnect N Jasers with M
detectors where N and M are two large numbers,

The two-wave mixing described in Figs Vand 2 mav be
viewed as a real-time holography in which the recording and
readout occur simultaneousiv inside the photoreiractive
cry=tal. The beam splitter and the SLM are used to record o
volume hologram which represents the interconnection pat-
tern as prescribed by the SLANL The enersv couping -
volved in the two-wave mixing ensure~ that the diftraction
eftficiency during the readout is aimost 1007 This, of
course, requires a proper orientation ot the crvstal ~o that the
energy of the readout heam i~ greatly depleted. The high
energy efficiency results from the fact that most of the energy
1 carried by the readout beam. which does not pass through
the =M but is difiracted into the interconnectic 2 pattern
by the hologram.

Tkre encrgv efficiency of such an interconnection pattern
can be estimated tor a crosshar switch a~ follows  Let R be
the reflectance of the beam splitter. It i~ legitimate 10 as-
sume that the heam sphitter is practicaliv losdless. We mav
al~o assume that the surface of the photoretfractive crvstal i~
antireflection-coated o that the Fresnel reflection loss can
be negiected. Inthece conditions, the two heams tha arrive
at the photorefractive ervetal have enervier 1 — Kvand Re
Norespectivelv. Inside the crvstal. these two heams undery.
photorefractive coupling.  As a resuit. most of the energy of
the pump beam (1 — Ryis transterred to the probe beam R:
N.owhich contains the interconnection pattern. The energy
efficiency can be easilv derived and is given by

are signals carried by the lasers

tR 1+ r

r = ‘ ' yx;n—‘.l,\_ 1
N1+ moexpi—=].

where m 1: the beam intensity ratio,

L- RN

m = . iy
R

and [ is the interaction length. » is the coupling constant.

and « is the bulk abrorption coefficient. For photaretractive

crvstals such as BeTiO and SBNL the coupling constant =

very large e 3L o T The eftictency can be wnitien

approximate

Wenotce that for large Nothe envrgy efhicienoy 1= imired b
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t)incident probe intenaity (vertical scale = Smv/div, barizontal scale = psecidiv)

biamplif.ed probe 1ntensity (verucal scale = S50mv-div_horzonta! scale = 1jisec div.

Fiz s «av Signal carried bh the probe beam
m\ odinvohonizontalseate = ) us dn

Vertical scals = 0
vh Amplitied signal carried b

the probe bhean, after undercomns tnewave mining. Verllca scie =

Avm N div horizon oosae = 1 us din

f

the orvstal bulk ansorption expr—o Looand is maximized by
usng a heam spatter with g vers small reflectance fo e i~
(r
Incurpreliminarvexperimental work, we investigated the
testie ol energy etliciency and the capabilitv of mgh datarate
tran~mis~1 1. Diexamiming the energvefficrency. we tused a
laser beans from an argon-ion la~er operating at 3145 nm.
The laser bean. is collimated into a beam of Z-mm diameter
bvusingalen~ottocallength, = 2o A beam sphtterwith
retlectance of K= 000 1~ used 1o redirect 57 0! the energy
thraugh the spatial light moduiator. estahlshing the probe
The remainder of the energy trans ait~ through the
hears ~phtter and constitytes the pump heans. In our pre.
hminan experiment. the SLM was replaced with a neutral
=ity filter with a vanable opucal density 1o simulate the
Thetwo heams intersectinside a hartm
titanate rv-tal with an interaction length of ~5mm The
prarmp hearn wittian mtensity ot 0 W oo enters the ¢ryvstal
The probe bearn with anainten<iy
she ot 407 The ervstal s
~amphitied G the expense of

heam
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0.05 and 0.005 W/cm-. respectively. The intensity of the
amplified probe beam remains at 1.9 W/cm-. This trans-
lates to an energy efficiency of ~20%. In other word:, if the
fanout loss is 99% (e.g.. a 100 X 100 crossbar). the energy
efficiency of our new scheme can be at least 20 times better
than that of the direct approach. Notice that our crystal is
not antireflection coated. and ~18% of energy is lost at the
front surface. Bulk absorption in this particular crystal
accounts for ~60% of the energy loss.

Even though the reconfiguration time is limited by the
photorefractive response time. which is tvpically of the order
of milliseconds at modest intensities. the photorefractive
interconnection system can accept very high data rate sig-
nals. To demonstrate this fact. temporal modulation was
impressed on a laser beam targon. M = 514.5 nm} using an
acoustooptic device to simulate a signal. which i< to be inter-
connected with some output. The signal used was a pulse
train of tfrequency f, = 0.833 MHz with each pulse being ~0.2
us wide. This rate is clearly much higher than the reciprocal
of the photorefractive respon<e time. The modulated laser
beam was then split into twa heams and mixed in the crvstal
asdescribed before. and the amplified prohe beam was moni-
tored with a photodetector. The upper oscilloscope trace in
Fig. 3 shows the input probe signal. and the lower one shows
the amplified probe signal. The results show a steadv-state
response in which the temporaliv modiiated pump and
probe beams interact simply by dizrracting oft the stationary
mndex grating that is created in the crvstal atter the photore-
fractive response time. A this experiment was performed
merely to demonstrate the high signal bandwidth of the
svalem. optimization of the parameters was not done. and
the result~ in Fig. 3 can cleariyv be improved.

Summarizing: we have describea a new method of recon-
figurable optical interconnection usine dvnamic holograms
in photoretractive cryvstals. Such a new method provides a
very high energy efriciency.  The interconnection can be
reconfigured by using a different SLM pattern. The holo.
gram formation tme will limit the reconfiguration time.
Once the hoiogram which eontains the interconnection pat-
tern i~ formed inside the photorefractive crvstal. such a
scheme is capable ot providing the interconnection for high
data rate transmission. In such ar interconnection. the
output of each laser can be input to anv one or all the
detectors. Optical phase conjugation can also be used in
conjunction with the two-wave mixing to correct for any
phase aberration that mayv be caused by the crystal impertec-
tions,

The authors acknowledge helpful discussions with their
colleagues Monte Khoshnevisan and Uerek Cheung. This
research is supported in part by DARPA AFOSR under
contract F49620.587-C-0015,

References

1 See. for example. J W Goodmarn. F .1 Leanberger <Y Kung.
and R A Athale. "Optical Interconnections for V=T svstems”
Proc IEEF 72, Rau 1=,

2 oSee forexample Jo A Neft Fd . Oy
Photo-Opt Instrum. Eng 625, 104 1 ja=e

A A A Sawchukand B Ko denkins “Drionamac Optical Interconne

Phaoto-Ope

Y (!»’Y;_.’A\‘.!:’IE. Proc Sa

tons for Paraliel Processor-7 Proc s Instrum
FErw 625, 140 (14

4V L Vineteki, NV Rukhtares X G Oaaloa and M oS Soskin
“Pavamie Selt-Difrracton of Coberent Lighs Beanm<7 sov Phys
Uiage 22,742 1470

tJune 1988 - vo 27 Nc U1 APPLIED OPTICS 2095




(=21

[9 2]

. N.V.Kukhtarev, V. B. Markov.S. G. Odulov, M. S. Soskin,and V.
L. Vinetskii. “Holographic Storage in Electro-Optic Crystals.
Beam Coupling and Light Amplification.” Ferroelectrics 22, 949
(1979

. See, for example. P. Yeh, “Fundamental Limit of the Speed of

Photorefractive Effect.” Appl. Opt. 26, 602 (1987).

. J.P.Huignard and A. Marrakchi. “Coherent Signal Beam Ampli-
fication in Two-Wave Mixing Experiments with Photorefractive
B.S.0. Crystals,” Opt. Commun. 38, 249 (1981}).

. & E. T Chiouvand P.Yeh “Larer-Beam Cleanup Using Phatore-
fractive Two-Wave Mixing and Optical Phase Conjugation.” Opt.
Lett. 11, 461 (1986).

ST 1 June 1G85




APPENDIX 5.6

’l' Rockwell International

Science Center

SC5502.FR

Photorefractive Nonlinear Optics and Optical Computing

64
CIC178TD/bje




Photorefractive nonlinear optics and optical computing

Pochi Yeh

Arthur E. Chiou, MEMBER SPIE
John Hong

Paul Beckwith

Tallis Chang

Monte Khoshnevisan, MEMBER SPIE

Rockwell International Science Center
Thousand Oaks, California 91360

Abstract. This paper describes various nonlinear optical phenomena in
photorefractive media and selected applications in optical computing. These
phenomena include optical phase conjugation, two- and four-wave mix-
ing, and real-time holography. The applications include image amplifi-
cation and subtraction, logic and matrix operations, and optical intercon-
nection.

Subject terms: optical computing,; optical interconnections; optical image pro-

cessing; nonlinear optics.

Optical Engineering 284, 328-343 (April 19889,

CONTENTS

. Introducton

. Photorefractive matenals

. Nonhnear opucal phenomenu
31 Two-wave miang

fad 1D —

3.2, Phase conjugation and real-ume holography
3 2 Phase-conjugate interferometry
4. Opuical computing apphications

4 1 Image amphihcation

4.2 Image subtraction and esclusive OR™ logic operation
uing phuse-conugate intericrometn

4 3 Matnx operations
S 31 Optical maviv-vedior multiphicainm using

photorefractive tour-wave miving
432 Matnx-matny multiphication by means of color
multiplening
3 Matnv-matny multipheation using spatisd comvalution
4 Opucal matne-yector maltiphcation using & spatial
hieht modulator and @ phase conjugeor
44 Optical interconnection
S Conclusion
6 Acknowiedgment
7 Reterences

VIEON]

-

4
4

1. INTRODUCTION

The tield of optics, specitically nonlinear optics. 1s emerging as
an area of increasing importance tor applications in optical com-
puting hecause of ity inherent parallelism and s extreme band-
width of commumcation ' In addimon. the nonhinear optical (NF.O
response of matertals allows tor the possibihty of mampulating

Toviieg Fape s O0 10 re v Oor 30 Tuas reised nianusonpr recenved Jar
P219% e cr b punhicanes Jer HE o

ot S e Priote Op s Instrumeitation, Bovnecr s
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the propagation of an optical beam by another beam of light
inside a nonlinear medium. These manipulations include changes
of phase. polanization, intensity . direction of propagation. and
even the frequency of lightatseli. =7 In the area of optical com-
puting. these NLO manipulanions ofter unique capabilities in
holographic interconnection. parallel image subtraction. phase
conjugation. optical data storage. spaual light modulatons. and
bistable optical devices.

Some of the most useful NLO phenomena include optical
phase conjugation.” four-wave mixing.” and two-wave mining.”
Traditionaliy . these phenomena are obsersed in nonhnear media
that exhibit a large third-order cuscepubihitsn . Typically. these
phenomena require very high optical intensines for efhcient op-
cratton. Using one of the most efticient NLO matenals such as
carbon disulfide. an optical intensity level on the order of 1 MW
cm” s still needed. These intensity levels are too hgh for opucal
computing apphcations. Photorefractive matenals such as BaThOs,
SBN. BSO. and BGO are by far the most efficient media for
these NLO phenomena using relatively low intensity tevels te g
1 Wem™r In addinon, these materals are acentnic and exhibit
nonreciprocal energy transfer in a degenerate two-beam coupling
contiguration. Such optical nonreciprocity 1s not avatlable in a
third-order nonhinearity .

In this paper. we review some of the most useful NLO phe-
nomena 1n photoretractive media. We then discuss thewr apphi-
cations In optical computing

2. PHOTOREFRACTIVE MATERIALS

The photoretractive eftect is a phenomenon in which the local
indey of retraction s changed by a spatial vanation of the hyht
intensity - Such an effect was hrst reported in 1966 The spatial
index vartation leads to distortton of the wasetront. and such an
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effect was first referred to as “optical damage.”’ The photore-
fractive effect has since been observed in many electro-optic
crystals including LINbO1. BaTiO;. SBN, BSO. BGO. GaAs.
InP. etc. It is generally behieved that the photorefractive effect
anises from optically generated charge carriers that migrate when
the crystal is exposed to a spanally varying pattern of illumi-
nation with photons having sufficient energy. Migration of the
charge carners due to drift or diffusion produces a space-charge
separation, which then gives rise to a strong space-charge field.
Such a field induces a refractive index change via the Pockels
effect. This simple picture of the photorefractive effect explains
several interesting steady-state optical phenomena in these
media.

Although there are several models for the photorefractive
effect.®*™'¥ the Kukrtarev Vinetskii model is the most widely
accepted one 5 In this model. the photorefractive materials are
assumed to contain donor and acceptor traps that anse from
imperfections in the crystal. These traps create intermediate elec-
tronic energy states in the bandgap of the insulutors. When
photons with sufficient energy are present, electronic transitions
due to photoexcitation take place. As a result of the transitions.
charge carriers are excited into the conduction band and the
ionized donors become empty trap sites. The rate of carmer
generation is (sl = BiuNp NG ). whereas the rate of trap
capture 15 yrNNp . Here. s 1s the cross section of photoion-
ization. 1 1s the lightintensity . B s the rate of thermal generation.
YR 1s the carmer-ionized trap recombination rate. and N and
Np stand for the concentration of the carners and onized traps.
Np 15 the number density of the donor.

The space-charge Hicid puoduces by tne migration of the charge
carriers 1s determined by the tollowing set of equations™

, . |
IN= NG - v (o
at ot ¢

INg = ol = BrNa = NGO o yRNAL L (2
A
KT . |
J = epN(E - —*Vlog\) - pld. 3
e
VieE™y = etNy = N = N (31

where ¢ 18 the unit vector along the c-anis of the crvstal. Na s
the aceeptor copcentration. pis the mobthty . T 1s the absolute
temperature, k 1v Boltzmann’s constant. n 1s the index of re-
traction. ¢ 1s the di7" “tnic tensor, plas the photovoltaie current.
¢ 18 the electromic caarge, and p s the photovoltaic constant
E™ stands tor the space-charge field E 18 the total hield. which
includes E™ and any external or internal ields (such as chemical
or internal terroetectne hields

As a resalt of the presence of the space-charge field. a change
in the indey of retruction s anduced by means of the hincar
electro-optic eftect” (Pockels ettects

-\(’ ) - .k, (s
i

where 1, is the clectro-opuc coethicient twith 1k = xs /70

3 NONLEINEAR OPTHC AT PHENOMENA

Al o oo NLO phenomens mentioned carlicr mvohve the tor
mation of volurne ndey eratings mside the phe toretractive me-

dium. The simplest way to produce a volume index grating is
to employ two-beam interference inside a nonlinear medium.
This process takes advantage of the nonlinear response of the
material to illumination by electromagnetic radiation. Thus. when
two beams of coherent hight intersect inside a photorefractive
medium, they create a volume index grating. When the two
beams propagate through the self-induced grating. they undergo
Bragg scattering. One beam scatters into the other and vice versa
in a process termed two-wave mixing. The hologram formed by
the two-beam interference inside the photorefractive medium
can also be erased by uniform light illumination. Thus. dvnamic
holography is possible by using photorefractive matenals.

The Bragg scattering involved in two-wave mixing is very
similar to the rcadout process in holography. In four-wave mix-
ing. a third beam is used to read the hologram formed by the
two-beam nterference. The fourth beam is generated as a result
of the Bragg scattering. To satisfy the Bragg condition. the third
beam must be counterpropagating relative tc one of the two
beams that are involved in the formation of the index grating.
In two-wave mixing. the Bragg condition 1s automatically sat-
isfied. In what follows. we discuss some of the NLO phenomena
in photorefractive media that are usetul for opuical computing
applications.

3.1. Two-wave mixing

Two-wave mixing is important in practically all of the useful
NLO phenomena observed in photorefracuve media. The process
of torming an index vanation pattern inside a nonhinear medium
using two-beam interference 1s very simifar to that of hologram
tormation. Such an index vanation v often penodic and 1~ called
a volume grating In addivon to the holographic process known
traditionally. beum couphng occurs stmultancousls. This is a
unigue property of photoretractive matenals. In what follows.
we briefly review the coupling and energy transfer of two beams
inside 4 photorefractive medwm.

Consider the interaction of two laser beams inude a photo-
retractine medium (Fig. 1), It the two beams are of the same
frequency. a statonary interference pattern 1~ formed. Let the
electric field of the two waves be wntien

Il
o

E = Aexpliwt - k-m] . Y
where Ay A> are the wave amphtudes. o 1~ the angular fre-
guency, and ki.k: are the wave vectors. For simphaity. we
assume that both beams are polarized perpendicular to the plane
of incidence ti.e.. s-polanzed).

Within a scaling factor. the intensity can be wntten

b= - = & - E.- T

Using Eg. 16} tor the electnc held. this can be wnitten

I = A " - A - ATAseap K o AJATeypa ke (5
where

K-k -k 19
and K 2% A where Vs the peniod of the fnnge pattern

The intensity [Bg (811 has g spatial vanation inade the photo.
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refractive medium. According to Kukhtarev's model. such an
intensity pattern will generate and redistnibute photocarmers. cre-
ating a space-charge field in the medium. This field induces a
volume index grating due to the Pockels effect. In general. the
index grating will ha\e a spatial phase shift relative to the in-
terference pattern.® The index of refraction. including the fun-
damental component of the intensity-induced gratings. can be
written

n ATA- .

n=ng + [j]exp(idn —expl —iK'r) + cc.] . (10)
2 o

where

I = 1, ~ L =4A;7 + A7, (1

T 18 the index of refraction when no light 1s present. & is real.
and n; 15 a real and positive number. For the sake of simphicity.
we assume a scalur grating. The phase & indicates the degree
to which the index grating is shifted spatially relative to the
intensits pattern. In photoretractive media that operate by dit-
fusion only (1.¢.. no external static ields, for example. BaTiOs,
the magnitude of & is = 2 with its stgn depending on the direction
of the c-axis. K iy the graung wave vector given by Eq. (9
The parameter n; depends on the grating spacing and direction
and on the matenal properties of the crystal, e.g.. the electro-
optic coefficient. Expressions for njexpuid) can be found in
Refs. 9 through 11.

The spatial phase shift between the mnterference pattern and
the 1ndu;:.d volume index grating has been known for some
time ®'" The phase shift allows for nonrulprmdl steady -slate
transfer of energy between the beams.” 7' To investigate the
coupling. we substitute Eq (101 tor the index of refraction and
E = E, ~ E:for the electric field into the wave equation. This
leads to a set of coupled equations. )

The solutions tor the intensities 121 and 112y are’

~ m

Litzy = lHh———————cexpi —az | (12
I -~ m ‘expys

m X

Istzr = 110 —————C\pt — a7l . 13
b= meap -y

where 7 1s normal to the crystal surtaces and m s the input
intensity ratio

m= — (14

In the absence of absorpuon ta = (. L2y 18 an increasing
function of 7 and 1117y 15 a decreasing tunction ot 7. provided
v 15 positive . The sign of y depends on the direction of the
c-axis  As the result of the couphing for y > 01in Fig. 1. beam
2 gains energy from beam 1. I this two-wave mixing gain 1~
large enough to overcome the absorption loss. then beam 2 18
amphtied. Such an amplification 1s responsible for the fanmng.
stimulated scamrmv and osallation ot Taser beams in photore-
fractive cnvatals '

W mentioned the holographic interpretation of two-wave
mixing 10 photoretractive media carbier. Eluboraing. we con-
stder the tormation of an index grating due o the presence ot
two coherent laser beams imade @ photoretractive ervstal This
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PHOTOREFRACTIVE MEDIUM

Fig. 1. Schematic diagram illustrating the basic idea of photorefrac-
tive two-wave mixing.

1s formally analogous to the recording process in conventiona)
holography. Consider Fig. 1.1n which two laser beams intersect
and form an induced index grating. The index grating [Eq. (10)]
contains the product of the amplitudes A and A>. This grating
1s 4 hologram formed by an *object” beam A and a *‘reference ™
beam A». The diffraction component of the transmission function
of such & hologram [t = exp( —1AnL-A}] is given approximately
by

U~ An ~ ATAexp —ikr) ~ AjATexpuKr) . (15)

where A, and A: denote the complex amplitudes of the object
and reference fields, respectively. Equauon (15) assumes that
the modulation 1s weak, so the higher order terms can be ne-
elected.

For reconstruction (see Fig. 1), the hologram is illuminated
b the reference beam Asexpr — lk ‘r). The dittracted beam can
be wntten

NAATAexp — ik r) . (16)

where 7 is the diffraction efficiency. Nouwe that the phase of
A~ cancels out and the diffracted beam 1+ a reconstruction of
the object beam Ajexpl ~ik;-r). Similarly . the reference beam
A can be reconstructed by illuminating the hologram with object
beam A,. provided beam A is a phase object (1.e.. Ay has only
phase variation. with |A;' = constant).

In addition to holographic analogy . tw o-wave mixing exhibits
amplitcation. which is a unmique feature not available in con-
ventional holography. Using these two properties. two-wasve
mixing can be used for beam processing. As a result of its real-
time holographic nature. photorefractive two-wave mixing ex-
hibits nonreciprocal energy transfer without any phase cross
talk "

The lack of phase cross talk can be understood in terms of
the ditfraction tfrom the self-induced index grating in the pho-
toretractive crystal. Normally, it a beam that contains phase
information ditr.1y is diffracted from a fined grating. the same
phase information appears in the diffracted beam. For a selt-
induced index grating. the phase information dnr .t 1s impressed
onto the grating i such @ was that diffraction will be accom-
panied by a phase shift —dur.ti. Such a dynamic hologram
mahes seit-cancellation of phase miormation possible when the
incident beam s diftracted trom the gratung produced by the
incident and reference beams. This self-cancellation of phase
ntemation 18 actually equivalent to the reconstruction of the
reterence beam when the hologram s read out by the object
beam

Encrey transter without phase cross talk can be emploved to
compress both the spatial and temporal spectra of @ hght beam v
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PHOTOREFRACTIVL MEDIUA

Fig 2. Schematic diagram illustrating the basic idea of photorefrac-
tive four-wave mixing.

In other words. the energy transfer without phase cross talk can
be utilized to clean up the wavefront of a laser beam. This has
been demonstrated expenimentally using a photorefractive SBN
ervstal™ ' 1o correct for the spatial-wavetront and temporal-
wavefront aberrations.

Phase conjugation and real-time holography

Referring to Fig. 2. consider optical four-wave mixing in 4
photorefractine medium. Beams A; and A- incident from the
left form a volume index grating inside the medium. If the third
beam A is exactly counterpropagating relative to Ax. then a
fourth beam 1+ gencrated that propagates backward relative to
Ay and v g ume-reversed rephica of that beam. This 18 what
happens in the readout process of conventional holographs .=
except that in four-wave mixing the writing and readout pro-
cesses occur simultaneousty . For this reason. phase conjugation
by means of optical four-wuve mining v often referred to as
real-ime holography

It we consider the combination of the photoretractive medium
and the two counterpropagating beams 1Az and Ax) as an optical
device. then such a device behaves Itke a retroreflective murror,
An incident beam will be phase conjugated and propagate back-
ward. retracing its path. St anoptical device i~ called a phase-
conjugate murror (PCAMy Renection trom a POM exhibits many
interesting properties. including wavetront ahumuon COrTeL-
tion.” polarization restoration.” = and amphncation.” The am-
plitication 1v possible because energy can be coupled from the
twWo counterpropagating beams.

A cJass of phase conugaiors that have recenved considerabic
attennion recently are the seit- pu'npu phd\c conjugators.”
In these conpugators. there are no esternally supplied counter-
propagating pump beams. Thus. no cntical alignment 18 re-
quired The phase-conjugate reflectivity s relativels high ateven
low laser power These devices are by far the most convement
PCM« available  Although severul Iﬂ('dkl\ have been developed
tor self-pumped phase contuyators.” 77 the phenomeny can be
eaaly understood with the resonator madel ™ 7 In the two-
interaction region model . two separate four-wave mixings are
responsible tor the phase conjugation In the 2-K grating model.
selt-pumiped phase comugation is considered as a process simijar
to stimulate P Brillouin scattering *SBSs In the resonator model
e erastal cibe o viewed as an optical cavity that supports o
multitude of modes These modes are trapped insade the cnvstal
owiny to totab internad retiecton at the surtace

When a laser bearn enters the orvstal s some of the modes mus
he exorted asa result of the stronye parametne gan duce o two
ware mnang In particunar, ning osallation cer be generated
according toa theory develnped in Ret 33 When the contie

Uration ob e esonianc e cav Uy relatnve to theanaderns Laser beam

supports bidirectional oscillation, a phase-conjugate beam is gen-
erated by means of four- waye mixing.

According to this theory.* the frequency of oscillation inside
the crvstal can be slightly detuned from that of the pump beam.
If w1s the frequency of the incident laser beam. the frequency
of the internal oscillation can be written

w = w+ D, (17

where 8 is the frequency detuning and is of the order of =1 Hz
for BaTiOs. This frequency detuning depends upon the path
length of the ring oscillation inside the crystal. The bidirectional
oscilfation provides the counterpropagating pumping beams. By
conservation of energy. the phase-conjugated beam has a fre-
quency of w + 28.

The resonator model presents a simple explanation of the
frequency shift observed in BaTiO: self-pumped phase conyu-
gators. hde. 3 Experimental evidence indicates that internal os-
uluuons play a key role 1n the generation of phase-conjuga
waves.

3.3. Phase-conjugate interferometrs

A phuse-conjugate interferometer is simply an interferometer
that uses one or more PCMs. Several contigurations of phase-
confugate interferometers have been investigated. These include
a Much-Zehnder interterometer incorporating a phase conjugator
tor selt-referencing phase contouring based upon the interference
between an incident wave and its phase-conjugate counter-
part.™™ 4 Michelson interferometer with one of the mirrors
replaced by a phase conugator.™*" and a Michelson interfer-
ometer with both mirrors replaced by one or two phase conju-
ators, 273 Several optical compulm«' apphcations. ncluding
coherent_image subtraction. il “exclusive OR™ logic opera-
uon. ™ and spatial differentiation.” have been demonstrated
using the Michelson configuration with both mirrors replaced
by a single selt-pumped BaTiO: phase conugator (see Sec. 3.2,
A similar contiguration for lempordl differentiation (or novelty
filtering) has also been conceived. ™ In this section. we briefly
review the unique features of a phace-conjugate Michelson in-
tericrometer (PCME Applications 1n optical computing are dis-
cussed mn Sec. 4.2

One of the most important and interesting phenomena asso-
ciated with PCMIs is e reversal. Referning to Fig. 3ra). con-
sider a Michelson interferometer with PCMs. An mcident laser
beam (with intensity 1o 1s split by beamsphicer BS (assuming
losslesstinto two components, which are retroreflected back by
the PCMs. According to Stokes™ principle of ime reversibihity S
when the two phase-conjugate beams recombine at the beam-
sphitter. a ime-reversed replica of the incident beam i generated
This beam propagates backward. retracing the onginal 1incident
beam path. Thus. there is no light at the output port (port Ay
the total darkness 16 a result of time reversal. Such an optical
time reversal has been obsered e \[\rlanIdH\ usIng two cou-
pled BaTiO: ervstals for the PCMs

Referning to Frg. 3cby. [ignoning transparencies Ty and
Taonovh the ettects of which will be discussed in Sec 4.2 et
trand 1.r”be the amphitude transmission and refiection cocet-
ticients of beamsphtter BS tor beam entermy trom the nght and
lett respectively Toc innut beam with compley tield amphitude
E s sphitby the beamsplitter into a reflected component il and
a transmutted component th These o components are phase
“and UE oand are orther sphitand re-

1
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Fig. 3. (a) Time reversal for a Michelson interferometer equipped with
PCMs. [b) Quantitative analysis of the time reversal of a PCMI.

combined with r*E*r ~ t=E*t" at port B and r*E>t -~ t*E*r’
at port A. The principle of reversibility requires that

(r- ~ t*HE" = E- | (18

ir* ~ 'rHkE* = 0 | (192

Thus. the amphitude coefticients satisty the relations
R I (240
tre - t'r = 0 t2h

Equation (21) estabhishes the condition for complete cancellation
of the held at port A These equattons are known as Stokes’
equations. ™

In practice. the cancellation at port A may not be complete
because one cannot obtuin an ideal phase conpugation. The med-
surement of time-reversal iidehny uving 4 PCMI was reported
recently by BEwbank and Vasques 'The phase instability arising
trom the use of twondependent tnot coupledy selt-pumped phase
conjugators 1s discussed in Ret 43

4. OPTICAL COMPUTING APPLICATIONS

The NLO phenomena. including two- and tour-wave nivang.
optical phase coniuvation. and phuase-comugate interferometry
descmthed in the previous section can be emplosed in g wide
ranc of apphcations for optical computing and 1mage process
iy A tew examples are siven in this section tooaljustrate songe
af the ments and hmitanions of these NLO approachcs

3] CET LA ENTIGE RN L A YAy GEN

ORIGINAL SLIDE

AMPLUIFIED IMAGE
tG = 20 00C

Fig. 4. Experimental configuration and results of image amplifica-
tion using photorefractive two-wave mixing.

4.1. Image amplification

The energy transfer in photorefractive two-wave mining dis-
cussed in Sec. 3.1 can be used for image amplincation. = Spe-
citivally. the interaction of a strong pump beam with a weak
image-bearing beam inside a photorefractive medium results in
an amplification of the image information. To preserve the con-
trast of a grayv scale transparency. it is cructal that the amplifi-
cation factor be unitorm spatially and throughout the intensity
dvnamic range of the image- camying beam. This 1ssue has been
analvzed by Fainman and Lee.™ Their results indicate that a
uniform intensity gain of more than 40 dB over an input dvnamic
range of four decades (1.e.. 13 bits 1s possible in photorefractive
crystals such as BaTiO: and SBN with strong coupling (yL ~
10. where vy 15 the coupling coetficient and L is the interaction
length).

The basic idea described above 1s illustrated in Fig. 4 along
with the experimental results. Both the pump and the image-
carrving beams were split off from the same laser output
t514.5 nm), The signal beam waus first attenuated to be about
sivorders of magnitude weaker than the pump and then sent
through the transparency to camy the image information pnor
to mixing with the pump beam inside Jhie crvstal. An xvz-cut
BaTi0: cnvstal was used as the nonhinear medium. The close
resemblance between the amhtied image (with a gain of ap-
prommately 20.000) and the ongimal image indicates that the
cam s sufficiently uniform over the dvnamue range of a typical
gray scale picture to presenve the contrast.

In photoretracuve ervstals such as BuThO: and SBN. the
phase shitt between the interterence tninges and the index grat-
ing. m the absence of an eaternally apphed electne held,
approvimaiely 7 2 (see Sec. 2 D Ada result the couphing con-
stant and hence the signal gain are strongest when the optical
trequencies of the pump and probe beams are wdentical [see. for
example. Ea o134y ain Ret 347 The signal gam decreases
drasticaily ' as the optical trequency ditterence between the
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pump and probe beams exceeds the reciprocal of the photore-
fractive response time. Since the typical response time of a high
gain photorefractive crystal (e.g.. BaTiO: or SBN) is of the
order of a fraction of a second at an intensity level of the order
of 1 Wicm®, the frequency difference of the two beams has to
be less than 10 Hz. Practically. this requires that the two beams
originate from the same laser. To overcome this limitation. there
have been numerous investigations worldwide 1o search for al-
ternative matenals or processes with much faster time response.

Several other image processing applications employ photo-
refractive two-wave mixing. These include incoherent to co-
herent image conversion,™ posm\e and negative image (rans-
fer.*® dvnamic range compression.” * NLO range imaging. i
\1suahzauon of vibrational mode patterns .- ** and novelty fil-
ters.* In Sec. 4.2 we describe a unique application in image
subtraction using phase-conjugate interferometny .

4.2. Image subtractior. and *‘exclusive OR"" logic
operation using phase-conjugate interferometry

The PCMI examined in Sec. 3.3 can be readily adapted to per-
form several mathemancal operations over a (or a pair of ) two-
dimensional spatial patternes) of amplitude or phase modulation.
These include parallel image subtracuion and addition. negation
and XOR logic operations, and spatia! and temporal differen-
tiations. We briefly review some of these applications in this
section. The major advantages of the techmiques using PCMIs
over conventional approaches are dvnamic stability and align-
ment insensitivity . Detatls are discussed in Ref. 60. _

Optical imaze subtraction” Optical image subtraction™ ™ has
been a subject of considerable interest because of its potential
in many important appheations. In this technigue. one image s
subtracted optically from another to detect the differences be-
tween them

The PCMI descnbed carlier can be used as 4 real-time image
subtractor. Referming to Fig. 3tby. consider the insertion of &
pair of transpurencies [wih intensity transputtance functions
Tix.vrand Taex.yi] in the beam path in each arm of the mter-
ferometer equidistant from beamsplitter BS. By an analvsis sim-
tlar to that in the previous section, it can be shown that when
the two phase-conjugated beams recombine at the heamsplitter,
the 1mage intensity at output plane A 1s given by
Falx vy = E-p tr Tanar = r1Taxn® (22
where p 1s the reflection coefticient of the phase conjugators
fassuming equal phase-conjugate reflectuvitn) Using Stokes
equation jry (21}, this becoma.

to
5

Lxvi = E p RTTiaar — Tanar- . (

where R = r7and T = 17 are the intensity reflectance and
transmittarice. respectively . for beamsphiter BS. Note that the
output ntensity 1s proportional to the square of the ditterence
between the inten-ity transmttance tunctions

Real-time paralle] image subtraction using a PCMI that in-
corporaics g sell-pumped BJT)() cnvstal as the POM rat S14.5 nmy
has been demonstrated ¥ 3 An uampk of the experimenta!
results 15 given in Fig 5 The honzontal and verucy! bars are
the indees at output port A [see Fre Wb of transparendies |
and 2. respectively s when the luminating beam for the other
arm 1~ hlocked  The nght checherhosrd pattern represents the
coherent subtraction of the two mmages due to destructive sntci-

Fig. 5. Experimental results for image subtraction using a PCMI. The
horizontal and vertical bars are the images of transparencies 1 and
2, respectively, when the illuminating beam for the other arm is
blocked. The checkerboard pattern is the intensity distribution of
the coherent subtraction of the two images.

ference when both illuminating beams are present. Note that the
intensity distnbution where subtraction takes place i¢ fairfyv uni-
torm and 1s very close to that of the true dark background ii.e..
dark squares where the dark regions of the bars overlap).

“Evclusive OR™ logic operation: The image subtractor can
also pertorm logic operation. Consider the case in \xhich both
transparencies are either 1 or 0. According to Eq. (231, a com-
plete cancellation would require that the two tr‘m.pdrenucs be
identical. An output intensity of 1 will appear at port A when
only one of the transparencies transmits. Thus. such an image
subtractor can act as an XOR gate. When the transparencies are
encoded with matrices of binary data. such an image subtractor
acts as a two-dimensional array of XOR gates.

Intensiny inversion: A special case of image subtraction is
intensity nversion. which 1y obtained by removing one of the
transparencies such that the transmittance becomes unity in one
arm Experimental results are shown in Fig. 6.

Amplitude image subtraction: The image subtraction methods
described thus far result in subtraction of two intensity patterns
due to double passes of hght through each transparency. A new
method that provides parallel and real-time amphtude subtraction
of two 1mages by using holographic mtumrnmc In photore-
fractive media has rcccntl\ been demonstrated. ™ This method
uses @ double Much-Zehnder interferometer with a BaTiQ: PCM
and requires only a single pas< of hght through the transpar-
CACIes

Spatial difterennanon A PCMIEwith a puir ofidentical <patial
patterss fone 1n each army can be used to pertorm spatial dif-
terentiation. Referring to Fig 3up) it one of the transparencies
v displaced refatiy e to the other along ans direction s perpen-
dicular to the optical axis by an amount v, Bg 1233 becomes

Tavas = ESp RTTany < Avay - T . (24
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(b) (c}

Fig. 6. Experimental results for the intensity inversion. (a) Intensity
distribution of the phase-conjugate beam in the first arm with the
transparency removed (I, = T,{x,y)? = 1], (b} image of the trans.
parency in the second arm [I; = T(x,y) 2], and (c) the intensity in-
version of (b) {I x Ty(x,y) — Taix,y)? = 1 — Talx.y) 2l

where Ty is the transparency intensity transmittanc.:. This equa-
tion can be interpreted as the discrete version of spatial differ-
entiatton with respect to the x coordinate. Note that such an
operation leads to edge enhancement. Using a shightly different
experimental configuration. Kwong et al ¥ demonstrated both
first- and second-order spatial differennation of a two-dimen-
sional transmission pattern.

Temporal difterentiation. An architecture that uses a two-
dimensional spatial phase modulator in one arm of a PCMI tor
the temporal differentiavion of 4 scene has been proposed™ and
demonstrated. ™

4.3. Matrix operations

In this section. we review the use of four-wave mixing in non-
linear mediz to perform matny-vector and matrix-matrix mul-
tiphications. It was pointed out in Sec. 3.3 that four-wave mixing
1s an NLO process in which three input waves mix to vield a
fourth wave. In phase-matched tour-wave miving. the three input
waves consist of two counterpropagating pump waves E; and
E- and an arbitrary probe wave E:. These three waves are cou-
pled through the third-order suscepuibility %' of the medium
A fourth wave E: iy generated that can be wnitten as’

Es > x "E.E-ET (25

This indicates that four-wave mixing can be used for the mul-
tiphication of signals In additon, 1f we use the parallel nature
of opticul waves. gach wave can carry spatial information for
the purpose of 1mage processing.” logic npc_rgnon\.““"" nu-
meric processing.” and matrix operations ™ In what follow s,
we describe some unique concepts that use the two transverse
dimensions to carry matrix information for the purpose of matrix
muluphcation

Matrix multuphcation between twe N » N matnices can be
written as

- AB 126
where
( MLk, (27

Naote that matroy multiphcation conssts of two main opergtions
a parallcl muluphiation and & summatior,

Reternine to by Toanl consider o tour-wane miang conbie
uration saitabic tor matroy mulupheation: Beams Tand 2 contan
the intormation ahout the two matniees Aovzcand Bz re
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Fig. 7. Schematic diagram illustrating the basic idea of optical ma-
trix-matrix multiplication using nonlinear four-wave mixing.

spectively. Beam 1 is chosen to propagate along the v-axis and
bearn 2 along the x-axis. The matrices can be erther continuous
or discrete. In the discrete case. each beam consists of a matrix
of beamlets. as shown in Fig 7(b)

In the nonlinear medium. the two matnix-carrving beams form
an interference pattern. and a volume grating i« formed. This
grating contains information about the product ot the matrix
elements of the two matrices and can be wntten as

An = n:AcvziBrizoviexpoKery < oo (28

where K 1s the difference ot the wave vectors of the matrix-
carrying beams. The parameter n: 1s the Kerr coefficient and is
proportional to the third-order susceptibility ' of the medium.
Note that the nonlinear response of the medium performs the
function of parallel muluplicauon

The volume grating is read out by a third beam. which can
simply be a plane wave. The diftracted beam consists ot the
integrated contribution trom cach part of the grating along the
bearm path and can be wnitten

Ciaxvr > AN /B2 dr (29
where the integranon s carmied out along the beam path Note

that the integration completes the operation of matniy multiph-
catton The intormanon about the product o1 these two matrices
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Fig. 8. Schematic diagram illustrating the basic idea of optical matrix-vector multiplication using nonlinear four-wave mixinc.

1s now mmpressed on the transverse spatial distnbution of the
diffracted beam. In |, ~uctice. the dimensions of the matrices may
be limited by cross talk between vanous channels due to dif-
fraction and or impertection in the optics.

Owing to the phase-matching requirement. the readout beam
must be incident along 4 direction that satisties the Brage dif-
fraction condition to achieve high efnhciency . In anisotropic non-
lincar media. the polarization states. as well as the direction of
propagation. can be chosen such that the targest of the nonhinear
susceptibilities 1s fully utihized

Four-wave mining can be either degenerate or nondegenerate.
In the degenerate case. all of the beams have the same trequency .
In the nondegererate case. the frequencies of the beams can be
shghthy difterent. This may be usetul for the purpose of sepu-
rating the diftracted beam trom the undiftracted portion.

Another scheme. shown in Fig. . 1s suitable for matrix-
vector muluphcation. Here. as an example. consider a discrete
case 1n which we need to cammy out the muluplication of an N-
element vector and an N« N matrin. The vector is fanned out
into N rows of identical vectors. These N x N beamlets are
directed to a nonhinear medium. The matrix. which also contains
N « N beamlets. 1s also directed to the medium 1n such a way
that each beam of the matriy 1s counterpropagating relative to
the corresponding beam ot the vector. Thus, in the medium there
are N # Nospatially separated regrons. pumped by a pair of coun-
terpropagating beams  Now. N2 N probe beams are directed
inte the medwum in such 4 way that each probe beam can prop-
agate through anntersection region. The probe beams will be
Uplane wave” beamiets propagating in parallel As g result ot
the tour-wave muvene. each probe beam generates @ phase-con-
tugated beam that, within w proportionality factor. can be wnitien
Mityan By uaing a ovhindncal lens. we obtain a summation
over ) This, we have

hee \‘\11,\:.: 130

where a()) 15 the jrh element of the vector a and M) is the
matrix element. Such a scheme for matrix-vector multiplication
can also be used for matnx-matrix muluphcation by decompos-
Ing a matrix into cojumn vectors and then muluplving the matrix
with each of the column vectors.

As a result of the nature of the four-wave mixing process in
the medium. this matrix-vector multiplier operates on the field
amphtudes and thus can be used to ! andie matnces and vectors
with complex elements. It is a coherent device rather than an
incoherent one. This aspect is distinctly difterent from most of
the earlier approaches. which are all incoherent. When the device
1> operated 1n the coherent mode. the phase of each beamlet
must be maintained uniformiy over the transverse dimension of
the beamlet. In addition. such phuses must also be maintained
tixed in the summation process. If these phases are not uniform
over the beamlets, the final step becomes an incoherent sum-
mation as a result of the spatial averaging. Under such circum-
stances. this matrix-vector multiplier operates on the intensities
and thus handies only positive numbers.

We now describe a few specific examples of optical matrix-
vector multiphcation and optical mutnx-matnx multphcation
using various architectures based on tour-wave mixing and phase
conjugation. Other approaches to opticul matnin processors are
discussed 1n several review articles

4.3.1. Optical matrix-vector multiplication using
photorefractive four-wave mixing

In the first expernimental demonstration of optical matrivvector
muluphication using four-wave mivene. ™ phase conugation 1n
a photorefractive BaliO: cnstal we ised to pertorm pixel-by-
pinel muluphication The summiation reguired to obtain matriv-
vector products was perfarmed wubsequently by a cvhindrical
lens external to the cryvstal

A schematic diggram ot the expenmental contiyuration, and
the result s shown i Frg 9 Mask Muimpnines the matr
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and mask M- imprints the vector (repeated on the mask instead
of using a cylindncal lens to fun out the vector)
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Fig 9. Experimental configuration and the result of optical matrix-
vector multiplication using photorefractive four-wave mixing.

into the two counterpropagating pumping beams. A collimated
uniform beam is used as the probe. The phase-conjugate output
at the focal plane of the summing cylindrical lens 1s shown in
the lower nght. The intensity of the output spaual pattern is
proportional to the product vector v, given by

11 0 1 1 3
I 106 1]|0 2
v =Mv=10 100 O0ff1]=]0 (33)
01 1 0 0f}1 1
[ U R | 1 4

With a slight modification of the experimental geometry. it
has been successfully demonstrated”' that both the pixel-by-pixel
product and the summation can be done inside the nonlinear
medium to achieve the desired matnx-vector product without
use of an external cyvlindrical lens.

The experimental geometry 1s illustrated schematically in
Fig. 10. The readout vector, which consists of i verical column
of beamlets of equal intensity . enters the cnvstal at an obhgue
angle such that each beamlet traverses all of the counterpropa-
gating pumping beamlets in the same horizontal plane mside the
cryvstal. Since the proper elements of the matniy and vector are
encoded in the two counterpropagating beams via the appropriate
masks. the phase-conjugate output of each beamlet consists of
the sum of the proauct resulting from each individual encounter

An expenimental result for multiphcaton of a 4> 4 binan
matrix and a 4 X | binary vector is shown in Fig 11 The mag-
mified images of the masks used to encode the matrix. vector.,
and probe are shown in Fige. 11way through 11ec respectivels
The 1image representing the final matnx-vector product is shown
in Fig. 1lady

4.3.2. Matrix-matrix multiplication by means of color
multiplexing

It has been experimentally demonsirated that matns-vector mul-
uplication using photorefracuve four-wave miving can be ex-
tended to matrix-matrix multuphicaton b color muluplexing

The basic idea ts o decompaose the problem into matrix-vector
multiplications and carry out all of these muluphcations simul-
tancously n parallel by using color multipleaxing This idea of
encoding the component vectors with difterent colors ix illus-
trated 1n Fag. 12 for the case of 4> 4 matnices. Each row vector
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Fig 10 Modified configuration for optical matrix-vector multiphcation using photorefractive four-wave mixing In this approach, both
the multiplication and summation are carried out inside the nonhnear crystal
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Fig. 11. Experimental results of optical matrix-vector multiplication using the approach illustrated in Fig. 10.

Fig. 12. Schematic di.gram illustrating the basic idea of opticai ma-
trix-matria multiplication using color multiplexing.

of the muinin My 1 tlluminated by one color. and all of the color
components are then combined by the prism tanzular multplex-
ing1into 4 “ingle rfow pnor to furiher expansien by anamorphic
optics tnot shown) to mateh the mask representing the second
matnin - After proper element-by-element multiplications and
summation (sumiming optics omittedr into the column. the re-
suling mulucelor output v demuluplexed into ditterent color
compunents that together represent the tinad product.

4.3.3. Matrix-matrix multiplication using spatial
convolution

In addion to the above scheme. another method tor matni-
matrix multiplicaton that uses spatial convolution by means ot
four-wave mixirg has been successfulhy demonstrated - The
key difterence between this approach and those deserbed above
15 that the nonhinear cnystal is located at the cominon Fourser
plane. rather than at the common image plane. of the input matrin
masks The encoding scheme 1s abvo ditterent from those used
ir the earher approaches  Matnx-matniy multiplicaton an full
parallzlism s achieved by space-muluplexing by means of spa-
tral comvolution usine degenerate four-wave mising

White and Yarn™ have demonstrated that tspatialy convo-
lunon and comrelaton of two ttwo-dimensionaly petterns can be
achieved in real ame by tour-wave miang in the common Fou-
nier pline of the iput pattems and recording the phase-conugated
outpat at the corresponding object planc A typreal expenmental
contearation s shown schematicalhy in Frg 13 18 U306 g smld]
aociture simuldting @ point source cdelts tuncuony, o pattern
representing e vonvoltitiee of TEand 20U T U2 obeenved
in the Hutpa plane The desten of T and U2 (o represent -ao
matriocs s that ther produc s represented by U U2 s now
explaing
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Fig. 13. Schematic diagram illustrating the basic idea of four-wave
mixing in a nonlinear medium located at the common ~ourier plane
of the input spatial pattern.

For simplicity. considzr the simplest case of two matnces A
and B with dimensions 22 and the product ¢ = AB given
below

A= (“” el (34
L4 dr:
I TR
B | b b;J (35
rL
C = AB = . '

(360
'.i;!h L Hv:h::
anboo - anb::

_ fanbhe +oachy
© e - anby |
Transparency UL consist of tour smail aperrires. each with av
Intensiy transmittance proportional o each matris element 4,
[see Fig lTauslo A similur transparency U2 conespording to
the rranspose of B e rons and column. interchangedy iy
shawn in Fig 14eby Nuote that the vertieal separation i U s
considerably Jarger than thatin U220 while the hornizontal elenwent
separanons are wentead i U and U2 The two-dimensional
spatial convolution of UL and U2 1v shewnan B Tdc I
consints of a total of 1A spots with the intensity of cach pro-
portional to the ¢ross product of all ot the elemrentsin A and B
The tour doubles ving wiong the y-anis i Frg Teo) are drawn
shightiv otiset trom the anis tooxpose the imdiadual component
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Fig. 14. Schematic diagram illustrating optical matrix-matrix multiplication by convolution for 2 x 2 matrices. (a) Matrix A and mask U1 to
encode A, (b) matrix B and mask U2 to encode B', and (c) spatial pattern resulting from convolution of U1 and U2
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Fig 15 Experimental results for optical matrix-matrix muitiplication by convolution by means of four-wave mixing in the spatial frequency
domain. {aj anu (b are the matrix masks used tor encoding the matrices A and B”, {c) shows the result of their spatial convolution, and {d} is
an overexposed version of (¢' to revea! the cross terms that do not contribute to the matrix product

In practice. these twoe components spatially oveiap on the - Another scheme for optical matriv-vedtor tand matrix-matrix
axis. The imtensiiios of the tour douhlets, from top o bottom multiphications that uses 4 phase conjugator (with 4 iimite storage
on the v oanis, are propemionad to o ooog ez and ool respec- timcr moconjunction with a spatial light modulator (SEAM w0
el The 91‘-,.: cross terms i do not contribute o mains- chiminate the pixel-by-pixel alignment requirement at the cost
matey mulupication canobe tiered out casiby o sinee they are of some teduction i paral'casm (N7 Zanstead of N7y has been
nbsically serarated e tie voaaas reported. © Phase aberration due to imperfection in the opties s

Usire an aroon ton eser at M35 nmoand & BaThOw onvsa! selt-corrected by the phase-conjugation process. The aptical sy <-
the wonpr dewontbad amove b been demonstrated for 2002 tem imvolved s relatisely simple core . ed wiath the other ap-
e e Fie TS T nmases of the mash s used 1o encode proaches. Figure 16 1y 4 schematic dragram illustrating the basic
Aand B oarcsnewsm e ES soand T The result repre- concept - An SEM 1y used to aimpress the matry and vector
U S Vi voohownoan B IS0 AR osereaposed Information In sequence on an nput laser beam This beam 1s

raen ot b soshonnoan bre TSd o reveal the nose directed toward a self-pumped PCM. which hay a finite ume
r: SUronn e oo e that de ot oonsiibute o the miatnin response ic g BaTiO0 A evhindnical lens is used m the phase-
pronia” conugate output beam path to pertorm the summation

The principle of operation 1s as tollows The SLM first im-
prosses e matony anformation onto the anput Jaser beam. This
bearm e then inadentinte a selt-pumped POM O which stores the

434 Opical matriv-sector muluplicanon uang a spatial

lLight mod slater and u phase conjugator

Proe e e e s e onthed ahon mattny ntormation alter o hinde grating tormatton ume When
I T R O T N G A the matry mtormation 1- removed trom the SEM and all of the
S L AL T A povels are twumed mto maamam ransmission condition, the phase

A o S SN LT RN S conttoate bean: that contans the reconamction of t'm malny

! ol : : S U ST U A Vtorinatn o ot tor g Gnste Juration which thpan Noon the
oo o Co i L A Crerat o Uanpae read beans Dans thee tmies 1t the et
T o S I I i T P e e SENE e the secton it amaen paradicd ol
. : S T s pertore s e Phase ot Deati propar.e s
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Fig 186. Schematic diagram illustrating the concept of optical ma-
trix-vector multiplication using 3 photorei.active phase conjugator
in cunjuncticr with an SLM.

dimension of the vector. A cyvlindrical lens in the output port
pertorms the summation. The dark storage ume during which
the matrnix nformation ¢an be retnieved 15 determined by the
photorefractive matenal and the pumping conhguration. It ranges
trom seconds to microseconds. In this architecture. the same
input beam 1y Used for altemately wnung and reading the holo-

gram.
This system can abso perform matriy-matriy muluphcation by
time multiplexing  In this case. each column vector V, (1 = |

to N comttuning the second matriy M s sequenually impressed
onte the beam teaauiuphy wath the tirst matny My according
the muatriv-vector melupheation scheme described above. To
avold degradabon of the intormation of M, stored tn the photore-
fractive hologram dunng the readout. 1t 1s necessary to retresh
the holographic memony with M, to restere ity diftracuon ef-
ficiency. This can be done by rermpressing My onto the beam
after each readout cvore. Consequentiv, a tota! of 2N clock
ovales conssting of Noovcles of wnte and Nooveles of read.
will be reguired 1o carry our the mudtnpheaton of o NN
matrices

4.4. Optical interconnection

Optcal interconnvction hnkang luser arrays and detector amays
plavs a key role inopnica! comiputing - Conceptually . such
an nicroonnection can be achieved by ousing opucal matnin-

veotor migliphcation,

3 My 137

where v s the input vedtor representing the signals carned by
an array of Noasers and v s the outpat vector representing the
sienals recenved by the array of N odetectors Moo an N N
broary matnis representing the interconnection patterr

When an SEM s used as the matniy mash., the .aterconnection
s recontcurahle Suppose the interconnection mash consisis ot
an N /N array of transnission vondows The input vector 1
rovw of NCelementsi s tanned out using asbigmuatic optics sothat
the lizht trom cach element 1s broadcast over a corresponding
corumn o wandosw s Atter transmission throuch the intercorn-
necton na-b o similar opiies are used toocallect the hight trom
Ca toreea b the wankdew s and to s the outpat inte g column
Such an wrchitecture provades the ne
exvary N paradichoyy Howewor o laroe traction of eneres e
abearned by e oo o SEND When usad as acroehae

choien.y of on’y

vector o NCeloments
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vector does not pass through the crossbar mask. The energy loss
increases as the dimension of the array increases and is reterred
to as the ““fan-out energy loss.”” For a 1000 x 100U crossbar
switch. the loss due to fan-out can be as high as 99.9%. This
1s not acceptable 1n high speed computing because signals are
passing through the SLM at gigabit rates and the energy loss
can be enormous. In addition to the inherent fan-out energy loss.
all SLMs have finite insertion loss due to imperfect transmissions
such as those that occur from absorption and scattening. Includ-
Ing such insertion losses. the energy efficiency to: a crossbar
switch would become tN. where t is the transmittance (1 < 1)
of each of the windows.

Recently. a scheme has been developed™ ™ to form a dy-
nanuc hoiogram inside a photorefractive crystal such that the
hologram will be capable of performing reconhgurable optical
interconnection. Such a scheme utihzes nonreciprocal energy
transfer In two-wave mining to achieve an extremely high energy
efficicncy.

Reterning to Fig. 17, we describe this new method of recon-
fizurable optical interconnection. Figure 17c2) doseribes a one-
dimensional case to explain the concept. A small 1raction of the
incident beam is split off using beamsphitter BS  The reflected
beam (probe beam) 1< then expanded by using a cxhndnical Jens
betore entertng the SLLM. In this example. the input beam 18 0
be connected to detectors b and d as presenbed by the SLM.
The transmatted probe beam 1< then recombined with the main
beam inside a photoretractive cryvstal. As g result of nonrecip-
rocal energy couphling. almost all of the energy 1in the mam beam
1« transterred to the probe beam, which carmes the interconnec-
von pattern. The result ts an optical interconnection with & ven
high energy efticiency

Figure 17thy shows the reconticurable nterconnectuon for
laser arradvs and detector arrass. In this example (3 - 4 anter-
connechon), laser 18 to be connected with detectors b oand ¢,
laser 2 with detectors a and d. laser 3 with detectors ¢ and d.
and laser 4 with detectors a and ¢ In terms of matny-vector
multuphication. such an interconnection can be written as

¥l
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where viovz v and vaoare signals carmed by the laser elements
ol the array v

A cvhndncal Jens 1v used to focus the two-dimensional arras
of beams nto a vector. Thus. as a result, detector ¢ receives
signals from lasers 2 and 40 detector b receves signals trom
laser . detector ¢ recerves signals from lasers 1. 30 and 4. and
detector dorecerves signals from lasers 2 and 20 This concept
can be extended tointerconnect N husers wath M detectors, where
N and M are two lurge numbers

The two-wive nuxing desertbed sbove may be viewed as a
real-tme holography m wh, h the recording and readouat oceur
simultancousls anside the photoretractive ¢nstal The beam-
sphitter and the SEM are used wo generate the reterence and object
heams 1o record @ volume hologram that represents the nter-
connechion pattern s presenibed by the SEM The energy cou-
plins imvalved i two wave nivang ensures thar e hittraction
cthviency dunnge the readout s almost Fooe This requires
proper onentaion of the orvstal sothat the encrey of the readoue

Peam - greathy depleted The hienereres ethoenos resulls from
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Fig. 17. Schematic drawings of optical interconnections using dynamic photorefractive holograms with N = 4. (a) 1 < N optical interconnection

and {b) N x N optical interconnection.

the fa~t that most of the energy 1§ camed by the readout beam.
which does not pass through the SLM but is diffracted into the
interconpection pattern by the hologram

The ennrgy efficiency of such an interconnection pattern can
be estimated for a crosshar switeh as follows: Let R be the
reflectance of the beamsphtter. It s legitimate to assume that
the beamsplitter 1n practically Jossless. and we may assume that
the surtace of the photoretractve eryvstal 18 antiretlection-coated
so that the Fresnel reflection loss can be neglected. Under these
conditions, the two beams that arnve at the photorefractive crvs-
tal have energies (1 = Ry and RUN. respectivels. Inside the
crvstal. these two beams undergo photorefractive coupling. As
a result. most of the energy ot the pump beam (1 — Ry s
transterred to the probe beam RUN. which contains the inter-
connevtion pattern. The energs etficiency can be easilhy dernved
and 1s given by

‘R Il - m
n - = =oxpe - al (39
N omesp -yl

where mois the beam intensity ratio.

th — RN 1
m = oo (4th
tk

L 1~ the interacuon length. v s the coupling constant, and « 15
the bulk absorpuion cocticient For photoretractive crystals such
as BaTiO. and SBN. the coupling constant i~ very large e,
vi. ~ b The ethcienes can be written approximateiy as

2% I
S B Rijespr —al) 141
T’ | \ Y § 1

~otiee that tor Jaree Nothe energy efticieney s limited by the
crystal bulk absorpuon expr ol and v maximized by using
bearmnsphitter with g venn small reflectance R e VR O
Irexamming the energy ethicr acy . we collimate an areon
1on laser bearn ot 14 S nmonte 2 mm dameter by use sy fens
of tocal leneth 2 A beamsphitter s used o reairect 34
of the ericren throush the ST establishy the probe beam
Thoe remander of the eneres transnats through the beansphiter
and contitates the pumip beans Tnoour pronminats evperime
thee SEM wasreplaced wotn g neutral densats tier with wovanabs

optrc dens ot canuhare e tan out enerey doss Toe tweo

ohoaba i Crcaanwiwanterachion fensn

AMPLIFED
PRIRE BEAN
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Fig. 18. Schematic diagram illustrating the relative orientation of the
pump beam, probe beam, and c-axis of a 30°-cut BaTiO; crystal for
the measurement of energy efficiency. The depleted (transmitted)
pump beam is omitted for clarity.

of approxtuately 5 mni (see Fig. 181 The intensity ot the pump
beam s approximately 3.2 We.em™. whereas the intensity_of the
probe beam varies from 0.16 Wem™ to 016 mW cm™. The
amphtied output intensity 1s monitored and the result 1s shown
i Fig. 19, where the energy efticiency (detined as the ratio of
the amplified output intensity to the total input intensity) s plot-
ted av @ tunction of 1N (where N 1~ the number of tan-out
channels) The sohd line represents the theoretical it using by
{39y with al and yL as the fiting parameters. The results
tal. = 9.2and vL = I.1jagree with those obtained trom other
independent measurements to within 10% . Note that the energy
efficiency 1s better than 24% for N = | through 100, In other
words, 1f the fan-out loss is 99% (e.g.a 10X > 100 crossharny,
the energy efficiency of this new scheme can be 24 times better
than that of the direct approach  Bulk absorption in this partcular
cryvstal accounts for approximately 65 of the energy loss
Even though the reconfiguration time 1» hmited by the photo-
refractive response tme. which s typically on the order of mulli-
seconds at modest intensities, the photorefractive interconnec-
tion svsterm can aceept vens hich date rute signals. To demonstrate
this tact. we trequency modulate o haser beam vargon.

A - STHS nnpusing an acousto-optie device to simulate a sig-
na! that 11 1o be anterconnected with some output The siena!
used had o pulse tram of trequency 1o = 0 833 AMHZz wath cach

puise being approvimately 02 powide This rate s clearhy much
hreher than the reciprocal of the photaretractive response time
Tone modulated Laser beam was then sphit imto two beams and
mived i the onvatad a- desonbed betores and the amphined probe
boarn was momitored with o phiofodetector The osalioscope
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Fig. 19. The energy efficiency as a function of 1/N, where N is the
equivalent number of {an-out channels. Open circles represent the
experimental results, and the solid line is a theoretical fit [using
Eq. (39)] with al and yL as the fitting parameters.

Fig 20. (a) Signal carried by the probe beam and (b) amplified signal
carried by the probe beam after undergoing two-wave mixing.

trace 1 Fig. 20ta) shows the input probe signal, and the trace
in Fig 20(h) show the amplihed probe signal. The results show
steads -state response in which the temporally modulated pump
and probe beams interact aimply by diffracting off the stationan
index grating that 1s created in the crystal atter the beams interact
for a tume on the order of the photorefractive response time
This experniment was performed merely to demonstrate the high
signai bandwidth ot the systzm. Optimizat:on of the parameters
was 0ot done, so the results shown n big 20 can cleany be
mmprosed

S, CONCLUSION
We have desonbed some of the ateresting and important phe-

noe e 10 precioretras ive medic Photoretractive materials such
a~ BaTio SON and BSO are by far the most ethaent media

for the generation of holograms and phase-conjugate waves using
relatively low optical intensities. In addition, two-wave mixing
in these media exhibits nonreciprocal energy transfer. As a result
of the strong energy coupling. several unique photorefractive
phenomena occur in these media. These include self-pumped
phase conjugation, nonreciprocal energy transfer without phase
cross talk, phase-conjugate interferometry. etc. These unique
phenomena play an impornant role in many of the applications
in optical computing including matrix-vector multiplication, par-
allel subtraction. reconfigurable interconnections. etc. Some of
these applications were presented and discussed.
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ABSTRACT

We propose and demonstrate the use of Fourier transform to
achieve maximum energy efficiency in a photorefractive
optical interconnection. The results of experimental
investigations  on  reconfigurable optical interconnections
using photorefractive holograms in a barium titanate crystal
are presented and discussed. High energy efficiency 1s

achieved by matched amplificttion at the Fourier planc.
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1. Introduction

Optical interconnection between VLSI circuits,
computing chips or boards  plays an important role in optical
computing [1.2]. Such a scheme of computing provides the
potential of achieving extremely high speed because 1t
utilizes the fast switching of electronics and the wide
bandwidth of optics for communication [3]. A generalized
optical crossbar  switch can  provide a reconfigurable
arbitrary interconnection [4.5] between an array of N Lisers
and an array of N detectors. Such a crossbar can be

implemented  using  parallel matrix-vector multiphcation




which provides N2 parallelism [5-8].

It is known that the N2 parallelism is accompanied with
an intrinsic fan-out energy loss [4,9]. The fan-out leads to an
energy efficiency of 1/N. We recently proposed and
demonstrated a novel concept of reconfigurable optical
interconnection [9-11] which can provide high energy
efficiency. Using the beam coupling in photorefractive
crystals [12.15], such a scheme of interconnection 1s capable
of minimizing the fan-out energy loss and thus achieves
extremely high energy efficiency. Although the basic concept
hias been validated and some of the preliminary results huve
been reported [9.11]. the issue of energy efficiency remains a
subject of experimental investication. This paper reports the
results of an extensive investigation on the energy efficiency
of  reconfigurable optical interconnection using

photorefractive holograms.

In what follows, we will briefly review the basic
principle of operation of the photorefractive interconnection.
We will point out the use of Fourter transform to achieve
maximum beam overlap in the photorefractive medium. We

then discuss the results of our experimental investigations.




2. Principle of Operation

Figure 1 shows the basic idea of reconfigurable
interconnection using photorefractive holograms. A beam
splitter 1s used to split off a small portion of the beam which
consists of beamlets each carrying information from one of
the sources. This small portion of the beam will be called the
signal beam. The beam splitter allows the majority ol the
energy to puass through. This major portion of the beam i~
called the pump beam. The signal beam is fanned by the
cvlindrical lens and then passes through the spatial hght
modulator(SLAM) which contains the interconnection pattern.
After passing through the SLEM, the signal beam is imprinted
spatially with the interconnection pattern. The pump beam
does not puass through the spaual light modulator and thus
suffers no energy loss duce to the fan-out and all the other

loss mechanisms associated with the SLAL.

The signal beam which contains the interconnection
information  is then recombined with the pump beam in a
photorefractive crystal. Under the appropriate conditions, the
signal beam can be amplified at the expense of the pump
beam. Most of the energy of the pump beam will be

transferred to  the signal beam  provided the length  of

s




interaction is large enough [14,15]. It 1is known that
photorefractive two-wave mixing exhibits energy transfer
without phase crosstalk [16]. Thus the amplified signal beam
will also bear the interconnection pattern. The net result is

an optical interconnection with high energy eificiency.

Although photorefractive two-wave mixing is involved.
such a scheme can also be considered as a real-time
holographic interconnection with a very high diffraction
efficiency. The combination of the beam splitter and the SLM
in conjunction with the pump beam is used to record a
hologrum inside the photorefractive crystal. Such a hologram
contains the interconnection as prescribed by the SLM. Once
the hologram is formed. the pump beam can be diffracted off
the hologram and be redirected into the arrav of detectors.

The advantage here is that the recording and the readout

N~y - e e—s

occur  simuitancousty.  This offers the possibility  of

.
3
3

recontigurab’e interconnection by controlling the SLAIL

To achieve maximum energy efficiency, it is importat
that the signal beum and the pump beam overlap completely.,
Specifically,  beamlet 1 of the pump beam in Fig. 1 mux
overlap completely with column 1 of the signal beam.  And

stmiilarly, beamlets 20 30 and 4 must also overlap completelh
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with their corresponding columns in the signal beam. It ix
important to note that although the beamlets in the signal
beam and the pump beam are intrinsically different because
of the interconnection pattern, the individual pixels can have
identical shape (e.g.. square). Complete overlap is possible in
the Fourier domain, provided all the pixels are identical. et
s(x.y) be the aperture of an individual pixel, and o( u.v )be
the Fourter transform. Fourier transformation of a beamlet of
the pump beam and the corresponding column of beamlets of
the signal beam can be performed by a lens (see Fig.2). The
resulting amplitude distributions at the rear focal plane are

given o

Pump: Piunv) = 6L UV ) e (1
Sigr‘m}Z :5( u.v ) = Z Gl U )C\P I ] On (U,\'J ] L (2)
n

respectuively. where u,v are coordinates in the Fourier plane.

The <ummation in equation (2) is over all the windows open

in the column, and o (u.v) iv a phase which depends n the

}

positton ot the window,




We note that the Fourier trunsform of a column of the
signal beam consists of a linear superposition »f identical

patterns each with a differcnt phase factor. Such phase
factors exp(io,) arz due to the relative positions of the
windows 1in each column. Although these phase factors may
lead to interference structures, all the energies are confined
under the sume envelop otu.v). As a result of the shitt
invariance in Fourier transformation. each of tne signud
beamlets overlaps completely with  the pump beam at the
Fourier plane. Thus maximum energy coupling 1s achieved.

2o bxperimentad _Investications

The energy efticiency of photorefraciive
mterconnection depends on several parameters. In addinon
to the beam overlap mentioned earlier, 1t depends on cryvstal
orientation. couphing  consiant, lengih of interaction. beam
mtensity ratio, ansertion loss at SEND [T7I8 and other Toss

8




mechanisms such as Fresnel reflection, beam fanning ([19]
and scattering, etc. We have carried out a series of
experiments to investigate the energy efficiency of
photorefractive interconnection. These experiments are
designed to study the dependence on those physical

parameters mentioned above.

Referring to Fig. 3. we consider the efficiency of
energy  transfer in  photorefractive two-beam coupling. An
input beam of power P, is split by a beam sp'itter BS into g
pump beam with power PP and a signal beam with power P
( P.o=P - P, ). These two beams are recombined 1t a
photorefractive  BaTiO; crystal. The crystal s oriented such
that the signal beam is amplified. Let P, be the power of the
amplified signal beam. The energy efficiency 1 of
photorefractive two-beam coupling is defined as n= P /P .

A theoretical expression of such an energy efficiency  was




derived earlier in reference 9. In our experiment, we
examine the dependence of 1 on the pump-to-signal intensity
ratio m, defined as m = P, /P; . Such a parameter can be
changed by using a variablc beam splitter.

Using argon ion laser as the source, and a 5 x 7 x 7

mm-~  BaTiO; crysta!l as the photorefractive medium, we have

measured the energy effictency (n) as a function of the
intensity ratio m. The maximum efficiency is approximately
10 % when the beam intensity ratio is m = 20. In addition to
these meuasurements, we also repeat the experiment by
inserting 4 neutral density filter (NDF) in the optical path of
the signal beam. This neutral density filter 1s used to
simulate the fanout energy loss. The idea here is to show that
the amplified signal beam power does not decrease
significantly as the input signal beam is attenuated. The
experimental results are shown in Figd.  We notice that an

cnergy efficiency of 1.5% is obtained when the simulated




fanout loss is 99.9%. This is an improvement in energy
efficiency by more than a factor of 15.  As discussed earlier
in reference 9, the optimum beam splitting ratio m (i.e. the
pump-to-signai intensity ratio measured immediately after
the beam splitter, and before the signal beam is attenuated
bv the NDF) depends. in general.  on the photorefraciive
coupling constant vyl and the fanout loss of the signal beam.
In this porticular experiment,  the crystal is oriented such
that both beams enter the crystal symmetrically at an angle
of incidence of 20° as shown in the inset in Figure 4. This
configuration 1is. however., not optimized for maximum
energy  efficiency because it only provides a coupling

constant yL of approximately 4.5,

The coupling constant yL depends on the crystal
oriecntation relative to the beams. In another expcriment,
the same crystal is oriented such that the signal beam enter
tho crystal at aw angle of approximately 67° which 1 near

)




Brewster's angle. This incidence configuration minimizes the
Fresnel reflection loss. The pump beam enters the crystal at

an angle of incidence of 32° such that the grating induced in

the photorefractive crystal provides a coupling constant yL of
approximately 9.2 Again, an argon ion laser is used as the
light source. The beam splitter has a reflectance of 95%
which provides a beam splitting ratio of m = 19, Lnder these
conditions, the energy efficiency is improved significantly.
Figure 5 shows the experimental results along with a
theoretical fit (the solid line) using equation (3) in reference
9. The energy efficiency is plotted as a function of (1/N)
which 1s the transmittance of the neutral density filter.  We
recall that (1/N) represenis the maximum energy efficiency
achievable by 4 conventional ~ N crossbar as a result of
fanout loss.  The orientation of the crystal relative to the
incoming beam is shown in the inset of Figure 5.  We notice
that an improvement by a factor of 100 is achieved in encrgy

efficiency when (1/N) 1s of the order of 1 x 10-3. Further

10




improvement in energy efficiency can be achieved by coating
the crystal surfaces with anti-reflection dielectric films and

by using crystals with higher coupling constants.

In the experiments discussed above, both signal and
pump beams are Gaussian beams with no spatial intensity
pattern. In the interconnection applications, these beams are
spatially modulated.  As we mentioned earlier, the energ:
efficiency of the photorefractive interconnection as depicted
in Fig. 1 depends on the spatial overlap of the beams. We
now discuss our experimental investigations on the
utilization of Fourier transfcrm to achieve maximum beam

overlap and thus to achieve maximum energy efficiency.

The experimental configuration is illustrated in Fig.6.
The output from an argon laser (514.5nm) is spatial-filtered
and expanded to form a collimated beam with 2cm diameter.

A variable beam splitter consisting of a half-wave plate and




a polarizing beam splitter cube is used to split the inceming
bcam into two, a pump beam and a signal beam. Another
half-wave plate is used to rotate the polarization of the
reflected (signal) beam by 90° from the direction
perpendicular to the plane of the paper to the in plane
direction. A polarizer placed downstream further filters out
the residual perpendicular component. A 10x10 binary
matrix mask is used to encode a spatial pattern onto the
signal beam.  The objective here is to efficiently transfer
energy, via photorefractive two-wave mixing, from the pump
beam to the signal beam which 1is encoded with the
interconnection pattern.  Any one or more (up to 100) of the
10x10 channels can be selected by wusing an appropriate

mask.

To maximize the spatial overlap of the pump and the
signal beams inside the crystal via the properties of Fourier

transform [see equations (1) and (2)] described in Section 2.




a pump mask with a single aperture identical to the unit cell

of the signal mask is used. The two masks are placed at the

front focal planes of two Fouricr wransform lenses FL; and

FL,. (of identical focal length f = 25cm) respectively. Here we

use two lenses of identical focal length because optimum
beam coupling occurs at an angle of 40° between the beams
which are bevound the numerical aperture of a single lens.
The crystal is located at the common Fourier plane of the o
masks (see Fig.6). The shift-invariant property of Fourier
transformation ensures thuat. apart from a phase factor, the
diffraction pattern from each signal channel overlaps with
that from the pump inside the crystal. ihe intensity patterns
oi the pump and the signal at the image plane and the
Fourier plane are shown in Fig.7. Note that the two intensity
distributions at the Fourier plane differ significantly in finc
structures due to multiple beam 1nterference among the
various signal channels. A magnified version that reveals

these fine structures can be found in Reference [20].




The key questions we address in this section are the
following: (1) How efficiently can we transfer energy from a
single channel to multiple channels ? (2) How does the
energy efficiency depend on the number of signial channels ?

and (3) How 1is the energy distributed among the signul

channels 7

To investigate how the energy efficiency depends on
the number of signal channels. we used a variable
rectangular aperture in front of the signal mask to vary the
number ¢f channels from 100 to 1.  In each case. we also
adjustied the Iaser power and the variable beam sphlitter <o

that both the pump power and the total signal input power

are fixed at 600 pW and 6 W, respectively, regardless of the
number of signal channels.  Figure 8 is a plot of energy

efficiency  vs. number of signal channels. The encrgy
cfficiency turns out to be fairly insensitive to the number of

signai channels. These data were taken with the geometry




shown in the inset of Figure 4. As mentioned before, this

particular geometry is far from optimum, and one can expect

an energy efficiency of 30 to 40% or higher once optimized.

With all the 10x10 signal channels on, the intensity
pattern at the output (image) plane 1s shown in Figure 9. The
orig..al output pattern  with  the photorefractive crystal
removed is shown in Fig.9 (a).  When the crystal is in place.
the output pattern is shightly degraded as shown in Fig.9 (b
The degradation is due muinly to beam-fanning [17]. This can
can be wverified by observing the output pattern using a
signal peam  which 1s ordimnarny  poiarizea o-polarizedr o
much lower in power. The results are shown in Fig.9 (¢) and
(di. In botn cases the cricina! intensity nattern 1< restored as
the beam fanning effect diminished. In Fic O (c). significant
reduction of beam fanning is a consequence of the much
smaller  electre-optic coefficients  associate  with  the

o-polarized beam.  In Fig 9 «dy. it 1 @ consequence of lenger




time required for the fanning grating to build up when the
beam intensity 1is weaker.  The bottom picture in Fig.Ye)
shows the amplified signal output when the pump beam i
turned on, The  presence of the pump beam not only
mcreases the output energy but also significantly reduces the
signal  degradution. To monitor the  encrgy disinbhoges

quantitauvelyv, a hinear detector array s placed alons one

b)

Tow the <ignal channels at the tmage  plane 1he

P

oscillograms representing  the energy distribution among the
10 channels are given in Fig 10 for the following three cases:
(ar with the crvstal removed: (b owith the convstal an place
and the pump beam oft: (¢ with the crystal in place una the
pump beam on. In all cases. the Gaussian Ttop-hat” protile
originated from the expanded laser beam 1v more or less
preserved. and the energy distribution 1~ sufficiently
uniform.  Note that the vertical scale of the oscillogram an
Fig . 10¢b) 1s 10mV/division versus the 100mV/division scale

in Fig 10i¢).  The signal gain, in this case s approximutely 20,
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Using an experimental configuration similar o the one
shown in Fig.6, with ail the Fourier transform lenses
replaced by astigmatic optics (which 1mage along the x-anis
and Fourier transtorm along the yv-axis in the input arms. and
viee versaoin the output arms). we also demonstrated @ 6x6
cenvrahized crossbur-switchs An oappropriate pump o maskoaid
@ ostonal maskh forow speditic anterconnection pattern o oare
<o an the Jete hand side ot Fig b The correspondin:

corensity patterns anside the orvstal at the Fourrer plane wre

shown on the right. Tdeully, we want cach pump channel o
mtract enlvowith o the correspondime sienad column. Becuause
clotie beara crossing nside e orvstals and because the Laser

boanis o wil the channels are mutually coherente we tound
stomibicant o cross-takk amonyg neighboring  channels Ths
vrossotalk ocan o be chimimared by replacing the sngle laser

with a hieor arrey of mutually incoherent laser sources.




4. Summary

In summary, we have proposed and demonstrated the
use of Fourter transform to achieve maximum energy
cfticiency in a photorefractive optical interconnection, We
nare shown  that the energy  efficiency of photorefructive
dynamic holograms can be of the order of 30% 1o 407, In
addition.we have also verified that the encrev efficiency s
insensitive to the number of signal channels, and thuat the
energy distribution among  the signal channels s sutficienthh

evertorm. Finally we huve deseribed o 6x6 crossbhar-switch

usine this approach.

AN the experiments described in this paper were
carnied cut with photographic muasks replacing the SLMs. To
demonstrate the  reconfigurability  and  to  <tudy  the
reconfizuration time, one can no longer avoid the use of SLM-

which. in gencral. have relatively poor contrast ratio (of the




order of 10 to 30) relative to the photographic masks. We
are currently investigating the <ffect of limited contrast ratio
of SLMs on the operation and the reconfiguration time. The

results will be the subject of future publications.
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FIGURE CAPTIONS

Fig.

s

Fig 4

Fig.s

A schematic diagram illustrating the basic idea of a
reconfigurable optical interconnection using a
photorefractive crystal in conjunction with a spatial light
modulator.

A schematic diagram illustrating the basic idea of using
Fourier transform to achieve the spatial overlap of the pump
beam and the signal beam.

An experimental configuration for measuring the encrgy
efficiency in photorefractive two-beam coupling.

The energy efficiency (n) of two-beam coupling in a
photorefractive barium titanate crystal as a function of
pump-to-signal power ratio (m). The symbols "g". "¢". "O".
and "A", represent the cases without any neutral density
filter. with neutral density filters NDF1, NDF2. and NDF3.
respectively, in the signal input arm. The percentage
rransmittance of the three neutral density filters are 12.24%.
0.74% . and 0.12%. respectively.  The orientation of the
crystal relative to the beam is given in the inset.

Energy efficiency (n) of photorefractive two-beam coupling
in a barium titanate sample as a function of the
transmittance of a neutral density filter placed in the signal
input arm. The transmittance 1is labeled 1/N to relate 1t to

the fanout loss of a NxXN permutation crossbar network.  The




Fig

Fig.

Fig.

2y
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Fic.

6

~1

I3
oy

orientation of the crystal relative to the beam is given in the
inset.

An experimental configuration for a 1-to-NxN (for N=10)
broadcasting network wusing photorefractive holograms at
the Fourier domain.

The intensity patterns of the masks for the prebe and the
pump beams at the image plane and the Fourier plane.
Energy efficiency (n) as a function of number of signal
channeis (N) in a 1-to-NxN broadcasting configuration using
photorefractive holograms in 4 barium titanate sample.

A 10xI0 intensity pattern at the output image plane under
various conditions: (a) with the crystal removed. (b) with
the crystal in place and pump beam off. total power =
400 W, e-polarization. (c) same as in (b) but with
o-polarization,  (d) same as in (b) but with total power
=3uW, (e) amplified output signal. total signal input = 3uW |
pump input = 600uW .

The intensity distribution of a selected row of 10 out of the
10x10 channels shown in Fig.9. (a) with the crystal
removed. (b) with the cryvstal in place and pump beam off
total input power =10pW, (c) with the crystal in place and
pump beam on , input pump power = 400uW. The vertical
scale (per division) in the pictures are SO0mV, 10mV, and

100mV. respectively.




Fig.11 The intensity patterns of the masks for the probe and the
pump beams at the image plane and the crystal plane for a

6x6 generalized crossbar network.
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On Image Amplification by Two Wave Mixing
in Photorefractive Crystals

John H. Hong. Arthur E. Chiou, and Pochi Yeh
Rockwell Science Center
1049 Camino dos Rios, A25A
Thousand Oaks, CA 91360

Abstract

Coherent amplification of images by two wave mixing in photorefractve crystals is
examined with attention given to processing in the Fourier domain. It is shown that the
gain that is experienced as the probe image traverses the crystal i1s uniform across the
image. The gain can be expressed as a well known function of the average probe to pump

intensity ratio. Experimental verification is given to support the theory.




The phenomenon of energy transfer in two wave mixing in nonlinear optical media
has been used effectively for the coherent amplification of images [1.2]. In diffusion
driven photorefractive crystals, for example, it is known that the inherent 90° phase shift
between the induced refractive index grating and the holographic intensity grating is
responsible for the energy coupling. Shown in Fig. 1 is a typical image amplification
experiment in which, with the correct geometry, the signal image wave becomes amplified
at th2 expense of the pump wave intensity. The model that is currently being usea to
describe coherent image amplification 1s a simple one developed for the case of mixing two
plane waves. Since the signal image wave can be expressed as a superposition of many
plane waves whose propagation directions vary over a limited range (this range is small
when compared to the difference between the average signal wave direction and the pump
wave direction), the simple plane wave interaction model must be modified to be more

; accurately applicable. In this letter, we present a simple modification of the theory of two
wave mixing involving image bearing beams and discuss in particular the amplification
process when the crystal is placed at the Fourier transform plane of lens L1. Experimental
evidence is also given to support the theory.

Shown in Fig. 2 is the image amplification geometry in which the amplitudes of the
image bearing waves are represented by {Ej}, j=1.2....N, and the pump plane wave is
denoted by Ep. In photorefractive crystals, the index modulation depends on the intensity
interference pattern so that the present analvsis begins with the intensity expression which

1s given by

N N N
1 * ) « _
Ir)=TpJ1 + ;=Re EPX Eexplitkpkm)r]+ ), 2 EqE, explitkg-Kn)-r] |L(D)
4] m=1 gém m=1

where k;, and ky;, are the wave vectors of the pump and the mth probe beams expressable.,

according to Fig. 2, by

ro




kp = 2}—7( -Rsin@ + Zcos8 ), kp = 2{-( Lsinb,, + 2cosBy, ) , (2)

and the total intensity is Io = [EJ + SllEmlz. [f the probe waves span a sufficiently small
m=

angular spectrum (much smaller than the angle between the pump and the average probe

direction such that N8B « 6), then the interference between the probe waves will induce

index gratings which are much weaker than those written by the interference between the

probe waves and the pump wave [3]. This is the scenario of interest. and the index

distribution can then be approximated as

' N
n =ng- Re Jvi oL z E ,E; expl-J(kp-Kp) 1]l (%)
M=}

where ny is the index modulation coefficient which 1s assumed to be the same for all of the
gratings. The n/2 phase shift 1s due to the diffusion driven process. With this and the
assuraption of slowly varving amplitudes for each plane wave involved in the interaction,

Maxwell's equations vield the followinz coupled svstem:

,, 2 IE v, = m?.

m=1 P 4cosh
o A
gd};—: im E_IPE,. m=1.2...N, Ym= —L. (4
o v deosBy,

The standard separation of intensity and phase equations is useful. and in particular. the

intensities of the pump and probes, Ip=lE,pl2 and I=IE,I2, are governed by

-

dhh . 22 5 =2y

iz ™ Ty &' poT
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-ﬁ: I_()'Ip Im, m=1.2.....N, Im=2Ym (5




In the assumed diffusion drivew scenario, the phases of the beams are decoupled so
that the intensity equations describe the two wave mixing process completely. To obtain
the final desired result, we make one further approximation which is consistent with the
assumptions made thus far. We have assumed that 8,,= 6, so that it is justified to

approximate I'; = I'r,. With this, the equations become

d, T <
EZL:-I_O.E‘ ImI

p-
m=1
il I . -
S L, m=l200N. (5)
az IQ 3
These equatons are easily integrated to vield the following solutions.

L D) I, Cf\"Q(‘—rZ)

Li(z) =
1+B exp(-T'z)

I.(z) 1+ L .
ITRTe——. b= ()
L+ Pexpt-I')

N
2 1,(0)
m=1

The above is the main result of this letter. The solutions indicate that the probe waves are
amplified uniformly with a gain factor which is a function of the ratio of the pump beam w0
the total intensity of the probes.  Small deviations from this are expected as the coupling
coefticient is a function of the actual probe beam angle, and also as harmonic distortions of
the gratings result from the modulation depth approaching unity [4-6].

The uniformity of the amplification has been verified by the following experiment
(sce Fig. 3). An output beam from an argon laser (514.5 nm) is spatially filtered and
expanded to pass through a rectangular aperture (RA: 2mm x 6mm). A variable beam
splitter consisting of two half-wave plates and a polarizing beam splitter cube is used to
split the incoming beam into two (the pump and the probe) and to vary the intensity ratio of

the pump and the probe beams; the polarizer positioned after the half wave plate in the

=~




reflected path ensures that both transmitted and reflected beams have the same
polarizatons.  The probe beam is transmitted through five rectangular windows (0.5mm x
2mm each) in a mask (MA1) to form 5 probe beamlets. In the other arm, the pump beam
iliuminates an identcal rectangular window in a second mask (MA»). Two spherical lenses
(FL; and FL»), one in each arm. are used to Fourier transform the two spatial patterns onto
the crystal plane. A spherical lens (FL3) is used to re-image the spatial pattern carried by
the amplified probe beam onto the detector plane where the optical intensity profile is
sampled by a linear detector array and monitored by a storage oscilloscope.  We have
varied the pump-to-totil probe power ratio in the range 1000 ~ 1 and observed that the
energy transferred from the pump 1s equally distnbuted among the probe beamlets to within
20% 0 Awpical example of the intensity profiles is shown in Fig. 4. The lower trace is the
mensity profile of the five probe beamlets ransmitted through the crvstal when the pump is
otf. The upper trace represents the corresponding profile when the pump beam is turned
on. For th:is specitic caxe. the optical powers of the pump and the total probe are 0.6 mW
and 0.2 mW. respectively. When all but one of the probe beamlets are blocked, almost all
of the depleted pump encrgy. onginally distributed among the five channels, redirects selt
into the single unblocked channel.

The dynamics of grating adjustments made by multiple probe beams were nbserved
in the following experiment. A BaTiOj3 crystal was placed at the intersection of two weak
probe waves and a strong pump beam as shown in Fig. 5. As shown. the two probes were
arranged so that they propaguate with a small angle (~ 1 degree) between them in
comparison with the angle between them and the pump beam (~ 30 degrees). The results
are shown 1n Figs. 6a-b. The input intensities of the two probes were roughly the same
(P~10uW) with the input pump power set at P=5mW. Shown in Fig. 6a are the probe
intensuties (after passage through the crystal as seen by detectors 1 and 2) as they are
strobed on with shutters. The amount of pump power that i1s scattered into the probe

detectors was  ¢mall compared to the unamplified probe intensities and correspondingly




p—————

becomes negligible when compared to the amplified probe beams. Fig. 6b shows the
amplified probe beams as the probes were strobed by the shutters (top trace=probel,
bottom trace=probe2: scale factor=1V/mW). The power shanng is clearly evident in the
mid portion of the trace where both probes are on. When the order ot events were changed
0 that probe 2 was turned on first, the results were the same so that no hysteresis effects
were seen. Note that probe 1 is slightly stronger than probe 2. This is due to the fact that
e two beam coupling constants (one for each probe) were not the same.

In conclusion. we have analyzed the rwo wave mixing phenomenon when a

multitude of probe beams are used. The theoretical results shown indicate that the pump

power 1s shared by the probe beams. Experimental evidence was given to validate this
power sharing effect.

We acknowledge useful discussions with our colleagues. Fred Vachss and Ragini
Saxena. Also, at the time of the submission of this paper. work [7] presented at the OSA
annual meeting and another recentdy published [8] which dealt wath similar subjects were
brougcht to our attention.  This work is supported primarily by the Detense Advanced

Rescarch Agency.
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6.

Figure Captions
Tvypical image amplification experiment using two wave mixing in photorefractive
crvstals.
Two waive mixing with the crystal at the Founer plane of the input image. The pump
Ep1s @ pline wave and the image effectively consists of a set of point sources.
Experimental setup used to verify uniform gain. MAT1 consists of five idenucul
apertures and comprises the probe image to be amplified. Because of the gaussian
illumiration, the intensity pattern at MA1 15 not uniform. MAZ2 is the pump image
aperture.
Input Cower amphitude) and amplified (higher amplitude) intensity distributions. Euch
portion of the overali input distribution receives roughly the same gain,
Experimental setup used to record the dyvnamics of multiple grating buildup.
Dynamics of two gratings in the same volume. a) input probe inteasities (upper
corresponds o =1 and lower =2 1 reference o Figo 300 by ourput amphtied intensiies
thistory: =1 wrned on, =1 timned oft, #2 wirned on. #2 turned oft. #1 wirned on, =2

wrned on, =1 owarned ofn Lo
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Reconfigurable optical interconnection using photorefractive holograms
Arthur Chiou, Pochi Yeh, Scott Campbell, and John Hong

Rockwell International Science Center
1049 Camino Dos Rios, Thousand Oaks, CA 91360

ABSTRACT

The use of photorefractive holograms in conjunction with a spatial light modulator (SLM) to
realize a reconfigurable optical interconnection with very high energy efficiency is briefly
discussed. In this approach, the SLM is used as a programmable binary matrix mask to encode
the interconnection pattern to a coherent laser beam whereas the photorefractive crystal is
used as a dynamic holographic medium to store the pattern and to efficiently diffract the
readout beam into the selected channels at high speed. We report recent experimental results
on issues such as energy efficiency, reconfiguration time, contrast, and uniformity.

I. INTRODUCTION

Optical interconnection between VLSI circuits, computing chips or boards plays an
important role in parallel optical computing.!,2 Such a scheme of computing provides the
potential of achieving extremely high speed because it uses the fast switching of electronics and
the wide bandwidth and massive parallelism of optics for communication.? A generalized
optical crossbar switch can provide an arbitrary and reconfigurable interconnection“,5 between
an array of N lasers and an array of N detectors. Conceptually, such an interconnection can be
achieved by using optical matrix-vector multiplication,5-8

V' = MV, (1

where V is the input vector representing the signals carried by an array of N lasers and V' is the
output vector representing the signals received by the array of detectors. M is an N x N binary
matrix representing the interconnection pattern. Such an architecture provides the N?
parallelism required for arbitrary interconnection. When an SLM is used as the matrix mask,
the interconnection is reconfigurabie.

The N2 parallelism is accompanied with an intrinsic fan-out energy loss;“,? the fan-out
icads to an energy efficiency of I/N. For interconnection with large N (e.g., N ~ 1000), this
large amount of energy loss is intolerable. We recently proposed and demonstrated a novel
concept of reconfigurable optical interconnection?,i® which can provide very high energy
efficiency. Using the nonreciprocal energy coupling in photorefractive crystais,!!-1% such a
scheme of Interconnection 1s capable of mimimizing the fan-out energy loss; thus, it achieves
extremely high energy efficiency. Although the basic concept has been validated®,!° using
fixed binary matrix masks (or transparencies) and the energy efficiency has been measured and
reported,!*,!® the demonstration of reconfigurability with high energy efficiency and high
signal-to-noise-ratio (S/N) using an SLM remains a subject of experimental investigation. This
paper reports the results of the investigation on the contrast of reconfigurable optical
interconnection using a liquid crystal television (LCTV) in conjunction with a photorefractive
barium titanate crystal. The effect of finite contrast of the SLM on the performance of the
holographic interconnection is also discussed.

In what follows, we will briefly review the basic principle of operation of the
photorefractive interconnection. We will summarize some of our earlier results on energy
efficiency measurement and on the use of Fourier transforms to achieve maximum beam
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overlap in the photorefractive medium.!®¢ We then discuss the resclts of our experimental
investigations on the issue of contrast.

2. PRINCIPLE OF OPERATION

Figure | shows the basic idea of reconfigurable optical interconnection using photore-
TIZLIVE MIISgrains. A blail wphiter 1> uSed o spiil ol & srsali poruon of the beam whicn
consists of beamlets each carrying information from one of the sources. This small portion of
the beam will be called the signal beam. The beam splitter allows the majority of the energy to
pass through. This major portion of the beam is called the pump beam. The signal beam is
fanned by the cylindrical lens and then passes through the spatial light modulator (SLM) which
contains the interconnection pattern. After passing through the SLM, the signal beam is
imprinted spatially with the interconnection pattern. The pump beam does not pass through the
spatial light modulator and thus suffers ro energy loss due to the fan-out and all nther loss
mechanisms associated with the SLM,

£

MIRRDAR
LENS

DEPLETED BEAW

PHOTOREFRACTIVE
CRYSTAL

\i
.
a

Fig. | A schematic diagram illustrating the basic 1dea of a reconfigurable optical
interconnection using a photorefractive crystal inconjunction with a spatial light modulator.

The signal beam which contains the interconnection information is then recombined with
the pump bean. in a photorefractive crystal. Under the appropriate conditions, the signal beam
can be amplified at the expense of the pump beam. Most of the energy of the pump beam will be
transferred to the signal beam provided the length of interaction is large enough.i 3,4

Although photorefractive two-wave mixing is involved, such a scheme can also be
considered as a real-time holographic interconnection with a very high diffractiion efficiency.
The combination of the bearn splitter and the SLM in conjunction with the pump beam is used to
record a hologram inside the photorefractive crystal. Such a hologram contains the
Interconnection as prescribed by the SLM. Once the hologram is formed, the pump beam can be
diffracted off the hologram and be redirected into the array of detectors. The advantage here
iIs that the recording and the readout occur simultaneously. This offers the possibility of
reconfigurable interconnection by controlling the SLM.

To achieve maximum energy efficiency, it is importani that the signai beam and the pump
beam overlap completely, Specifically, beamlet | of the pump beam in Fig. | must overlap
completely with column | of the signal beam. And similarly, beamlets 2, 3, and 4 must also
overlap completely with their corresponding columns in the signal beam. Although the beamlets
In the signa! bearni and the pump bean: are intrinsically different because of the interconnection
pattern, ihe wdividual pisels can have lgentical shape (e.g., square). Complete overlap 1s
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possible in the Fourier domain, provided all the pixels are identical. The results of our
experimenta!l investigations of beam overlap and the energy efficiency were presented
recentlyls and discussed in detail in a separate paper.l¢ The key results pertinent to the
energy efficiency are summarized in the next section,

3.0 ENERGY EFFICIENCY

We first investigated the energy efficiency due to beam coupling in a photorefractive
crystal. Referring to Fig. 2, we define the efficiency (h) of energy transfer in photorefractive
holograms as » = Po/Pi’ where P; and P are the optical power of the input beam and the
amplified signal bea™, respectively, A theoretical expression of such an energy efficiency was
derived earlier in reference 9 Using an uncoated barium titanate crystal (~ 5«7 . 7 mm,
30°-cut, from Sanders Associates) as the photorefractive medium and an argon ion laser
(514.5 nm) as the source, we have achieved «n energy efficiency as high as 30%. Further
improvement in energy efficiency can be achieved by coauing the crystal surfaces with
antireflection dielectric films and by using crystals with higher counia.g constants, Ulumately,
the energy efficiency is limited by the bulk absorption in the crystal.

sccoyre

3 N L M,
B Y N
INPUT BEAM
' 5
*‘ PUMP BEAM
\_\ .
q\ e

M, \ P
SIGNAL BEAM \\P\
3 ~ )
\\ Fo
LN

1

AMPLIFIED
SIGNAL OUTPUT
P
ENERGY EFFICIENCY () = 52
)
P,
PROBE-TO-PUMP POWER RATIO (r) & —>

23

Fig. 2 An experimental configuration for measuring the energy efficiency in photorefractive
two-bean: coupling,

Using an experimental configuration as schematically illustrated in Fig. 3, we have also
successfully demonstrated!=,!6 that:

. the energy efficiency is insensitive to the lateral position of the signal window in the
SLM (shift-invariant).

. the energy efficiency is insensitive to the number of signal channels

. the energy distribution among all the signal channels 1s fairly uniform.

The properties listed above are due to matched amplification at the Fourier plane.!6 As
indicated in Fig. 3, each individual pixel of the signal beam is identical to that of the pump
beam to ensure maximum beam overlap at the Fourier plane. Another desirable characteristic
of two-wave mixing at the Fourier plane is the preservation of contrast of the input pattern. In
the next section, we discuss the issue of contrast and a simple metrad to enhance the contrast.
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Fig. 3 An experin.ental configuration for a 1-to-N » N (for N = 10) breadracting network eing
nhotorefractive holograms at the Fourier domain.

4.0 CONTRAST

All of our experimental results reported carlier and summarized in the previous section are
obtained with photographic masks replacing the SLMs. To demonstrate the reconfigurability
and to study the reconfiguration time, an SLM in which the interconneciion Dailern cCain ve
varied either electrically or optically can be used. In our experiment, we used » liquid crystai
television {LCTV) which has a relatively poor contrast ratio (of the order of . 1o 30)17,18
compared with photographic masks. In the paraliel matrix-vector multiplication approach, the
maximum number of fan-out of the optical cross-bar can be limited by the finite contrast of the
SLM.

As a simple example, consider an M » M permutation matrix mask with contrast ratio
C=T,/T,, where T, and T, are the intensity transmittance of the "ON" state and the "OFF"
state, respectively. Referring to Fig. 4 (illustrated for the case of M = 4), let us assume that
the signal from each source is intensity modulated between zero and peak value P. The signal
level received by each detector through the "ON" cell is PT,, whereas the noise level received
through the (M-1) "OFF" cell 1s P(M-1) T,. The signal to noise ratio S/N is therefore given by

5/1\':Tl/(M—[)TO:C/(M-l):C/M for M >> I. (2)

The condition S/N > | is satisfied provided taat the number of fan-out channels (M) is iess than
the contrast ratio (C).

A simple method to improve the contrast is by double-passage through the same SLM via
retroreflection or phase conjugation. In principle, if the contrast ratio for single passage is C,
the contrast ratio for double passage will become C,. The experimental configuration used 10
verify this fact 1s shown schematically in Fig. 5. An expanded and collimated laser beam from
an argon laser (514.5 nmi) is transmitted through a circular aperture (diameter = |4 mm) located
at the input plane. Half of the aperture 1s masked by a neutral density filter (NDF) to form a
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Fig.4 Reconfigurable interconnection using an SLM with finite contrast.
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Fig. 5 An experimental configuration {or contrast-enhancei.eit by double-passage.

OUTPUT IMAGE PLANE

binary amplitude mask at the input plane. The transmitted beam is collected by a lens (L) and
directed into a barium titanate crystal. The crystal is oriented so that the incoming beam is
retro-reflected via self-pumped phase conjugation.}!® After traversing through the aperture,
the phase conjugated bean, is sampled by a beam sphitter through imaging optics which reimages
the binary mask on ibe output plane. The input intensity distribution (i.e. single-passage
through the mask) and the output intensity distribution (i.e., double-passage through the i..ask)
are measured by scanning a detector with a small aperture (dnameter = lmm) across the beam
diameter at the input and the output planes, respectively. The experimental .esults (for a mask
with optical density OD = 0.5) are shown in Fig. 6(a) and (b). Apart from some imperfection at
the edge of the output image, the output contra” " ratic is approximately the square of that of
the input as expected. Instead of a phase-conjugate mirror, a plane mirror can also be placed at
the input plane immediately after the mask to retro-reflect the beam back through the binary
mask. The resulting intensity distribution is shown in Fig. 6(c). We have repeated the same
measurement with a differcnt NDF (OD = 1.0) and also with a LCTV at the input plane; the
results are tabulated in Table |. Photographs of the output image of an arbitrary binary pattern
written on a LCTV are shown in Fig. 7(a) for mirror reflection and (b) for seif-pumped phase
conjugatior.. The phase conjugation has the key advantage of being intrinsically self-aligned.
The grating tormation time for seif-pumped phase conjugation using a typical barwm titanate
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§C50019

CONTRAST 33 10.5 10
RATIO {a) (b) (c)
fig.6 Intensity profies and contrast of a binary hmage: (&) ot the input plane, (b) at the output
plane after doub.c-bassage via phase-conjugate reflection, (¢) at the output plane after double-
passage v.a nurror reflection.  The arrows indicate the intensities (of the bright and dark
reglons) used for caiculating tre contrast ratio.

Table |

Curtrast nnancement of Bmary [mages by Double-Passage

CONTRAST RATIO OF VARIOUS IMAGES

SINGLE PATH DOUBLE PATH
AMPLITUDE INPUT PHASE- PHASE- I MIRROR
MODULATION CONJUGATE  CONJUGATION REFLECTION
OUTPUl
DR RIS R 16.% 10.0
OnL.o 1.0 11.1 90 90
L.CTY 14 20 ~8 ~160

crystal at a few tens of nilhwatt of optical power 1s, however, relatively slow (& fraction of a
second to several seconds). Note that the output obtained by miirror reflection s fairly uniforin
(see Figuelc) and Fig.7(a)) and the reflection is practically instantaneous.

The protorefractve mmterconnection holograms used to diffract the puinp bean: into the
sigral cnanne.s specified by the mat:.» mash do not degrade the contrast provided that the
protorefrac ive Crystal s plared at the Fourier plane.<d,- & In contrast, photoretractive image
arcpnfication via two-wave maxing an the image plane tends te decrease the contrast of the
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Fig.7 Double-passage image of a binary matrix pattern or a4 liquid crystal T.V. (@) via mirror
reflection, (b) via phase-conjugate reflection.

input image.*-,<: An experimental result varifying this contrast preserving property is given !n
Fig. 8. Intensity profiles of a binary image and its amplified output are shown in (a) and (b),
respectively., Note that the contrast ratio of the input and the output image are almost
identical and that the vertical scale in (b) is 20 times that of (a).

§CS0017

LI 11 ™} S3aey  €-7) LLTO { | 134 $34e i

(a) {bi

F1g.8 Experimental results showing contrast-preserving image amplification by photorefractive
two-wave tiixing at the Fourier domair; (a) input intensity profile, (b) amplified output intensity
profile.

To extrapolate from the above discussion, if an SLM with a contrast ratio of the order of
L0G (for example, a ferroelectric iiquid crystal SLM) is used in the doubie passage mode, the
maximuni number of channels (M) of a M » M crossbar switch limited by the contrast ratio of
the SLM can be as high as 10*!

5.0 EXPERIMENTAL DEMONSTRATION OF RECONFIGURABILITY

Using an experimental configuration similar to the one illustrated in Fig. 3, with the
photograpnic mask (transparency) replaced by an SLM, we have demonstrated the reconfigur-
abihity of the interconnection by writing new interconnection patterns on the LCTV. The
patterns are generated by an IBM PC and sent to the LCTV. With optical power of the order of
tens of milliwatts, the frame rate Is currently limited by the photorefractive response time to a
few frames per second. The data rate, however, is not limited by the photorefractive response
time and can be higher than several megahertz.9 To enhance the contrast of the binary pattern,
the signal bearn is passed through the SLM twice via a retroreflecting mirror (as described in
Section 4.0) prior to interacting with the pump beam in a photorefractive barium titanate
crysta..
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6. SUMMARY

We have described a novel method for reconfigurable 1nterconnections using
photorefractive holograms in conjunction with an SLM. Several important features, including
high energy efficiency (> 30%), uniform energy distribution, and high data rate transmission
(> several megahertz) of this dynamic holographic interconnection are discussed. We have also
described the problem associated with the finite contrast of the SLM and have shown that the
contrast can be greatly enhanced (i.e., squared) by double passage through the SLM either by a
retro-reflecting mirror or by a phase-conjugator. We also report the demonstration of
reconfigurability by using a LCTV in conjunction with a photorefractive barium titanate crystal.
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