Université de Neuchétel
institut de Microtechnique

Compact All-Optical
Recurrent Neural Network

(Réalisation optlque d'un réseau
de neurones avec contre-réaction)

Thése

Présentée & la Facuhé des sciences
pour obtenir le grade de docteur és sciences

par

Christoph Berger

Neuchétel, octobre 1998



IMPRIMATUR POUR LA THESE

Réalisation optique d'un réseau de neurones avec
contre-réaction

de M. Christoph Berger

UNIVERSITE DE NEUCHATEL
FACULTE DES SCIENCES

l.a Faculté des sciences de I'Université de
Neuchéatel sur le rapport des' membres du jury,

MM. R. Déandliker (directeur de these),
H. Hagli, M. T. Gale (CSEM, Zirich) et
J. Jahns {Hagen)

autorise l'impression de la présente thése.

Neuchatel, |2 14 octobre 1998

l.e doyen:

P Saccas

F. Stoeckli



Summary

We report on the design, construction and testing of an optical neural network with
256 fully interconnected neurons, reconfigurable weight matrix and optical feedback
laop.

The building btocks of the optical system are discussed and the considerations that
lead to the final design are presented. The principle of the interlaced fan-out is
introduced. This method of interconnecting each channel with all other channels
respects the complexity of different system stages in a better way than conventional
methods. Imaging errars are minimized where the complexity is largest, i.e. at the
interconnection matrix (weight matrix). 'n combination with a microlens array based
image relay system {microchannel-telescope), large image fields with low aberrations
over the whole field are possible. The potential of this approach is demonstrated with
a matrix-vector-multiplier, where 65536 individual beams all match their
corresponding pixel apertures of a spatial light modulator that is used to introduce the
interconnection matrix. The throughput of the system is sufficient for the
implementafion of an optical feedback loap, which is experimentally demanstrated. A
constant channel pitch throughout the whole system results in @ robust setup, which
is easy to align.

A liquid crystal light valve acts as an array of neurons in our optical implementation of
a neural network. The structure of the device and the physical properties relavant for
its use as an array of neurans are presented. Experimental characteristics are given,
and the prablems which limit the performance of the device are described.

The perfarmance of the complete optical neural network is limited by the weakest
element in the chain, which is the liquid crystal light valve that suffers from a severe
non-uniformity. The study of the network performance remained therefore of
qualitative nature. Suggestions for improvernents and for the future use of the system
are given.
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1 Introduction

1.1 Proiogue and thesis overview

In spite of tha enarmous progress in computer technalogy during the last faw
dacades, thera are still numeraus problems that are nat salisfactorily solved by
taday's computars: classic examples are the real-time recognition af faces and
vaicas.

Such tasks, however, ara vary well masterad by the human brain, which has a
completely differenf structure than a computer: A camputer serially processes
information at a very high speed. The signal prapagation in the brain is about 10°
times slower, but the information is pracessed by a huge number (10" of simple
pracessing elemeants, the neurons. These naurons are massively interconnected
{~10* intercannections per neuron) and process incoming information in paralle!.

The theary of neural netwarks evalved on ane hand fram the efforts to understand
the data pracessing machanisms af the human brain and on the other hand fram the
wish to technically simulate the processing pawer of our brain. Since the beginning of
this theory in 1943 (cf. Appendix A), many diffarent mathamatical models have been
developed. Of course, none of these modsels reaches the complexity and powar of
the information processing mechanisms of our brain. But for specific tasks, such
artificial neural networks deliver useful results and are successfully used in
commaercial applicatians.

The technical implementation of massivaly parallel processing hardware is nat a
irivial task. The common methad to implemeant artificial naural networks has been
{and still is) to serially parform the large number af calculations related o neural
netwarks on fast canventional computers. The enormaus progress in computer
technology allows tor acceptable processing timas, if the numbear of naurons is not
taa farge.

Amongst the many passible ways to implement artificial naural networks, thare is
also the optical appraach, which tries to benefit from the inherant parallal pracassing
power of optics: In cantrast ta classical electronics, optical signals can prapagate
thraugh the free space. In combinatian with suitabla 2D emitter-, modulatar- and
receiver-arrays, this allows for the canstruction af three-dimensianal processing
systams. Tagethar with the fact that thera is na direct interacfion (crasstalk) between
optical beams, this leads fo a massive increase in achievable parallelism and data
bandwidth. Further advantages ot optics over electronics includa immunity towards
electromagnetic influances and much easier impedance matching.
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The advantages of optics in information processing are of course not only useful for
optical implementations of neural networks. Currently, a considerable effort is being
made worldwide to replace bandwidth-limited electronic interconnections between
processing elements {e.g. between silicon microchips or between building blocks of a
computer}) by optical inferconnects.

Be it tor neural networks or be it for interconnects, optics is in both cases an
attractive approach. Of course, the fields are closely related, because a central
characteristic of neural networks are the massively parallel interconnections between
their pracessing slements. Even if purely oplical neurat networks might not be the
solution of the future {cf. section 1.4), neural network applications will still benefit
indirectly from optics thanks to the expected incresse of computational power of data
processing systems using parallel optical interconnects.

This thesis is a an overview of the author's contributions to the field of optical
information processing. They include 2 new concept for fully interconnecting
2-dimensional arrays of pracessing elements (interlaced fan-out), and the successful
experimental demonstralion of the microchannel-telescope image relay principle.

The design, construction and testing of a recurrent optical neural network has been
performed during the last four years at the Institute ot Microtechnology of the
University ot Neuchétel, Switzerland. Part of the work has already been published
and presented at international conferences:

[A] N. Collings and C. Berger, Demonstration and discussion af an interlaced fan-
oul intarconnect, Inst. Phys. Conf. Ser. 139: Part If, 247-250 (1994}

[B] C. Berger, N. Collings, A. Pourzand and R. Vdlkel, Comparison of Twao
Raconfigurable NxN interconnacts for a Recurrent Neural Network, Opt. Rev. 3,
No. 6A, 388-390 {1996).

[C] C. Berger, N. Collings and T. Jost, Recurrent Optical Neural Network for the
Study af Pattern Dynamics, in "Optics in Computing”, 1997 OSA Technical
Digest Series 8, 46-48 (1997).

ID] C. Berger, N. Collings, R. V6lkel, M. Gale and T. Hessler, A microlens-array-
basad optical neural natwaork application, Pure Appl. Opt. 6, 683-689 (1997).

[E] C. Berger, N. Collings and D. Gehriger, Recurrent Optical Neural Network for
the Study of Pattern Dynamics, in "Optical Memory & Neural Networks®, Proc,
SPIE 3402, 233-244 (1998).

[F] C. Berger and N. Collings, All-Optical Recurrent Neural Network, in "Optics in
Computing”, Proc. SPIE 3490, 465-469 (1998).

The first chapter of this thesis (Introduction) gives a short introduction to artificial
neural networks and their optical implementation. An overview of the field and the
context of this work are presented.

The presentation of our neural network is split up in three parts: The neurons, the
interconnections and the complete network. In our optical approach, the non-linear
signal processing of the neurons is performed by a liquid crystal light valve (LCLV).
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The whole rest of the optical system represents a reconfigurable full inferconnect
between the cutput and the inpul of all the neurons. In addition, the optical system is
responsible for initialization and monitoring of the netwerk.

In chapter 2, the discussion is started with the optical system, because this has been
fhe main part of the work. Various approaches for the several building blocks of the
system are discussed, and the considerations that led to the design of the final setup
are presented. We introduce a new concept, the interlaced fan-out and demonstrate
the potential of the methed in a matrix-vector-multiplier using micrechannel-
telescopes. Wifh this approach, thaf minimizes imaging errors for systems with a
large number of channels, it has been possible to realize an optical neural nefwork
with 256 neurons, 65536 individually recontigurable connections links and optical
teedback. The optical test of the setup shows that the imaging quality satisties the
demanding requirements of a fully interconnected system and that the setup offers
enough throughput for optical feedback,

The liquid crystal light valve (LCLV), which acts as an array of neurons, is presented
in chapter 3. The structure of the device and the physical properties that are relevant
for its use as an array of neurons are presented. Experimental characteristics are
given, and problems fhat limit the performance of the davice are described.

In the faurth chapter, resulfs of experimental work with the complete neural nefwork
arg presented.

Chapter five closes this thesis with a summary ot the work and some conclusions. An
outlook te possible future studies with the present setup is provided.

Additional background information is provided in the appendices. Appendix A gives a
short infroduction to the fascinating field of neural networks and Appendix B
summarizes some optics background relevant for this work. Microlens arrays have
been very important components for this work. A summary of the technology and a
comparison ot ditferent types ol microlens arrays is given in Appendix C. Finally,
detailed information on how to align the optical setup is provided in Appendix D.

1.2 Anrtificial neural networks

This section shall give a very rough overview ol the tundamental elements of artificial
neural natworks. The goa! of this section is to provide the necessary information for
the understanding of our optical implementation of a neural network. A more defailed
introduction to neural networks is provided in Appendix A.

Neural networks process information with a large number of simple processing units,
which are called neurons (also units, cells or nodes). The neurons can pass signals
between each other over directed connection links. Every neuron has one sender
element, the axon, over which it can send a binary signal to other neurons. To
receive signals from other neurcns, every neurcn has several receiving elements, the
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dendntes. At the interface between t{he axon of one neuron and the dendrite of
another neuron is the synapse, which can have inhibitory or excitatory properties,
Mathematically, this is expressed by attributing 2 weight to every connection link,
which is typically used to multiply the transmitted signal. The neuron collects and
sums up the weighted signals from all its dendrites. If the summed signal is strong
enough (above a certain threshold ), the neuron "fires”, i.e. it sends a signal via its
axon to other neurons. Mathematically, this process is described by applying a
nonlinear function (called activation function or threshold function ) to the sum of the
waighted neuron inputs.

Soma

Axon

Synapses
Dendrites

Soma

Fig. 1.1: a} Signals are exchanged between neurons by means of efactrical
pulses, generated by the cell body (soma). Al the interface between the sender
glamant (axon) of ona neuron and the receiver element (dendrite) of ancther
neuron is the synapse (blow-up lower left), where the signal is excited or inhibited
by electrachemical processes (From [1]). b) Schematic skatch of an artificial
neuwral network (cf. Eq. 1-1).

A given vector of input signals will propagate through the network ot neurons and
synapses and produce a vector of output signals. The kind of operation that is
performed in this process depends on 1) the pattern of connections betwaen the
neurans (called the architecture of the neural net), 2) tha ensemble ol information
stored in the synapses, and 3) the threshold function of the neurons (which is
normally identical for all the neurons of a net).

The choice of a specific neural network moedel fer a particular task normally
determines the architecture and the threshold function. The task-specific infermation
or system-knowledge is obtained by means of learning algorithms and is stored in the
ensemble of all the synapses (or weights). Mathematically this infarmation can be
expressed in the farm of a suitable matrix, which is called weight-matrix. The
passage of signais from a number of neurans via the synapses to other neurons can
therefore be expressed by the multiplication of an input vector with the weight-matrix.
The number of elements of the input vector corresponds to the number of input
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neurons and the number ol elements of the weight-matrix corresponds to the number
ol synapses.

In & multi-layer network, signals are fed forward to other neurons. In other modsils,
like the Hopfie!d-model that has been used for this work, signals are fed back to the
same set of neurons. To describe the evolution of the state ot a network with
feadback, an iteration-number { is introduced. The evolution ot the network state can
then be described as

ﬁ|l+1] = f(w'ﬁuﬂ + (1-1)

where Frl,-] is 3 vector describing the state of all the neurons in the i-th iteration, W is
the weight matrix and f is the threshold function (ci. Fig. 1.1).
The non-linear threshold function can be a binary function like

1 itx>0
fm:{o Hx<0 ’ (1-2)

or a sigmoid-function like

Fx) = 1+l.-°' . (1-3)

The elements of the weight matrix W can be calculated in & way that they represent
a certain information, e.g. a set of relerence patterns (or vectors). 1f a test pattern
similar to a reference pattern is presented to the network, the net will atter some
iterations converge to & stable state that represents the corresponding reference
pattern.

More details about the Hoplield-model can be jound in Appendix A.3. For the
following discussion it is just important to retain that tha two central operations in the
Hoplisld-model are 8 matrix-vector-multiplication and the application of & non-linear
threshold function.

1.3 Optical implementation of neural networks

The optical implementation ot neural networks was motivated by the massively
parallel nature of neural networks and the potential advantages of optics for such
tasks. Apart from the details already provided in section 1.1, optics represents an
obvious approach for image rofated tasks like pattern recognition, etc. due to the 2D
nature of this data.
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The peper by Psallis and Farhat [2] is generally considered to be the first publication
introducing the idea of the apticel implementation of neural networks. Their work
based on Hoplield's model [3] and on a publication by Goodman et al.  {4] who
described an optical implementation of @ matrix-vector-multiplier.

The input vector in this clessic version of the optical matrix-vector-multiplier (ct. Fig.
1.2) is represented by @ 1D line of N light emitting dicdes {LEDs). The information
coded in this vectar is distributed (or fanned-out) o the elements of the weight matrix
{synapses) with a telescope consisting of 2 normal lens and @ cylindrical lens. The
light of each input LED is thus smeared to one column of the weight matrix. The
weight matrix consists of @ mask of N x N cells with different transparency. After
passage of the light through the weight matrix mask, the information of each malrix
row is collected (fanned-in} by a similar type of optics (rotated by 90° with respect to
the input optics} and focused on 2 1D line of N detectors.

PRI Gimd, M0 TWME LaeC), DHeG
{9) ELECTROMIC FEEQBACK SCHEME {t} QPTICAL FEEDBACK SCHEME

Fig. 1.2: Matrix-vector-multiplier with electronic {3} and opfical (b} feedback.
Schema from the first paper proposing the optical implamentation of g naural
natwork {2].

To allow for @ higher number of channels and for applications dealing with image
data, the elements of the input vector can be arranged in a 2D array. This of course
changes the arrangement of the elements in the weight matrix and therefore also the
oplics required to route the light signals from the input vie the weight matrix to the
autput (which is now a 2D array of detectors). The present work falis in this category
of arrangements.

As for the teedback, Psallis and Farhat already proposed two schemes: ong with
electronic leedback and one with optical leedback (cf. Fig. 1.2). Their optical
feedback, however, still required @ block of electranics (detectors, connecting
electronics and emitters) in order to apply the nonlinaar threshold function and to
provide the gain that is needed to compensata for the losses of the teedback-loop.

With the availability ot optically addressable spatial ight modulators {SLMs} with gain
and non-linear properties (like e.g. liquid crystal light vaives, LCLVs), the possibility
for real all-optical teedback was given. However, the gain of these devices has been
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rather limited and therefore most of the experimental implementations were restricted
to only few channels or they used electronic feedback.

Apart from the high signal propagation speed and the continugus updste of
information, optical feedback is intarasting because of the potentially asynchronous
processing propartias of optically addressed SLMs (cf. section 3.7). Asynchronous
update of the neuron states provides better performance than synchronized
operation [5, 6]. And certainly asynchronous operation corresponds much more to
the information processing mechanisms of our brain. Of course, asynchrony can also
be realized eléctronically, but this requires an independent threshold-and-gain-
module per neuron, whereas in oplics 2 single 2D element (as a LCLV, for example)
can do the job.

A 1arge number of different optical implemantations for alf kind o1 neural networks has
been proposed and partially realized since 1985. A collection of selected pspers on
optical neural networks can be found in [7]. [8] is a more recent overview, but
unfortunately the author concentrates only on implementations using photorefractive
optics.

1.4 Current internationai activities

While this project was carried out, 8 decrease of the international activities in the
domain of optical neural networks (indicated by a decressing number of confarance
contributions and publications) could be abserved.

We believe that this trend is, amengst other factors, due to a lack of powerful
demonstrators where optical neural networks could really demonstrate their benefits
in real-world applications. A lot of concepts have been proposed, but the
experimental demonstration has often been limited to 8 small number of neurons.
Very often, researchers who want to build an optical neural network are faced with
optical and electro-optical hardware that is still in a prototype phase and that is
usually not sharing common standards (e.g. channel pitch), which results in non-idasl
setups. Experimental demonstrators are mostly voluminous, delicate to align and
expensive.

On the other hand, one can already buy moderately priced handheld devices that
base on standard (serial) computing algorithms or on special neural network silicon
chips and that successfully implement neural network functionality. Fig. 1.3 shows an
example of a 15 cm long device that performs scanning, character recognition and
translation of the recognized word. The reason for the lead of software and silicon
hardware solutions ovar optical solutions is twofold: They offer more flexibility in
adapting an algorithm to a specilic task and they use relatively cheap standard mass-
produced hardware.
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Fig. 1.3: "Quicktionary ™", a handheld device that performs scanning, character
recagnition and translation. A specialized neural network chip supports the
charactar recognition.

Respecting the fact, that research on domains with promising applications has better
chances for the necessary funding, many groups have turned their attention to other
topics, which are related to the still growing computer industry. Key domains of
interest inchude optical interconnects and holographic storage. Many of these people
believe that oplics is & promising carrier of information but that the information
processing should be done by the established digital semiconductor technology.
Remarkably, a main internatianal annual meeting in the field has changed its name
from "Optical Computing” to "Optics in Computing”.

The largest active domain where optics is still used tor processing information is
probably the research on correlator systems.

Future progress in micro-optical system technology (e.g. motivated by the push
towards optical interconnects in computer systems) may result in cheap,
standardized and easy combinable micro-optical and opto-electronic elements. The
availability of such hardware may eventually re-motivate people to construct oplical
neural networks. A key factor for the future of optical neural networks will surely also
be the existence of attractive and demanding applications {large number of neurons})
that cannot be satisfactory solved by ofhar approaches.

1.5 History and context of this work

Optical neural networks have been studiad at the Institute of Microtechnology since
1990. Several prototype optical neural networks have been consiructed and
characterized, including hybrid and sll-optical Hopfield networks, and multi-layer
networks [9-11). Another main activity in the domain of optical computing
concentrated on correlator systems [11]. Besides the system activities, IMT has
numerous ongoing projects on micro-optical devica technology, such as diffraclive
elements, retractive microlens arrays, micro-opto-mechanical elements, liquid crystal
devices, efc.
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This project evolved from the optical systems discussed in the Ph.D. works of two
former collaborators, Weible and Xue. Welible [9] realized three different types of
optical learning systems, each employing liquid crystal devices and dittraction
gratings. The lirst typs was an associstive memory, realized as a tully interconnected
single-layer Haplield neural network. An all-optical solution with 3 x 3 channels was
used to implement an inhibitory Hopfield network, and a hybrid solution (thresholding
and feedback by means of @ computer) with 7 x 7 channels was used to implement
an inhibitory and an inverted Hoptield model. The use of a fixed, pre-calculated
weight matrix was compared to an in-situ trained weight matrix using a Hebbian type
of learning algorithm. The in-situ trained version that could compensate for a part of
the system imperfections produced clearly better resulis. The two other types of
learning systems were a self-organizing Kohonen neural network tested with the
"travelling salesman problem”, and an optical parallel processor used tor the optical
optimization of binary phase gratings.

In the first part of his work, Xue [10] focuses on the characterization of different types
of liquid crystal light valves. In the second part, he reports on the all-optical
implementation of an inhibitory and an inveried Hopfield naural network with 3x 3
channels. Two categories of system behavior were observed, independent of the
model: Fast convergence ot the system output to one stable state and a slow
evolution to a regular oscillation between two states. Fig. 1.4 shows an exampla of
such an oscillation (see the figura caption tor mare details).

Phase| .
1 2 3 4

Intensity

snf-

- H
e o i

| WP Ve LD URITE Crara N P 2 I
1] 100 200 o 400
Time (s)

Fig. 1.4: Oscillation betwaen stable sfates, observed in a 3 x 3 recurrent optical
neural network [10]. Each line reprasents the state of one neuron. Phase 1: No
initial inpul, feedback loop closed, all neurens high (non-uniformity is due to
systemn limitetions); phase 2: with initial input, feedback loop closed; phase 3:
feedback loop cpenad, transition phase; phase 4: oscillation between two stabla
states (cycla time about 100 5).

Oscillatory attractors have also been observed in electronic analog neural networks
by Marcus et al [12) and in optical neural netwarks by Lee ot al [13] Xue
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compared these results with his system and concluded that the observed oscillstions
originate from the ratio betwean response and propagation time (107), from the
negative connecticns of the inhibitory and the inverted Hopfield model and from the
dilute weight matrix. From these considerations, the system shouid theoretically
continue 1o osciliate. The observed axistence of a stable state was found to be a
consequence of the non-uniform response time of the neurons in the optical system,
The study of these phenomena was limited by several factors such as the small
number of neurons, a fixed weight matrix (which cannot adapt for system
imperfections), low efliciency and insufficient uniformity ot the available optical
hardware.

Progress in device technology motivated us to demonstrate a more complex and at
the same time more compact Hoplield neural network with all-optical feedback. The
dynamics of patterns circulating in such a network, s observed by Xue, should be
studied after completion of the optical setup.

In the context of what has been said in section 1.4, the neural network aspect has
become somewhat secondary during this work. The main tocus shifted towards the
experimental integration of novel micro-optical and electro-optical technolagy into 8
demanding and massively paraliel interconnected system.
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2 Design considersations and test of the optical setup

2.1 Overview and description of the task

2.1.1 System deslgn goals

This work was the logical continuation ot previous projects performed at our inslitute,
as mentioned in section 1.5. The neural networks with optical feedback realized by
Weible [9] and Xue [10] were /imited t¢ 2 neurons due to the optical components
available. One of the goals of this work was thus to realize a recurrent all-optical
neural natwork with a significantly incraased numbar of neurons {or channels).

Anather restriction of the previous systems was the need to work with a fixed weight
matrix on a photographic mask. The gein ot the availeble liquid crystal fight valves
was not high enough to permit the use of reconfigurable but highly absorbing liquid
crystal televisions in the optical feedback laop. Another goal of this project was thus
to build a system with reconfigurable weight matrix,

A third goal of this project was to build a rather compact system in order to get away
from the cliche of optical data processing systems that fill up entire optical tables.
The recent progress in microlens array fabrication motivated us to demonstrate 2
complex system using micro-oplics.

2.1.2 Chepter overview

In the following sections, separate building blocks of the optical setup will be
discussed. tn order to make this report interesting for a wider audience, the
discussion is kept as general as possible.

The determination ot the final parameters of our system was a dynamically evolving
process. The linear way of describing the system design considerations in this report
will therefore not always reproduce the way the system evolved.

In section 2.2, some tactors that limited the design freedom will be presented. The
generation of 2 2D input signal is discussed in section 2.3. The transport (or relay} of
this signal to a next stage is discussed in section 2.4. The exchange of intormation
between all the channels of an optical data processing system is the subject of
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section 2.5, In section 2.6, all the building-blocks are put togather to a complete
system, whose oplical properties are presented in secfion 2.7, Finally, some ideas for
a future optimization of the optical setup are reported in section 2.8.

2.1.3 Preview on the {insl sstup

The final setup consists of four main parts: initialization, matrix-vector-multiplier,
neuron-plane and feedback (Fig. 2.1).
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Fig. 2.1: Schematic preview on the final sefup (cf. Text).

For initialization of tha system, a 16 x 16 spot array is generated by means of a
Dammann-grating {DG1a) and an achromat (L1a). The input vector (256 elaments,
arranged in an array of 16 x 16 channels) is introduced by means of a liquid crystal
television screen (LCTV1), which is operated in amplitude modulation mode. A lens
array is used to collimate the light coming from LCTV1. By means of another
Dammann-grating (0G2) and a lens array (LA3), each individual input channel is
replicated 16 x 16 times and imaged onto the second tiquid crystal television screen
{LCTV2), where the weight matrix information is introduced (256 x 256 matrix
elements, arranged in 16 x 16 sub-arrays). By means of & lens array (LA4) and an
achromat (L5}, the medulated signal is fanned-in and imaged onto the write side of a
liquid crystal light valve (LCLV), which acts as an array of neurons (neuron plane).

By means ot the shutters A and B, the system can be switched trom initializaticn to
feedback mode. As above, 16 x 18 collimated beams are generated by DG1b, L1b
and LA2b. Atter passage through a polarizing beamsplitter (PBS3), these beams are
focused onto the reflective readout side of the LCLV by means of lens array LAG. The
polarization state of the reflected beams is modulated with the (thresholded)
information applied to the wrifs sids of the LCLV. Tha higher intensity on the readout
sida rasults in an effective signal amplification which is needed for the optical
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feedback. The polarizing beamsplitter performs the transformation to amplitude
modulation and feeds the signal back to the matrix-vector-multiplier. The information
is now circulating in the feedback loop. Each channel is updated individually and
asynchronously due to the asynchronous processing properties of the LCLV. In any
mode, the state of the system can be manitared at the output of beamsplitter BS2.

2.2 Fixed parameters and boundary conditions

Boundary conditions and limiting factors like cost, size, time, availability of
camponents, atc. strongly influence the design of optical systems. The presented
setup was actually designed around some of the available electro-optic devices.
These boundary conditions shall be presented in the following.

2.2.1 Leterel geometry and number of chennels

A key element far the system design pracess were the liquid crystal telavision panels
(LCTV), which are used to spatially modulate the light in our system.

Some years ago, high resolution LCTVs cauld anly be found in videoprojector
systems. The normal way to get such panels was thus to buy & videoprojector,
dismount it and use the LCTVs with the original driver electronics. In the first years of
commercially available videoprojectors, such systems were only used for continuous
images like TV and VHS video signals. It was normally not possible to independeantly
address individual pixels af these panels, and considerable efforls were made to
overcome this restriction for optical data processing applications [11]). With the
upcoming of mobile computing and multimedia, there was suddanly a demand for
projectars that wera able to correctly display discrete computer-genarated images.
Cne of the first commercially available models was the LitePra 580 from InFocus,
which we bought in the early days of this work.

This projector has thres LCTV panels {one for each basic color) with 640 x 480 pixels
each. The pixels have a pitch of 42pmx 42 um and & pixel size of
21.5 pmx 31.5 pm. Fig. 2.2.a shows a photo of such a panel and Fig. 2.2.b shows an
enlarged view of the pixels of this panel with only one individual pixel activated. The
addressing ot the three panels is made with the red, green and blua component of a
VGA video signal.
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2.2.3 Wavelength

The wavelength was a fixed parameter. For availability reasons, the 488 nm line of
an Ar*-laser has been chosen as the aperating wavelength.

2.3 Generation of input vector spot array

The input veclor of aur neural netwark has 256 elements, which are arranged in an
array of 16 x 16 spats. The task is thus to generate an array af 16 x 16 beams and ta
madulate the input infarmatian anta these 256 beams. This kind of task is faund in a
Iat of parallel infarmatian processing optical systems.

Three different concepts have baen tested: 1} iluminatien of a micralens array, 2)
combinatian of & diffraction grating and a lans and 3} an array of vertical cavity
surface emitting lasers (VCSEL).

For the first twa methods, a spatial light madulatar (SLM, e.g. a LCTV) is needed ta
introduce the input infarmatian. Size and positian aof the SLM pixels define the
required geametry of the spat array incident an the SLM. After comparisan af
different fan-out methads (cf. sectian 2.5}, we decided far an interlaced fan-out (cf.
seclion 2.5.2) with a widely spaced input array (dilute array). The pitch af the input
channels is in our case 1092 pm (cf. saction 2.2.1), the side length of the whole input
image is thus 15 x 1092 um = 16.38 mm. Over this whole area, the (ateral pasitian at
the generated spats had to be precise enough ta match the positian af the
corresponding LCTV pixels. Cansidering the size of one pixel apsriure
(21.5 um x 31.5 um}, we required a precisian of £10 um far the 1ateral pasition af the
generated spats (aver the whale image field). The dilute input array may be a
specialty of our setup, but when the number ol channels really gels massively
paraliel {e.g. 1024 x 1024), evan a small channel pitch will produce a large image
fiold. Viewed in this cantext, the considerations cancerning the required imaging
precisian are of a mare general interast.

When camparing the difterent methads, nat anly the quality {i.e. spot size and array
geametry) af the spot array in the input plane has ta be considerad, but also the
behaviar of the beams afferwards {e.g. overall divergence aof the set af beams) with
respect ta their further use in the system,
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2.3.1 llluminatian of a micralens erray

An array of N x N microlenses is illuminated by an expanded and collimated laser
beam (Fig. 2.3, N = 16 in our case). The main advantage of this approach is that the
lateral pasition of the generated spots is given by the quality of the microlens array
{details abaut the tested microlens arrays are given in Appendix G). Anather
advantage is the simplicity ot this arrangement. The quick and easy alignment made
it a favarite methad for the testing phase. The drawbacks of this simple methed are
non-uniform illumination due to the Gaussian intensity profile af the incident beam
and diffractian related prablems (see belaw).

Gaussian Microlens-
Beam Array LeTvi

Fig. 2.3: A quick method to generate a spot array is fo Hluminate & microlens
array with an expanded beam. The main advantage is the well defined geomelry
of the generated spot array; disadvantages inciude non-uniform iflumination and
ditfraction related prablems like bad throughput and crosstatk.

There are several cancepts ta improve the unitarmity of the illumination: In the
simplest canfiguratian, anly the central part of a widely expandsd Gaussian beam is
used (Fig. 2.4.a). Anather method is the use of a grayscale filter which compensates
tar the Gaussian intensity distribution within the bsam (Fig. 2.4.b). Bath methods
have tha disadvantage that a lot of the available lasar pawer is wasted, which is
acceptable for the tesling of elemsnts and building blacks, but can be a majar
prablem in a large system (e.g. our system in feeddack made). We alsa thaught
about using a beam shaping alament far better illumination uniformity [14]. Such
diffractive elements ¢an transfarm a Gaussian beam prafile intq a.g. a square prafile
with unifarm (< £ 5 %) intensity. The efficiency of such a davice is typically about
80 % to 85 % (8 level-design). However, the new prafils is anly generaled in the
Faurier plans of a lans. Tha element is tharefare nat suited far use in a multistage
system.
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Microlens-
Array LCTV1
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Fig. 2.4: Two concepts to improve the uniformily of the illumination.

The problems ot bad throughput and crosstalk are related to the laws of diffraction
that impose a lower limit to the achievable diameter ot the focal spot of a lens [15,
chapter 10, 16, section 4.3] {cf. Appendix B.2). For & lens with focal length f and a
square aperture ot side length D, the foca! spot has & square shape of minimal side
length o, which is given by

M
=25 . 2-1
d=27 (2-1)

In our case {A = 500 nm and D= 1 mm), we get d = 10°-f. For our specific situation,
we can therefore derive & rule of thumb: The ditfraction limited spot size of a
particular microlens in micramelers is aboul equal to the focal length of this lens in
millimeters. Due to the thickness of the optical mounts, we worked with relatively long
focal lengths between 5 mm and 80 mm. The corresponding dilfraction fimited spot
diameters were thus between 5 um and 80 pym. il we compare this to the size ol the
pixels of the input LCTV, we see immedistely that there is & conflict for £ > 20 mm.
the spot size is larger than the pixe) aperture, we a} introduce losses and b) cause
diffraction at the pixel aperture, which resufts in crosstalk between channels. Fig. 2.5
illustrates how light from one specitic input channe! is not only captured by the
corresponding microlens ot LAZ but also by the neighboring microlenses.
Geometrical considerations (Fig. 2.6) show that light coming from one specitic
channel moves into the next channel atter & distance that corresponds to 2. For
distances smaller than N {= number of channels) times f2, we observe &
superposition of "ghost-patterns” to the original psttern. For distances larger than N
times 2, tha corract pattern is capturad by LA3.
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LA1 LCTV1 LA2

sawtaa

1
.
.
.
+
s
.
.
»
-

EE YT T TP

Sassatnbivainia

Fig. 2.5: Effsct of diffraction at the LCTV pixels I: Crosstalk betwesn channels.
Due to the spread of the light eone, light from one channal can be captured by
the tens of another channel. For dislances smaller than N timas 2, this results in
d superpcsition of "ghost-patterns” to the original pattern (cf. Fig. 2.6 and text).

LCTWY LA2

pd

12 f2

Fig. 2.6: Effect of diffraction et the LCTV pixels Ii: Light coming from one channel
moves info the next channel after 3 distance f2.

At a first glance, the saolution of this problem seams to be easy: just use shorter focal
lengths (thinner helders) to capture the complete light cone emerging from LCTV1.
But this is only true for an isclated setup or at the end of an optical system (e.g. in the
detector plane). At the input of a multi-stage system, however, a shorter focal length
of the illuminating microlens array can have very undesired consequences.

To understand this, we look at the beams after passage through the LCTV. The
diverging beams have to be captured by a telescope, which relays them to a further
stage of the system, With a constant microlens aperture (given by the channel pitch),
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3 decrease of the focal length results in an increase of the divergence. In order to
catch all the light emerging. from LCTV1 and to avoiditrosstalk between the
channels, we have to decrease the focsl length of the input lens ot the tollowing
telescope (Fig. 2.7). For different telescopes (cf. seclion 2.4), this has different
consequences: For a 4i—telescope (Fig. 2.7, top), & shorter facal length of the
elescope lenses (st 5 constant lens dismeter) results in larger imaging errors. For a
microchannel-telescope (Fig. 2.7, bottorn), the length L ot the region without
crosstalk decreases. Moreover, the available space for components within the
ielescope (e.g. feedback oplics) is reduced in both cases. A detailed discussion of
ihe telescopes follows in section 2.4,

b LCTVH LCTV1

Fig. 2.7: Decreasing the facal length of the illuminated microlans array helps to
reduce the siza of the spats incident to the LCTV, but the focal fength of the input
lans of a following telescope has to be reduced s well in order o catch ofl the
light and to evoid crasstalk. In consequence, the available space, e.g. for a
beamsplitter, is reduced and the influsnce af abarralions is increased.

2.3.2 Fen-out with greting &nd lens

A second method ot generating a spot array on the input LCTV is to use a diffraction
grating [17, 18] and a lens {Fig. 2.8).
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Grating : Lens LCTV1

Fig. 2.8: A diffraction grating in combination with a lens can be used to generate
an array of spols. The uniformily of the intensity distribution depends on the
quality of the graling. The diameter of the illuminaling beam delermines the spot
size.

In contrast to the illuminated microlens array, the uniformity of the intensity
distribution depends only on the kind and quality of the grating. No light is wasted
and the size of the generated spots can be controlled by changing the diameter of
the incident beam. Drawbacks of this arrangement are larger size and potential
problems with imaging errors {see below).

In the lollowing, several aspects of this arrangement will be discussed, starting with
the position of the grating with respect to the fens.

@) Greting position I: greting before lens

If a grating with periodicity A is placed in front ot a lens with tocal length £, the pitch
A of ihe generated spots is given by:

A
A=nfZ | 2-2
(2-2)

where A is the wavalength and n is the diffraction order (cf. Appendix B.5). In our
case, n = 2 because we used a grating with "even-orders-missing” design [19, 20].
As we can see from this formula, the pitch of the spots in the focal plane does not
depend on the exact position of the grating. This becomes immediately plausible it
we look st the lens as a Fourier-transfarmer that transtorms angutar information into
spatisl information [15, p. 504). However, the angle of incidence of the baams that
form the spot array is strongly intluenced by the axial position of the grating (Fig. 2.9).
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LCTV1

Grating L LCTV

Orating f f L™

Fig. 2.9: A grating is placed in front of 2 fens in order fo generate a spot-array on
the input LCTY. The piich of the spots in the focal plane is independent of the
axial position of the grating, but the angle of incidence changes. For a system
with several stages, the bes! axial position for the graling is the front focal plane.

If one just has to produce a spot array, the grating can be placed very close to the
lans in order to get @ compact system. In a system with several stages, however, the
grating should be placed in the tront focal plane. This results in perpendicular
incidence of the principsl rays and thus in the smallest overall divergence of the set
of beams sfter the LCTV.

A potentisl problem of this configuration is the fact that reasonably priced commercisl
glass lenses hava a focal length tolerance of about 1 % (sccording to the datasheets
of several manufacturers). Because the pitch A is directly proportional to #, we have
to expect devistions of the seme order of magnitude. In our case, the pitch is
1092 um, the potential deviation therefore 10.92 pm. For & point at the edge of the
array, this can result in a devistion of up 1o 82 pm from its desired position on the
LCTV (it the imaga is cotrectly positioned in the center). This is B Yimes more than the
10 um tolerance that are required to have the spot within the LCTV pixel aperture.

One way to ovarcome this problem is to use a pair of lenses instead of a single lens,
which sllows for an adjustsble effective focal length. The alignment of such a system,
however, is rather tricky because the position of iront and back focal plane changes
when the effective focal length is adjusted. [11, 21, section 2.10]

b) Greting position II: greting after fens

On the olher hand, the grating can also be placed between the lens and the LCTV. In
this case, Eq. (2-1) becomes
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A
=2-z— , 2-3
A 2 (2-3)

where z is the distanca between grating and LCTV. The big advantage of this
method is that the pitch can be adjusted by moving the grating along the z-axis. The
divergence ot the whole set ot beams, however, is not ideal (Fig. 2.10}). Moreover,
the generated spots do not lie within the LCTV plane but on a spharical surface with
radius 2, centered st the grating. Compared 1o above, larger diffraction angles and
thus smaller feature sizes of the graling are required.

Grating LCTVA

Grating LCTW1

L 2 J

Fig. 2.10: A grating Is placed behind a lens in ordsr to generale a spot-array on
the input LCTV. The pitch A of the spots can be adjusted by moving the grating
along the z-axis. The angle of incidence is not perpendicular and tha ganerated
spols do not lia in tha LCTV plane but on a spherical surface with radius z,
centerad at the graling.

¢} Imeaging errors

A general problem in malching a large srray of spots 1o a large srray of pixals are
imaging errors caused by sberrstions. A short summary of this topic and references
1o further information are given in Appendix B.3.
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Due to the large field of view of our setup and the rather strict requirements for the
alignment precision, imaging errors have been an important factor throughout this
work. We identified field curvature as & main issue. A more detailed discussion will
follow in section 2.4 {telescopes).

As for the spot array generation, we looked at several lenses using a raytrace
software [22]. The result of this study was that in our case only lenses with a focal
length = 300 mm produce acceptably small imaging errors (the amount of Petzval
curvature is inversely proportional to the focal length, cf. Appendix B.3). With the
Dammann-grating positioned in the front focal plane of the lens, this results in a
building block size of 600 mm.

In this context, we had the idea 10 use a (large) diffractive lens instead of the
schromat. For diffractive lenses, the Petzval curvature disappears [23, p. 27) and it
should therefore be possible to obtain a smaller building block size with still
acceptable imaging errors. Indeed, raytracing showed that even a 100 mm diffractive
lens still offers enough precision. However, the overall performance had to be kept in
mind. A more detailed analysis showed that the gain in alignment precision had to be
paid by losses in throughput and uniformity: The sfficiency of an achromat with anti-
reflection coating is about 99 %, whereas the efficiency of a diftractive lens is
typically in the region of 90 % in the center and 60 % in the corners [24]. The project
was finally not realized.

d) Other aspects

When dimensioning such a configuration, one must not forget to contral the period A
of the grating. To obtain large deviation angles {grating close to LGTV), a small
period is required. The system designer has to verify with the grating manufacturer
that the feature size within the repeating structure does not get too smail. Small
angles (grating far from LCTV) correspond to a large periodicity. In this case, one has
to verity that the illuminating beam covers enough periods (at least 3 to 4) in order to
get sufficient diffraction performance.

The size of tha generated spots is related to the beam diamater. A plane wave
incident on a lens with focal length f and circular aperture of diameter D, generates
a spoi with a minimal diameter d, which is given by (cf. Appendix B.2)

d=2.44% . (2-4)

If the beam diameter is smaller than the lens aperture, we have to replace the lens
aperture diameter D by the beam diameter D A smaller spot size requires a larger
illumination beam (e.g. for a 300 mm lans the iluminating beam has to have &
diameter 2 16.6 mm in order to obtain a spot size £ 21.5 um). When increasing the
beam diameter, one has to keep in mind the consequences of this to later stages of
the system {e.g. crosstalk). The spot size can intentionally be chosen a bii oo large.
This results in less throughput and eventually some crosstalk, but it makes the setup
less sensitive {0 aberration related problems.
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Anathar point ta consider is the origntation of the lans: An achramat is narmally
arientad with its flat side tawards the divargent or canveigent part of the beam and
the curved side tawards the callimaited part of the beam, in arder ta reduce spherical
aberratians [15, p. 235). In the discussed setup, haweaver, we have twa cantradictory
interasts: 1) each individual beam generated at the grating is callimatad and will be
facussed by the lens. 2) the whola set of beams Is diverging and will be "collimated”
by the lens. From the peoint af view af the individual beams, the achromat shauld
thus be oriented with its flat side towards the input LCTV, whereas from the peint of
view at the set of beams it shauld be ariented with the flat side tawards the laser.
Raytracing praves what can be expected intuitively: with the flat side tawards the
input LCTV, the quality of the individual spats is better (smaller spat size), but the
defarmation af the whole image gets toa big al the edges. Tha flat side towards the
grating results in larger spai sizes in the carners ai the array, but the cverall image
geamatry is much better. With the raytrace saftware [22], we quantitatively compared
the two casas by counting the tatal number ot rays that carrectly hit the
carrespanding pixel gperture. The arientation with the flat side tawards the grating
gave significantly better results.

In an early design phase, the use of fogussing fan-aut elements has been
cansidered. In such a davice, the lens and the grating are combined into ane
diffractive element [23]. Problems related ta gtass lanses (facal fength variatians, field
curvature) can be avaidad with this mathod. The drawback is the divargence ¢f the
generated set af baams. This can be immediately seen if wa leok at Fig. 2.9 and Fig.
2.10. In both cases, the facussing fan-aut carrespands to the extreme case where
the grating is moved te clase cantact with the lans. Due ta the large divergence and
the multi-stage nature of our setup, we did nat consider this approach further,

&) Concluslon for the lens-grating-comblinatlon

Saveral possible asrangements of a diffractian grating and a lens have been
discussed. In ganeral, tha chaice for ane arrangemant hias to be made in the cantaxt
af the whale system (precision requirements, requirements af fallawing system
stages, system siza rastrictians, efc.). In our case, the best arrangement is an
achromat of lang tacal length (2 300 mm) with its flat side ariented tawards the
grating and the grating pasitianad in the front facal plane of the lens. The influence ol
facal length errors and remaining abermations can be reduced by a chaasing an
incident beam dismeter that results in a spot size slightly larger than the pixel
apertures.

f) Experlmentel detslls

We waorked with 8 binary phase grating fabricated by Weible OpTech, Neuchétel.
Designed far a wavelength of 488 nm, tha grating praduces 16 x 16 diffractian
arders. It is an "even-arders-missing” design, i.e. the arders 0, 2, 4, etc. are
suppressed. The periodicity A of the grating is ~268 um, which rasults in a pilch of
1092 um in cambination with a 300 mm achramat.
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The measured efficiency of the grating was around &8 %. About 0.5 % of the incident
light went inlo the (unwanted) zero order. The uniformity was < 5 % (deviation from
the mean value).

Fig. 2.11: FPhoto of the Dammann-grating. The structure produces 16 x 16
ditfraction orders at 488 nm. The frame shows one unit cell of the repealing
structure.

2.3.3 VCSEL-arreys

A third method to generate the dasired inpul vector are vertical cavity surface
emitting laser arrays (VCSEL-arrays). Tha intarast in this technology has been
rapidly growing in the last few years due to the potential usefulness of VCSELs e.g.
in frea-space optical interconnects and other applications. At the beginning of this
project, we had the chance to iest one ot the first available 16 x 16 arrays of
VCSELs. However, this element was clearly a prototype and suffered from many
restrictions. The technology has matured in the meantime and & lot ol these early
problems can ba considered as scolved. To maintain ganarality, some general
properties of state-of-the-art VCSELs will first be discussed before our experignces
with the prototype are reported. Most of this information has been provided by Dr.
Karlheinz Gulden, head of the VCSEL-group at CSEM Zirich.

a) Overviaw of the technology

As of today, there are a lot of laboratory prototypes eround. The best arreys have
threshold currants of ~0.6 mA, maximal output power of 4 mW and efficiencies of
~30 %. There is, however, only little literature about tha simultaneous use of al! the
lasers in an array. Most paople just test single lasers within an array.

Commercial VCSEL-arrays are only offered by very few manufecturers, e.g. CSEM
Zurich. Typical array size is 8 x 8 VCSELs emitting at 960 nm. Typical perameters
are: 2 mA threshold current, 1.5 mW optical power per VCSEL, 5-10 % efficiency,
data rate > 1 GBit/s, divergence (FWHM) < 10°,
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The maximum aptical pawer per VCSEL is limited by the maximum iolarable heat
dissipation on the array, which in turn depends on the heatsinking and the pitch of
the VCSELs. Single VCSELs with > 100 mW optical power and 50 % efficiency have
been demonstrated, but such VCSELs cannot be used simultaneously within an
array. For the near future, arrays with 1-2 mW pptical power and = 20 % efficiency
are a realistic expectation.

The nominal emission wavelength of VCSEL-arrays is typically 850 nm
{telecommunication standard for short distance optical links). Another frequently used
wavelength is 980 nm (the GaAs substrate is transparent at this wavelangth, which is
advantageous fer integration technologies, e.g. flip chip technology). Within the next
tive years, VCSELs in the telecommunication window ot 1.3 um o 1.5 pm can also
be expactad. VCSELs in the range of 630 nm to 700 nm have been demonstratad in
the laboratory. The commercislization of such prototypes will depend on the
applications that demand a specific wavelength.

The wavelengtih uniformity over an array of VCSELs depends on the tabrication
process and on the size of the array. Wavelength uniformity of £ 0.2 nm overan 8 x 8
array with 2 mm x 2 mm size has been demonstrated, far a 16 x 16 artay, the limit
can be expected around 0.5 nm. Typical wavelength uniformity lor laboratory
pretetypes is rather in the order ef 1015 nm.

Wavalength variations during aperation are due ta thermal expansion ef the VCSEL
rasonalor cavity. They depend on the quality of the heat sink, on the efficiency ol the
lasers and on the number of simultansously active lasers. In the extrems case,
variations of a few nm are possibia.

The polarization uniformily over an array ot VCSELS is still a problem. In most ot
loday’s arrays, sevaral polarizations can be observed across the array. Moreover,
many of today's YVCSEL arrays have multi-mode VCSELs. A stable polarization
direction over a whole array has been demaonstrated using suitable fabrication
processes [25], but this is not yet a standard.

The physical size of VCSEL arrays is limited by the fabrication technology. Important
in the cantext of this work is the tact that there is no technological probfem to
tabricate arrays with a large pitch {e.g. 1 mm) between the VCSELs. Generally, the
price will increase with the dimensions of the array and ong will have to use tlip chip
technelogy and bottom emitting VCSELS tor large arrays.

A roadmap for the future development ot VCSELs [26] predicts arrays of 64 x 64
single mode VCSELs with 0.4 mA thrashold current, 0.5 mW aptical power and 2
GBit/s bit rata par VCSEL for the year 2007. If optical techniques should prove to be
successtul in interconnect applications, a standardization ot the VCSEL technology,
reduced cost and increased availability can be expected.

b) Use of VCSELs In &n optlcel system

Some points have to be kept in mind when the use of VCSELs is planned in an
optical system.

Diffractive elemants such as Fresnel lenses and gratings are wavelength sensitive.
Planning to use such elements in combination with VCSELSs, the system designer
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has to check the influence of the expectable wavelength variations to the system. In
a diffractive fan-out, for example, the pitch of the generated spots is proportiona! ta
the wavelength (cf. section 2.3.2). The focal length of a Fresnel lens, on the other
hand, is inversely proporticnal to the wavelength (cf. Appendix C.1.1).

Currently, only VCSELs emitting in the infrared are commercially available. The
spectral behavior of other planned system components (sensitivity, reflectivity, etc.)
has 10 be kept in mind when caonsidering different input sources. To work with a
visible wavelength is certainly not a must, but & personal experience is that it is
clearly easier 1o align and work with a complex system using visible light.

The divergence of the VCSEL beams influences the kind and dimension of the
optical system that will retay the input image on the VCSEL-array to further system
stages. The goal is to collect all the emitted light and to avoid crosstalk between
channels. Assuming a full divergance angle of 10°, trigonometry yields a rough
estimation for the beam diameter D at a distance z from the VCSEL: D = 0.175 z. For
a channel pitch ot 250 pm these bears start to overlep at z = 1.4 mm, for a pitch ot
1mmatz=57mm

Liquid crystal spatial light modulatars are polarization sensitive. An array of VCSELs
with a non-uniform (and normally not predictable) polarization distribution is not
suited for use with liquid crystal devices.

A standard pitch of today's VCSEL-arrays is 250 um. In combinatian with other array
devices with different pitch, & magnitying optics is needed to match the different
pitches, which can eventually intraoduce undesired aberrations ta the system.

And finglly, of course, the available optical power has to mateh the requirements of
the light sensitive devices of the setup at the avaitable VCSEL wavelength, a.9. in our
case the sensitivity of the LCLV (¢f. section 3.5.3).

¢) Description of the tested prototype

The prototype that we could test was fabricated in 1994 at PSi Zirich (now CSEM
Zirich) and had 16 x 16 individually addressable VCSELs. The pitch of the VCSELs
was 280 pm x 230 um. Most VCSELs emitted at 848.3 nm; towards one corner the
wavelength dropped to ~846 nm. The threshold current was ~14 mA, the maximal
optical output power for an individual VCSEL was ~1.1 mW, average was about
0.6 mW. The divergance of the beams was ~10° (FWHM).

Fig. 2.12.2 shows a photograph of the 16 x 16 VCSEL array prototype. Visible are
the bonding wires and the chip with some VCSELs (not lasing, but working as light
emitting diodes; cf. below) that form the letters PS), EPFL and IMT. Fig. 2.12.b shows
the support with an improved Peltier-cooler {placed behind the VCSEL array), driver
electronics and the EPROM-emulator.
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Property

Muminated
microlens:array

Fan-sut with
grating
and lens

VCSEL-orray
(tested prétotype)

VCSEL-array
{today’s state of
the art)

Imege distortlon axcellent good, but only for source: excallent; axceflent; dilute
(depending on the lenses with long distortions due to arrays tan eliminata
quality of tha focsl lengih {2 300 nacessary neaed tor megnifying
microlens-array} mm} magnifying optics optics

Dituie array yes yes, tequires long magnifying oplics yeas (not stardard;

possible focal kength needed; not idoal standard pitch

= 250 prm}

Spot slze ot LCTV large, depending on | small, depending on | doas not apply does not apply
focat length beam diarnetar

Dverall divergence depends on focal depends on position | 10° < 10°

length, 2 3° fora
short | (volding
5pot size problems)

of grating and focaf
length {a.g. = 3%, cl.
latt}

Achlevable optica! depending on laser | depending on taser | genarally bad: heat | 1.5 mW par VCSEL
power source source problems dua to (8x8)
high threshold
cumant
Thrashold current does nol apply daes nol apply 14 mA 2mA
Logses bad; Ipsses due 1o better; losses due does not apply does not apply
axpanded 1¢ etticiancy of
illuminalion beam, Dammann-grating,
spot size, LCTV ev. spot size, LCTV
polarizer polarizer
Wavelength any any B48 nm, infrared (red -} infrared
Wavelenpth does not apply {only | does not apply (only | £ 2 nm (.24 %) down to 0,2 nm
uniformity oNe sowes) one spurce)
Wavalsngth good, dapanding on | good, depending on | bad due to low potentially good,
stabllity laser source laser source efticiency and deperding on
related heat efliciency, # ot
problems aclive VCSELSs and
heatsinking
Palarization no problem no problem bad demonstrated but
uniformity over the not yel siandard;
array usually multi-mode
Polarization no problem no problem bad; changes with should be good in
stability heating up absence of haat
problems
Addressing speed video rate, limited video rate, imited stow, limited by = 1 GBivs
by LCTV by LCTV non-gptimized
device driver
Availabllity good good early prolctype possibla, but
expensive due to
non-standard specs
Overall building medium large small small
block slza

Table 2.A: Comparison of three concepts tor the generation of the input vector.
Because ths tested VCSEL-array was a very early prototyps, a fourth column
with slate-of-the-ant VCSEL characterislics has been added.
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The ifluminated microlens-array was successfully used in the matrix-vector-multiplier
tests. It is the easiest method with the best spot array geometry. However, when we
started to implement the optical feedback, we realized that the losses due io the
illumination and due to the large spot size were not acceptable.

The final setup uses the combination of diffraction grating and fens. This approach
resulted in enough throughput for the optlical feedback, but it almost doubled the
overall system size. The sacrifice was acceptable because small size was not the
main goal of our work and because the system still ramained relatively compact.

At the moment ot the decision, the VCSEL technology was not yet mature enough
and could not be considered tor the work on our setup. However, | believe that it will
be the source ot the future. The technology has made enormous progress and the
availability ot reliable devices is steadily increasing.

The ideal VCSEL-array tor an application like ours shou!d emit in the visible, ideally
somewhere between 630 nm and 700 nm. This would ailow for the use of a
promising LCLV from Hamamatsu Photonics (PAL-SLM] that has its sensitivity
maximum al 700 nm, and it would also [acilitate the alignment of the system. To use
the davice in combination with polarization sensitive components such as LCTV and
LCLYV, the polarization should be uniform and constant for all the laser diodes of the
array. The pitch of the laser diodes within the array should corraspond to the channel
pitch in order to avoid additional matching optics. The wavelength variation should be
£ 0.1 % in order o allow tha combination with diffractive optlics.

2.4 Telescopes and relay optics

The generated input image has to be relayed lo a next stage of the system (in our
case to LCTV2 with the weight matrix}. A large image field and a low iolerance for
imaging errors (cl. section 2.3.2) make this fask a difficult one. The following
discussion of several kind of telescopes that can perform this task is split up in two
fundamentally different groups: conventional glass optics (or macro-optics) and
micro-optics.

The kind of subsystem that is normally used in the following discussion is called an
infinite conjugate, t@lecentric image relay system [27].The distance helween the
object and the first lens is equa! to the tocal length 1 of the tirst lens. The distance
between the second lens and the image is equal to the focal length 2 of the sécond
lens. The distance between the two lenses is equal to f1 + f2. 1 f1 = 2, this is also
called a 4f imaging system. Advantages of this configuration are collimated beams in
the region between the lenses and perpendicular incidence of the principal rays in
the image plane. This kind of configuration is related to the astronomical (Kepler)
telescope, where object and image are at inlinity [21]. For simplicity, the term
telascope will ba used throughout this section to describe such conligurations.
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2.4.1 Conventlonel telescopes

0
i

An introductory remark has to be made at the beginning of this subsection: with
enough eftort and resources, it is of course possible to design and construct well
corrected lens systems for a specific task using glass optics. Camera manufacturers,
tor example, obtain impressive results using sophisticated design and optimization
software. Such systems include mostly custom-made lenses and eventually lenses
with aspheric surlaces. Such an approach was not considered for this project. We
therefore looked at configurations thatl could be realized with moderately pricad
standard lab material. Easy slignability of the system was also an important criterion.

During the development of this project, we looked 2l several telescopas. When
working with the VCSEL-array, we needed a magnilying telescope; later, with the
dilute input array (LCTV), 2 1-to-1 telescope was vsed. The main problem during al!
this work was a mismatch batween the imaged spot array and the pixel array of the
second LCTV {weight matrix plane). This mismatch was mainly due to field curvature
and incomrect magnification.

Of the numarous setups that ware compared, only {elescopes with long focal lengths
{= 300 mm) wera able to provide the required accuracy. This obviously corresponds
to the result of section 2.3.2 (fan-out with grating and fens).

Fig. 2.13.3 shows an example for a raytraced telescope that clearly sufters from field
curvature {magnilying telescope, used in combination with the VCSEL array
described in section 2.3.3, f1 = 40 mm, f2= 100 mm;). Fig. 2.13.b shows what
happans if one tries to align an array of spots with such deformations to the pixel
array of a LCTV: a correct match can only be achieved in the central region. This
example is of course an extreme case, but it illustrates the problem very well.
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Fig. 2.13: a) Example of a raytraced tefescope thal suffers from field curvature
{ci. text for paramaters). b) For an imaga with such deformations, good alignment
of the spot array with raspect to the pixal array is only possibie in the ceniral
region.
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The problem of incorract magnification comes from the fact that reasonably priced
commercial glass lenses have (according to their datasheets) a tolerance for the
focal length of about 1 % (as already mentioned in section 2.3.2). If the focal lengths
of the two lenses are not identical, tha resulting image will be magnrified or reducad
by a factor M, which is given by

M:fef1 i {2-5)

In the worst case of £, = 1.01f,, we get an image which is 1.01 times larger than the
object. In our case of an object size of 15 x 1092 pm = 16.38 mm, the image size
would become 16.544 mm. The difference is 164 pm, which results in an 82 pm
displacement ot the spots at the edge of the array if the image is correctly aligned in
the center. !n order to remain within the acceptable 10 pm displacement, the
differance between f, and f, must be smaller than 0.12 %. This is maore than 8 times
less than the tolerance given by the lens manufacturers.

As already mentioned in section 2.3.2, it is possible to overcome tha problem of the
facal length tolarance by using a pair of lenses instead ot a single lens, which allows
for a adjustable effective focal length. The alignment of such a system, however, is
difficult because the position of front and back focal plane changas when the
eftective facal length is adjusted |21, section 2.10]. This is acceptable for a linear
system [11], but becomes a nightmare in a setup like ours where the back end of the
telescope is shared by two front ends (initialization and feedback loop).

Ancther option is of course to exactly measure the focal length of several lenses and
wark with a matching pair.

2.4.2 Micro-channel telescopes

An alternative to conventional telescopas for discrete images (like spot arrays) are
microlans array telescopes. In the literature, they are often referred to as micro-
channel telescopes {28-30]. In such a configuration, each channel has its own little
telescope and each source (spot of the input array) is in a paraxial position. The
advantages of this approach are obvious: Aberration problems related to a large tield
of view are completely eliminated. The overall quality of the image depends on the
quality of the microlens array, which can be excellent {cf. Appendix C). Each
individual microlens may of course still have aberrations, but their influence is anly
facal.

Drawbacks of this approach are increased losses (depending on the kind of
microlens technology; e.9. diffraction losses), and, as of today, cost and availability.
Recent progress in raplication technology [31] (cf. also Appendix C.1.3), however,
will enable mass production of microlens arrays and thus lower the prices.
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Input-  Lens- Lens- next
Array Array 1 Array 2  stage

Fig. 2.14: An elternative to conventional telescapes for discrefe images are
microchannel-telescopes. Each source is in the paraxial position of its own little
telescope. Abarrations related fo a large field af view ara eliminated and eventual
remaining effacts ara only local, The telescopa length is diffraction-limited.

One is tempted to arrange the micralens arrays in a8 41 or telecentric configuration
{distance equal to the sum of the focal lengths). This is an advantageous
configuration for macro-optics, because it leads fo perpendicular incidence of the
principal rays in the image plane, but it is not necessary in a symmetric (1-ta-1)
microchannel-telescope, because every point of the source array is in the paraxial
position of its corresponding microlens. Larger distances than f1 + 2 between the
two microlens atrays allow for larger telescopes which can be important when other
components (e.g. 8 beamsplitter) have {o be placed within the telescope or when the
signal has 1o be relayed over a large distance {as in a feedback laop). Just using
longer focal lengths in order to increase the telescope length is not a good selution,
bacause this slso increases the diffraction fimited spot size (cf. section 2.3.1 and
appendix B.2).

There is, however, a limitation to the maximal length of @ microchannel telescope,
which is again caused by diffraction: light beams cannot propagate over an arhitrary
distance without increasing in width. A rough analysis [29] yields a maximal length L
betweean the microlens arrays:

D2

L= T {2-6)

where D is the channe! pitch. This formula does not include the focal length of the
used microlenses. In practice, however, lenses with a shorter focal length will lead to
a shorter maximal length L, which ¢an be understood if one looks at the properties of
a Gaussian beam (cf. Appendix B.4). As a consequence, a8 compromise has to be
found between a short focal length which minimizes the spot size and a long focal
tength which allows for longer telescopes (cf. also Fig. 2.7.b).

A remark about the magnification of the microchannel-telescope. Because we ara
dealing with an array of telescopes, there are two kind of magnifications involved.
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The channai-magnification can be defined as the ratio between image spot size and
object spot size. It is given by the ratio ot the focal lengths of the two arrays. The
array-magnification can be defined as the ratio between image array size and abject
array size. It is determined by the pitches of the object array and of the two microlens
arrays (cf. Fig. 2.15).

The microchannel approach is therefore not only suited for symmetric 1-to-1
telescopes. Especially the computer generated diffractive microlens arrays allow 3
high degree of customization. Arrays of microlenses with locally variant properties
have been demonstrated by Hessler et 8. for a confocal microscopy application {32,
33). But also refractive microlens arrays with a pitch different to the source pitch can
do the task [34] (Fig. 2.15).

)/
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Input-  Lens- Lens- next input-  Lens- Lens-  next
@ Amay  Aray1 Amey2 stege b Arrsy  Array Array 2 atage

Fig. 2.15: Two ralated methods to implement a magnilying microchannel-
telascopa: a) Diffractive microlens arrays with locally variant properties or b)
rafractive microlens arrays with a pitch differant to the input pitch can be used to
adapt tha pitch of an input array 1o the pitch of a following stage.

If it is possible, however, a symmetric setup without array-magnification should be
prefarred. The problems of a magnifying microchannel-telescope are related to the
angle of incidence of the c¢hief rays and thus ta the overall divergence of the set of
beams. If the second microlens array is moved along the z-axis, the position of their
focal spots remains constant but the angle of incidence changes. The same happens
it an offset is introduced 10 the collimated beams, e.g. by placing a beamsplitter
between the two microlens arrays. All this Is not the case if the collimated beams
between the two microlens arrays are parallel (symmetric setup). As a consequence
of this, the symmeiric sefup is more folerant to alignment errors. This is 3 main
advanlage, especially also for the implementation of a feadback-toop, where fha
bearns of the initislization have to match the beams ot the feedback.

Moreover, in the array-magnilying configuration, the source is not in a8 paraxial
position, which increases the local aberratians of every channel.
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2.43 Conclusion: Choice ot the felescope principle

+ "t

We conclude thet microchannel-telescopes are the better akternative for applications
with a large number of discrete parallal channels. The classical 4f contiguration might
not be the bast arrangement it every source spot is in & paraxial position. The
limitations due to diffraction (spot size and beam spread) have to be considarad for
the choice of the focal lengths and of the telescope length.

2.4.4 Experimental comparlson

During the early comparison of the two fan-out methods (cf. section 2.5), the number
of channgls has been limited to 5 x 5, mainly due to imaging errors. In the final setup
we used microchannel-telascopes instead of bulk lenses, which effectively eliminated
the problem of pattern mismatch. Fig. 2.16.a repests Fig. 2.13.b, showing an image
of a 8 x 8 spot pattern {frame), fanned-out to LCTV?2 using conventional fan-out (cf.
saction 2.5.1) end bulk lenses. Only the spots in the central region match their
corresponding LCTV-pixel. Fig. 2.16.b shows a 16 x 16 spol array fanned-out o
LCTV2 using interlaced fan-out (cf. section 2.5.2) end & microchannel-elescope. On
LCTV2, a set of alignment patterns (frame with diagonals) is displayed. By slightly
displacing LCTV2 (cf. Appendix D), we could verity that each of the 65'536 beams
carrectly matches its corresponding pixel.
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Fig. 2.16: a) Mismalch batween a spot array and the pixel array of LCTV2 caused
by field curvature using macro-optics; b) Correct match of each of the 65'536
spots to its corresponding pixel dsing the microchanne! approach. {Remeining
inhomogeneity in this picture is due to vignetting of the image acquisition
system),
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an array ol sub-images). This operation is (together with the non-linear threshold
function of the neurons} a central element of tha Hopfield:model. The matrix-vector-
multiptier can therefore be considered as the heart of tha optical setup.

The two fan-cut / fan-in concepts will be presented and compared in the following.

2.5.1 Conventional fan-out and fan-in

e} Fan-out

The conventional methods ol replicating an input image are closely related to the
peints discussed in sections 2.3.1 and 2.3.2 (input generation), where the signal of a
singte source was fanned-out and modulated. The same considerations as there
apply also for the case of a whole image that is fanned-out and has to be modulated.

Again, we thus have the method ot an illuminated microlens array and of a fan-out
with a ditiraction grating. Examples for both methods are illustrated in Fig. 2.18.
Advantages and disadvantages ot both methods are the seme as described in
sections 2.3.1 and 2.3.2.

L3 LCTV2
(Weights)

Fig. 2.18: Two possible implementations for the replication of the complste inpul
array (conventional fan-out). a) using a microlens array, b) using e grating

b) Fan-in

After modulgtion of the tanned-out signals {e.g. by LCTV2}, all the pixels of one sub-
array have to be fanned-in to one output channel.

A true optical fan-in should create a superposition of all the spois ot & sub-array.
This can be achieved by combining a microlens array of small pitch {corresponding to
the pixel pitch) together with a microlens array of large pitch (corresponding to the
channel pitch) {Fig. 2.19.8). The focal length of the first microlens array will be rather
short in order to avoid a large f-number (diameter af aach micrelens < pixel pitch).
ldeally, t4 should be chosen such that LA4 can be glued direclly onto the LCTV in
order to reduce alignment problems.
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In hybrid systems (i.e. electronic feedback), a pseudo fan-in is moslly used. The
waight matrix output is imaged to a detector array where the actual summation is
performed by the detector cells (Fig. 2.19.b).

LCTYz2 ey

Fig. 2.18: In the conventional case, a frus optical fan-in requires two microlens
arrays ol different pifch (A). Other methods use a pseudo fan-in with oplical
reduction of tha sub-arrays and elactronic summation by a detector array (B).

¢) Experimental demonsiration

Matrix-vector-multiplier demonstration
with conventional fan-out (5 x 5)

Start Image

: Fannod-dit tmage - Weighle;dlma'ge

Fig. 2.20: Exparimental demonstration ol a & x & matrix-vector-multiplier with
conventional fan-out and psaudo fan-in.
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Fig. 2.20 shows an experimental demonstration of 8 matrix-vector-mulliplier using
conventional lan-out. The number of channels was limited to 5 x 8, mainly due to field
curvature (cf. Fig. 2.13.b). The output of the system is only reduced and slightly
defocalized in order to produce 8 pseude fan-in. The algonthm that has been used to
calculate the weight matix is explained in section 4.1.

2.5.2 Interleced fan-out and fen-in

g) Fen-out

The pitch of the input array has to be large enough in order to allow for a replication
of each input signal within its carrespanding channe! (dilute or wide spaced array). Of
course it is possible to magnify @ narrow spaced input array, but this can lead te
imaging errars, magnification errors, etc. When the pitch of a spet array is magnified,
we have to keep in mind that the size of the spots is normally magnified as well
(except in the case of space varnant arrays, cf. section 2.4.2). The ratio between pitch
and spat size of the input array has therefore to be large enough in any case.

Whenever possible, we recommend to use a dilute input array with a pitch equal ta
the channe! pitch. This allows for a constant channe! pitch throughout the system and
perpendicular incidence of the principal rays. Further advantages ol the symmetric
situation have been discussed in section 2.4.2.

The replication of each channel follows the same principles as all the other fan-outs
that have been discussed so far. We can pravide an array of micralenses for avery
channe! {standard problem: uniformity of illumination) or we can perfarm the fan-out
with a grating and a lens per channel. Both concepts are illustrated in Fig. 2.21. Due
{o the analogy to above, we do not want o repeat the details here. The configuration
with grating and micrelens array {Fig. 2.21.b) has been used in the final setup.
Another possible implementatian is shown befow with the experimental results.

LA3 LCTV2 DG LA3 LCTV2

Fig. 2.21: The replication of each individual channel (interlaced fan-out) can be
made using the same concepls as for the other fan-ouls that have been
discussed so far. Advantagas and problems apply respeclively.
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The position of the grating with respect to the microlens array also follows the same
rules as in section 2,3.2 {(input generation wilh a grating and a lens). Fig. 2.22 shows
a drawing from the design phass that illustrates the influence of the grating position
(cf. also section 2.6.2 for a furthar discussion of this drawing). The idsal position of
the grating is again the front focal plane of the microlens array.

b

Fig. 2.22: Intorlaced fan-out with grating: The ideal position of the grating DG is in
the front focal plane of the microlens array LA3 (a). A position farther away from
LA3 introduces crossfalk at LA3, a position closer lo LA3 introduces crosstalk el
LAZ (b).

b) Fan-In

Fig. 2.23 shows a schematic sketch ot the complete matrix-vector-multiplier. In ordar
to connect avery output channel with every input channel, the cutput array has o be
a superposition of all the sub-arrays that bave bean generated by tha fan-out. This
can be achieved in a very elegant way by combining a microlens array with a lens.
The microlens array has the same pitch as the sub-arrays (i.e. the channel pilch).
The distance between LCTV2 and the microlens array is equal to the focsl tength 4
of the microlens array. Every microlens can be considered as a Fourier transformer
that transforms spatial information into angular information. Light emerging from
corresponding spots of the sub-arrays of LCTV2 {(e.g. from the upper left spot of
evary sub-array, c¢f. Fig. 2.23 and Fig. 2.17) travels in the same angular direction
alter passage through the microlens array. LS performs the re-transformation trom
angular to spatial infermation, which results in a superposition of the corresponding
spots in tha back focal plane ot L5 (cutput plana).

The distance batween the microlens array LA4 and the lens L5 only influences the
angle of incidence of the beams on the LCLV. I this distance is aqual to 14 + 15, we
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obtain perpendicular incidence of the principal rays. Because the LCLV is the last
stage of the system, this is-not so important this time. On the contrary, our
experiments showed, that it is best to have L5 at 3 distance 4 from LA4 because of
the large divergence of the set ol beams emerging from LA4. The spacing of the
spots in the output plane is determined by the ratio of f5 to {4 and does not change
with the position of L5.

LTV LA2 DG LA3 LCTVZ LA4 L5

Fig. 2.23: Possible realization of an optical matrix-vector-multiplier with interlaced
fan-out and subseguent fan-in.

¢) Experimental demonstration

Fig. 2.24 shows an experimental demanstration of 3 matrix-vector-multiplier with
interlaced fan-out. This demonstrafion was made with the same hardware as the
demonstration of the conventional fan-out (cf. section 2.5.1).

Matrix-vector-multiptier demonstration
with interlaced fan-out (5 x 5)

go

Start Image Fanned-out iImage Weight‘;'ii Image Fanned-in Image

Fig. 2.24: Experimental demonstration of a 5 x 5 matrix-vector-multiplier with
interfaced fan-out.
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2,53 Concluslon: Choice of the fan-out principle

Interlaced and conventional fan-out are just inverse versions of the same thing. Fig.
2.25 shows anpther schematic representation of the twe fan-out principles. In the
conventional case, the signal is distributed to the ather channels before the weight
matrix and remains within ane channel after the weight matrix. In the interdaced case,
the signal remains within one channel before the weight matrix and is distributed to
the other channels after the weight matrix. Whal makes naw the differance between
the two methods?

conventional

N Inputs N? Welghts N Qutputs

®
0]
(o]

Intertaced

Fig. 2.25: Schemstic repressantation of conventional (above) and intarlaced
(below) fan-out. Each msthod is the inverse of the other meathod.

Optically, the distribution of the signal to other channels is relatad to targe angles and
a large field of view. A large field of view, however, increases the importance of
aberration related problems, as we have seen in the previous sections. The question
is thus: is it better to have these problems befoure or after the weight matrix? tf we
compare the two tasks of matching N2 spots to the weight matrix LCTV (a pixalated
devica) and of matching N spots to the LCLV {which in our case is not pixelated), we
clearly prefer to optimize the situation tor the first task. We therefore claim that the
intertaced fan-out principle is better suited for the optical implementation of a Tull
interconnect with a large field of view.

Moreover, the interlaced fan-out is ideally suited for an implementation with a
symmetric microchannel-telescope {whose advantages have been discussed in
section 2.4.2). The smaller angles ot the interlaced fan-oul result in & larger minimal
feature size of the grating required for the fan-out, which can be an advantage for the
tabrication of the grating.

Conventional and interlaced fan-oul are inverse configurations, as mentioned above.
This can also be seen in the optical implementation; The fan-in of the interlaced



2.6 Complete systarn with opticel feedback loop 43

method (lens-array and lens) corresponds to the inverse of one of the possible fan-
outs of the conventional imethod. However, not all of thé optical concepts are
reversible: Nx N beams incident on a grating, for example, will normally not unify to
one beam {unless the phases of the incident beams correctly match). As a
consequence, the tan-in of the conventional method cannot be as elegant as the fan-
out of the interlaced method. We believe that the simple fan-in of the interlaced
method (requiring the alignment of only cne microlens array) is another plus for this
method.

2.6 Complete system with optical feedback loop

{n this section, we will combine the building blocks discussed in the previous section
1o a complete system. The compromises that had 1o be made between contradictory
requirements will be described. For the better understanding, we repeat here the
figure with the complete optical setup.

BEAM PREPARATION FEEDSBACK NEURONS
BS1 DGk Lib B LAZh PBS)} LAG
'}__ ﬂ
| | —
1 e
LN
N E#T:';‘—‘—J}; >
3 - (=
M1 pats [t A TVI LAn [OUPUT|OG2 LAI TVZ LM LS Mz
INITIALIZATION T MATHIX-J CTOR-MULT.
T

gx

Fig. 2.26: Complete optical setup

2.6.1 Spot size, telescope length and opto-mechenlcs

To determine the absolute focal lengths of the telescope LA2-LA3, we had to find a
compromise between crosstalk and the spot size at LCTV2 {small focal length
desirable) and s reasonable telescope length, which offers enough space for the
beamsplitter and the Dammann-grating (long focal tengih desirable). Initially we
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Fig. 2.28: Local beam diametar at the grating

A remark about the crosstalk at LA3. In Fig. 2.28, we can see that the light which
goes into another channe! at LA3 will finally not reach the LCLV. Therefore, the result
is rather a loss of light than real crosstalk. However, we should not tolerate losses
either, because they introduce a systematic error in the system (these losses are
more severe for higher diffraction orders). Neural networks are in principle able to
accommodate such imperfections in the weight matrix. However, this compensation
alone will already use up a good part of the available contrast of the spatial light
modulator. Losses should therefore be avoided as much as crosstalk.

Initially, we worked with an illuminated microlens array at the input {cf. Fig. 2.28). In
order to obtain the desired beam diameter of ~0.7 mm, the focal length of this array
was chosen to be 80 mm. Because of the spot size related problems of this
contiguration {cf. section 2.3.1), we later used a fan-out with Dammann-grating and
lens, as shown in Fig. 2.26. The diameter of the collimated beam that illuminates the
grating was chosen to be 18 mm in order to provide the desired beam diametar in
combination with LA2. This value corresponds roughly to the value required to get a
small enough spot size at LCTV1 (ct. section 2.3.2). Fig. 2.29 illustrates the relations
between the different parameters. In practice, we often used a slightly smaller beam,
which results in spol sizes that are a bit larger than the pixel apertures. This reduced
the influence of the remaining field curvature of L1 and made the input module less
sensitive. The resulting toss in intensity and the crosstatk introduced by diffraction at
the LCTV1 pixels remained still acceptable.
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Fig. 2.29: Scheme of the light propagation within one channe! of the matrix-vector
multiplier. if the diameter D1 of the incoming beam is increased, the spot size in
the plane of LCTV1 decreases, which reduces the effect of ditfraction at the
LCTV1 pixgls. On the other hand, the overall diameter D3 at LA3 and LA4
increases, which rasulls in fosses fcl. text). A smaller diameter D2 reduces the
porformance of the grating DG2.

2.6.3 Matching tha read-out stgnal to the write signel

In the teedback mode, the signal on the write side of the LCLV has to match the
signal on the read side. The magnification of LA4—-L5 has therefors 1o correspond to
the pitch of the channels in number of pixels (26 in our case). For symmetry reasons
14 = {3. This results in the rmast effective use of the available lens aperture. 13 should
be as small as possible to allow for a smaller period of the Dammann-grating, which
(for a given beam diameter af the grating) increases its pertormance. However, {3
cannot be arbitrarily small for mechanical reasons {holder construction and
alignment) and bacause of the limited feature size of the Fresnel-type microlens
arrays. We have selected f5 = 300 mm (commercial achromat) and thus f3 = {4 =
11.5 mm.

The magnification of LA4-L5 results in an output array with a “"spot” size of 26 times
the pixel size (26 21.5 um x 26 - 31.5 pm = 559 pm x 819 um). This large spot size
on the write side of the LCLV facilitates the matching of the write array with respect to
the read array.

2.6.4 Feedback loop optics

In the first version of the system design [38], the microlens array telescopes were
arranged in 4f-configurations, whenever possible. Aftar our first experiences with the
microchannel-telescopes, we realized, that this is not always the best solution (cf.
section 2.4.2). As a consequence, the two initially planned telescopes between the
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beamsplitters (PBS and BS2) have been omitted, which facilitated the alignment of
the feedback loop. To avoid problems with beam spreading (cf. section 2.4.2), the
focal length of LAB was chosen to be 80 mm.

2.6.5 Matching the polarlzation stetes of feedback and inltlalization

One last point to consider was that the pofarization of the feedback beam matches
the polarization ot the initialization beam. The light emitted from the laser is s-
polarized. In the OFF-state, the first LCTV turns the polarization by 90° and absorbs
the p-polarized output with its integrated polarizer. In the ON-state the output remains
s-polarized. The output of the feedback-beam has thus to be s-polarized too. To
achieve this, the polarization ol the laser beam is turmed by 90° by & half-wave plate.
The p-polarized light passes straight through the polarizing beamsplitter. fn its OFF-
state, the LCLV does not turn the polarization and the reflected beam passes straight
back through the polarizing beamsplitter and is lost. In the ON-state, the LCLV acts
like @ quarter-wave plate with mirror (cf. section 3.3) and the s-polavized output is
deviated by the beamsplitter and correctly ted back into the system. The output ot
LETV 2 is again s-polarized, but this is less important because the LCLV input is not
polarization sensitive. Fig. 2.30 shows a schematic sketch ot the polarization states
of the ON-signals in the completed setup.

LCLV
BS A2 PES (Neuron)
read || write
s-polarized p-polarized p-polarized M3
3 s-polanzed s-polarized
.'S
4
\ s-polarized s-polarized s-polarized s-polarized
M1 \ M2
E
LCTV1 g LCTV2
(Input) 2 (Welght)
Output

Fig. 2.30: Polarization states of the ON-signals in the completed setup.
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2.6.6 Summery: Absolute values ot system peremeiers

Paremeter Valus Specificallons / Remarks

Wavelength 488 nm Ar‘-Laser, Spectra Physics, Mod. 165-09

LCTV pixel pitch 42 pm x 42 pm from tnFocus LitePro 850

LCTV pixed size 21.5um x 31.5 pm from InFocus LiePro 850

Channels 16x 16

Channel pitch 1092 pum x 1092 pm maintained throughout system

{26 x 26 pixals)

i1 {a+b) 300.08 mm Spindler & Hoyer Achramat, @ 50 mm, @ 488 nm

f2 {a +b) 11,54 mm {16 x 16) continuous relief Fresnel lens array, PSI-Z

3 11.54 mm (16 x 16) 4-lavel Frasaet lens array, Waible OpTech

f4 11.54 mm (16 x 18) = 15/26, 4-level Fresnel lens array, Waible OpTech

f5 300.08 mm Spindler & Hoyer Achromat, & 50 mm, @ 488 nm

f6 80 mm (16 x 16} 4-level Fresnel lens arry, Weible OpTech

Pariod of gratings 268.2um to obtain a pitch of 42 pm In combination with L3 and
to obtain a pitch of 1092 pm in combination with L1

Table 2.2: Summary of systam parameters.

2.6.7 Dats scquistilon and control software

In any moda, the state of the system can be monitored at the output of beamsplitter
BS2. We mostly used a CCD-camera tor the qualitative measurements. For turther
processing of the output (e.g. during in-situ training of the neural network), it is
desirable to have separate signals for each channel. This can be achieved by post-
processing the image provided by the frame-grabber that reads out the CCD-camera
{slow) or by replacing the CCD-camera by a detector-array that directly provides a
separate signal for every channel. The detector array was provided by CSEM Zirich
(former PS1 Ziirich), the supporting electronics by Logitech SA.

Bacause of the matrix-nature of our data, we chose MATLAB™ as the programming
plattorm tor the acquisition- and control-software. Two data acquisition boards, a
GPIB board and & frame grabber board allow to monitor and control all elements of
the setup. This arrangement ofters great flexibility: We can for example control the
LCLV drive voltage and thus the leedback-loop gain (cf. section 3.5) in function of the
system state and behavior,

The control software is soft-coded, i.e. most of the system parameters are stored in
one central prefarence file. This allows for an easy adaptation of the code for a
different configuration. Additional functionality can ba added thanks to the madufar
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Fig. 2.32: Demonstration of the imeging quality of the setup: a) 16 x 16 spot erray
emerging from the input LCTV1,; b) Each channel is replicated 16 x 16 limes;
shown is a detail of 6 x 6 channels incident on LCTV2, gach consisting of 16 x 16
spots; ¢} After passage through LCTVZ, a test-patiern is modulated to the
signals. Each of the 65'536 bearns passes through its corrasponding pixel; d) fan-
in of the les!-patterns (superposftion of all sub-arrays)

1t was possibla to match the signal raflected back from the LCLV read side onto the
pixals of LCTV2 with basically the same quality than thg input imagea (Fig. 2.33).
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Fig. 2.33: Test pattern, reflectad from the LCLV read side, observed at the output
of LCTY2. The Image quaiity of the fad back signal is as good gs the quality of
the signal corning directly from the input (cf Fig. 2.32.c).

2.7.2 Throughput

As we will see in section 3.5.3, the intensity required on the write side of the LCLV is
> 15 pW/cm2. Write intensities up 1o 175 nW/cm? per activated inpul pixel were
measurad with the initial version of the setup (iurninated microlens array at the input,
Ar-laser ouiput = 900 mW). This results in only 8.75 pW/cr? for an input image with
~50 correct input pixels. in fact, we realized that only input images with 2 100 correct
pixels could activaie the LCLY (when operated at highest sensitivity).

To improve this situation we tried two things: reduction of the losses and combination
of the LCLV with an image intensifier in order to rise the write light sensitivity. The
latter was not successtul, because of the limited brighinass of the phosphor layer on
the outpui side of the image intensifier and because of difficulties in efficiently
imaging the intensified image from the diffuse (Lambertian) intensifier output to the
LCLV write side. The conclusion of this fest was that a combination of image
intansitier and LCLV Is only feasible if the glass substrate on the write side of the
LCLV is replaced by a fiber optic plate that can be brought into contact with the
intensitier output. Because we did not wish {o open the LCLV, this has not been
tested experimentally.

The reduction of the losses was done by replacing the illuminated microlens array by
a Dammann-grating and 2 lens, as described in seclion 2.3. With this improvement,
we were able fo activate the LCLV even with only a few active input pixels {cf. Fig.
4.7.d, section 4.3.1). The intensity on the write side of the LCLV has been raised
frorn 175 nWicm? to about 1.35 pW/em? per activated input pixel (Ar*- laser output =
900 mW).

The size of one output pixe! is 26 times the size of a LCTV2 pixet {cf. section 2.6.3},
i.e. 26:21.5um x 26:31.5um = 0.004578 cm®. An intensity of 1.35 pWiem?
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corresponds thus to a power of ~6.2 nW per output channel and per activated input
pixel. At the input of the system, we measurad ~675 pW per channal {or pixel). The
signal has thus been attenuated by a factor of ~108'870. This value is composed of
two contribufions: a factor of 256 due to the 16 x 16 fan-out at DG2, and a factor of
~425 due to losses of the optical system.

Sufficient loop gain for a stable system state and even selt-activation has been
demonstrated (cf. section 4.3.2).

2.8 Optimization potential

Further optimization and miniaturization of the system is certainly possible: VCSEL
arrays can replace the large input part (DG1 and L1). Specialized optomechanics
(slotted baseplate or a custom-dasigned monoblack) instead of off-the-shaelf mounts
will allow further downscaling. The availability of higher resolution LCTVs (or other
suitable spatial light modulators) will allow a higher number of channels.

The slow and non-unitorm LCLV (cl. chapier 3) can be replaced by a suitable smart
pixel elemani, such as a sandwiched cambination ot a detector array, electronics and
a VCSEL array. This would considerably accelerate the cycle time ot the teedback
loop. Enhanced functionality of the neuron-plane and of course better uniformity are
addifional advantages of such a setup.

A different operation wavelength or a downsizing of the system will require a
redesign ol the selup and as a consequence a complete new set of hardware. A
rmuch easier improvement can be achieved in the short term by replacing the LCLY
with a custom rmade smart-pixel device that has {he 1092 pm channel pitch of this
system.

Integration of VCSEL technology and miniaturization Is also interesting for the matrix-
vectar-multiplier alone, which is an universal procassing module that can be useful
for applications ather than optical neural networks. The interlaced fan-out method
that has baen introduced in section 2.5.2 offers an elegant way to realize a large
number of parallel channels with minimal imaging errors. The use of a dilute VCSEL
array at the input of such a module is interesting in the context of the heat related
problems of VCSELs.
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3 Optical neurons : The liquld crystal Iighi valve (LCLV)

3.1 Overview and Introduction

In this chapter, we will have a claser look at the liquid crystal light valve (LCLV). In a
systam with all-optical feedback, the.LCLV acts as an array of neurans and is
therefare a key device that has ta be understoad in detail.

A main ciiterian far the evaluatian of the devica was the achievable gain. Our choice
was finally made far a LCLY from tha P.N. Lebedev Physics Institute in Mascow,
Russia. This etemant is in principle welt suited far aur setup, but after a while, wa
realized a severe limitation: the insufficient hamageneity of the fiquid crystal layer.
This has baen a known prabtem with liquid crystal devices tor a long time [9, 10] and
it remained one thraughaut this praject.

After the Lebadav Institute stapped its LCLV-activity, we looked around for alternative
devicas, but throughaut the period of experimental wark, we were nat able ta tind a
suitable replacement. Having na alternative, we nevertheless ¢haracterized the
device far its use in our recurrent neural network. Same aof the follawing results are of
a mare qualitative nature, bacause the insufficient unifarmity intraduced cansidarable
variations to same at the absolute measuraments. Nat everything was examined to
the last detail bacause of the lack ol genaral validity of the rasults.

In this chapter, the structure and aparation principle of the LCLV will be introduced in
sections 3.2 and 3.3. Experimantal results af the characterizatian of the device are
presented in sectians 3.4 to 3.8.

3.2 Structure of the LCLV

The LCLV consists af several layers as shown in Fig. 3.1.a [39]. A phota of the
device is shown in Fig. 3.1.b.
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in a different wave retardation. When the device is used in combination with suitable
potarizers, this change in wave retardation results in a change in readout intensity.

In the following, the principle ol operation is discussed in more detail and with regard
to our specilic devica. Further information about the oplical properties of liquid
crystals and liquid crystal devices can be lound e.g. in [16, 40). A general introduction
to the physics of liquid crystals can be found e.g. in [41].

3.3.1 Behavior of liguld crystal in an electric field (no wrlte signal)

Without an external electric field applied, the molecules of the liquid crystal align in
the direclion of the alignment layer (i.e. parallel to the LCLV surface) due to intar-
molecular forces.

When an electric field is applied, electric dipoles are induced because of the
elongated shape of the liquid crystal molecules. The resultant electric torces axert a
torgue on the molecules and the molecules rotate in g direction such that the sum of
elactrostatic energy (due to the electric field) and elastic energy (due to inter-
molecular forces) is minimized.

in our case, an electric field in the z-direction is generated by applying an AC signal
with amplitude V across the two transparent electrodes. The resultant eleciric forces
tend to tilt the molecules toward alignment in the z-direction, but the elastic torces st
the surfaces of the alignment layers resist this motion. When the applied field is
sufficiently large (V > V_ ), most of the molecules tilt, except those adjacent to the
glass surfaces. The equilibrium tilt angle @ for most molecules is a function of V,
which can be described by [41]

0, tor V<V,

V-V
£y, for V>V
v >V

0

o (3-1)

=7 1
——2fan” exp(-
2 P

whare V is the applied rms-voltage, V., a critical voltage at which the tilting process
begins and V, a constant {cf. Fig. 3.2). When the electric field is removed, the
orientations of the molecules near the glass surfaces are reasserted and sll of the
molecules tilt back to their original orientation.
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Fig. 3.2: Tilt angle of the liquid crystal molacules in function of the normalized
voltage across the liquid crystal cell {according to Eq. 3-1}.

Apart from the dielectric anisotropy, which is responsible for the tilting process, liquid
crystals also show optical anisotropy. In our case of a nematic fiquid crystal, the cell
behaves like an uniaxial crystal. The normal mades of an optical wave travelling in
the z-direction are polarized parallel and perpendicular to the orientation of the liquid
crystal moleculas. The associated refractive indices are the ordinary index n, and the
extraordinary index n,. A cell of thicknass d pravides a wave retardation

2r
= T(n, -n

e

g . {(3-2)
When an externa! electric field is applied, the retardation becomes
21
r{e)= T(n(e) -n)d (3-3)

where n{@} is given by

-1
2 [
cos" @ + sin 9] (3-4)

ne) = [ P P

L a

The retardation F{@} is maximal when © = 0° (no field appliad, molecules not tilted)
and decreases towards 0 when the tilt angle reaches 90°, i.e. when ali the molecules
are oriented in the z-direction (Fig. 3.3).
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Fig. 3.3: Wave ratardation provided by one passage through the liquid crystal cell
in function of the narmalized voltage across the liquid crystal {following Eq. 33,
3-4 and 3-1).

In the case of our device, we have the following values {accarding to the data sheet
that came with the device): thickness of the liquid crystal fayer d = 5 pm, wavelength
A = 488 nm and optical anisotropy n, - n, = .14, With these parameters we get a
maximal retardation af T, = 9.0 = 2.9'1.

Apart from the retardation I', which is given by multiples of n, the term retardance p is

often used, which expresses the retardation in terms aof the wavelength. The relalion
between the twa terms is given by

2n
r-2p (3-5)
i.e.
p= (n(@) -, )d . {3-6)

For aur device, the maximal retardance p.,, = 1.43'A {no voltage applied).

The liquid crystal cell alane can be used as a valtage controlled wave-retarder. In
combination with suitable polarizers, such a wave retarder can act as an intensity
madulatar. Our device incorporates a mirror and is always used in combination with a
palarizing beamsplitter (PBS). Since we are mainly interasted in the intensity
madulation properties, we shall cansider the polarizing beamsplitter as an integral
part of the LCLV, The term "LCLV output" refers thus ta the intensity distributian
abserved 3t the deviated output of the polarizing beamsplitter (Fig. 3.4).

Up to now, the ratardance has been discussed for one single passage through the
fiquid crystal cell. Because of the mirror in the LCLV, we finally have to deal with a
doubls passage thraugh the liquid crystal cell. In the following discussion, the terms
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*cell retardance” and “LCLV retardance™ are used for the retardance after a single
passage thraugh the liquid crystal cell and for the accumulated retardance after two
passages through the liquid crystal cell, respectively.

Liquid Crystal Light Valve (LCLV)

Polarizing 8eamsplitlar

o
;
B

olarized = ¥ / % READN )

pplarized /| ellipt. polerized] READ g7 ?

Liquid
Crystal sensor

Mirror Photo-

<s-polarlzed

LC LVOUT @

Fig. 3.4: Intensity modufalion with the LCLY is achigved by using a polarizing
beamsplittar and observing only the s-componant of the reflected ready,; beam.
The polarization of the read beam is modulatad in function ol the retardation
provided by the liquid crystal. Tha retardalion can be varied giobally by changing
the dnve voltage or locally by a write beam incident on the photosensor.

In order to get maximal birefringence, the angle between the polarization direclion of
the potarizing beamsplitter and the rubbing direction of the atignment layer is set to
45°, Tha light passing straight through the beamsplitter is p—polarized {i.e.
horizontally polarized; parallel to the breadboard surface). In the general case of an
arbitrary retardance, the polarization of the reflected readyyr beam will be elliptic.
Only the s-component {vertically polarized; perpendicular to the breadboard surface)
is observed at the LCLV output (cf. Fig. 3.4). In the special case of a cell retardance
of A4, we get circular polarization incident on the dielectric mirror. Reflection on the
mirror changes the sense of the circular polarization, and after the inverse passage
through the liquid crystal cell, the accumulated LCLY retardance is /2. This results in
a rolation of the incident polarization of n/2, i.e. the light reflected from the LCLV is
completely s—polarized. This corresponds to the maximum LCLV output {(or high
output). A cell retardance of A/2, on the other hand, corresponds to a LCLV
retardance of A, and resulls in & completely p-polarized readq,; beam. This
corresponds to zero LCLY output {or fow output).
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A more general and quantitative description of the relations between retardance,
polarization and resulting intensity is obtained by using Jonés-matrix calculus [40,
Appendix C]. i

3.3.2 Influence of write sighel

So far, anly global variations of the applied electric field have been discussed. By
applying & light intensity distribution on the write side of the valve, chargé carriers are
produced in the semiconductor, which result in a spatial charge distribution and thus
a spatial  modulation of the electric field. For a8 constant drive signal amplitude, &
local decrease of the impedance on the photosensor side resulls in 3 local increase
of the voltage across the liquid crystal. According to Eq. 3-1, the molecules ol the
liquid crystal start to tilt locally, if the respective voltage change is large enough. It is
therefore possible to modulate an uniform read,, signal with a suitable write signal.
Fig. 3.5 shows a schematic sketch,

Liquid Crystel Light Velve {LCLV)

READ,, WRITE
Polarizing Beamsplitter
high Intensly low Intenalty
'L 7
f high ir ty very low Ir L
[ Xt o i
high inlersity low Intenshy
| v
Cryatal Mimor QO or
v ¥ | |
LCLY Output ml—mh /
thresholded ["\
& srplifed \L/\/ o Write

Fig. 3.5: A light imtensity distribution on the write side of the LCLV results in e
local variation ot the voltege across the liquid crystal and therefore a locally
different tilt of the fiquid crystal molecules. The write pattern can therefore be
modulatad on the read beaam. The nonlinear transter-tunction ot the LCLV rasults
in o discrimination of the weak write signals (thresholding properly of the LCLV)
and the higher intensity of the read beam aflows for an amplification of the signal.
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The relation between write light intensity and read-out intensity is nonlinear (ct.
section 3.6), which makes the LCLV a suitable thresholding device for optical neurs!
networks. In our case of a recurrent neural network the LCLV also serves to rafrash
the signal which circulates in the teedback loop. In function of the quality of the light
blocking tayar, the read beam intensity can be several orders of magnitude higher
than that of the write beam. The resulting gain is necessary fo compensate for
absorption and losses in the feedback loop.

3.4 Dark-state operation mode

To use the tull dynamic range of the LCLV in our application, we want to drive it in
such a way that the LCLV output is zero when no write beam is applied. The LCLV
output intensity should increase 2s soon as the photosensar is exposed to a write
beam of weak intensity. This operating mode is called dark-state-mode. It
correspands 10 a retardance of the liquid crystal cell ol n'A/2 (ne Ny} and thus a
p—polarized read,,; beam {cf. section 3.3). The only free parameters are the
amplitude and the frequency of the AC drive signal. Fig. 3.6 shows & map of possible
amplitude-frequency-pairs that result in a dark-state operating mode.
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Fig. 3.6: Possible amplitude-frequency pairs of the LCLV drive signal that result
in a dark-state operation mode. Each curve corresponds to a wave relardance of
the fiquid crystal celf of a muttiple of 272, resulting in & p-polarized reflacted baam.
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Fig. 3.7 shows a plot of the hofmalized LCLV output intensity for various LCLV drive
signal amplitudes between 0 and 40 V, at one fixed frequency of 5 kHz. The
normalized LCLV output never reaches zero because of the uniformity problems that
wifl be described in section 3.8 (this measurement has been made using the whoie
active surface of the device). The minima of this curve are possible dark-state
modes.
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Fig. 3.7: Normatized LCLV output intensity in function of the ampliiude of the
LCLV drive signal, at a fixed drive frequancy of 5 kHz. A 4th maximum has besn
observed af ~80V. See also Tebla 3.1,

We assume that 3 complete tilt of the liquid crystal molecules is achieved for a drive
signal amplitude = 100 V. The maximum at ~80 V corresponds to a LCLV retardance
of A2, the minimum at 32 V to 2 LCLV retardance of A, and so on. The maximum
LCLYV retardaence is thus ~4.2:A, which corresponds to a cell retardance of ~2.1-A.
From the values provided on the LCLV data sheet, howaver, we expect a cell
retardance of 1.43-X (cf. above). Assuming a thickness & = 7.3 yminstead of 5 um in
Eq. 3-6 would explain the discrepancy. See also section 3.8 for further remarks about
the LCLV cell thickness.

Table 3.1 gives a summary of various parameters for the maxima and minima of Fig.
3.7.
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drive cell cell LCLV LCLY res, oujput | LCLV out
voltage relardation | ratardance { relardation | relardance | polarization | (PBES)
oV 421 214 84T 423 ellipt. 0.25
ayv 4n 2% 8n 43 p 0
11V 35w M4 7 3.5 S 1
13V Irn 3a/2 6 KIS p 0
16 Vv 25n 5h/4 5x 252 s 1
18V 2n A 4r 2% p 0
24V 3n/2 304 3n 1.5% S 1
2v r M2 27 p 0
(80 V) /2 W4 r A2 S 1
(>80 V) 0 0 0 0 p 0

Table 3.1: Various LCLY parametars for the maxima and minima of Fig. 3.7.

3.5 Achievable gain

As mentioned above, the schiavsble gain was one of the msin criteris for the choice
of the LCLV. The gain G of the activated valve can be defined as the ratio between
the LCLV output intensity and the minimal intensity of the write beam, which is
needed 1o sctivate the valve, i.e.

6= |.C|.\.'gEE N hrgag,, . (3-7)
writl ey, Iwr!te,,,,

where 1y is 3 constant factor, tsking into account the reflectivity of the dielectric mirrar,
the sbsarption ol the liquid crystal layer and the efficiency of the polarizing
beamspliffer (¢f. section 3.5.1). From this formuls it can be seen thal the gain is
proportionsl to the resd,, beam intensity, which is in practice limited by a) the
avsilable laser power and b) by the quality of the light blacking layer between read
and write side of the LCLV (cf. section 3.5.2). It this Iayer is not efticiently blocking,
the read,, beam starts to penetrate 10 the write side at 3 sufficiently high intensity,
and the LCLV will be selt-activaled, regardless of the write signal. A bad light
blacking layer results therefore in & limitation ol the possible read,N besm intensity
and thus a limitstion in achievable gain.
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3.5.1 Reflectivity end ebsorpfion

The diglectric mirror of our LCLV is centered at 500 - 550 nm, according to the data
shest of the device. The available Ar-laser, however, had its maxima! emission at
488 nm. Scanning a range of wavelengths between 400 and 700 nm by means of &
monochromator, the Intensity of the reflected beam was compared to the intensity of
the incident beam (Fig. 3.8). Unpolarized light was used for these experiments.
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Fig. 3.8: Reflgctivity of the LCLV at various wavelengths. These values include
losses (scaltering and absorption) caused by the liquid crystal cell in front of the
mirror.

The absolute values in Fig. 3.8 include the losses {scattering, absorption) caused by
the liquid crystal layer just in front of the mirror. The reflectivity of the LCLV at 488 nm
is 75%, which is acceptable for our application.

The double passage through the polarizing beamsplitter causes additional losses of
about 7 %. This results in an efficiency factor n = 0.7 for Eq. (3-7).

3.5.2 Quelity of 1he light blocking leyer

To test the quality of the light blocking layer, we operated the device in @ dark-state
mode without write signal and illuminated the read side with a beam of high intensity.
In case of a breakthrough of the read,, baam to the write side, we expeclt to see an
increase in the LCLV output intensity due to the self-activation of the LCLV.

We could apply read,, beams with an intensity of up to 6107 pW/cm?® (baam of
230 mW power and 0.7 mm diameter) without any observable breakthrough to the
write side. Even higher values might be possible, but this was not tested because of
limited availsble output power of the laser.
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3.5.3 Write light sensitivity

As mentioned above, the write light sensitivity is the second factor that determines
the gain of the device, We detine the write light sensitivity as follows: [y, . is the
minimal intensity that is needed on the write side to switch the LCLV output from zero
to 90 % when the vaive is operated in a dark-state mode. Fig. 3.9 shows
experimental dats of /., .. vs. the drive signal frequency.
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Fig. 3.9: Measurement of the minimal write intensity that Is needed to activate the
LCLV (0 to 90 %) for different driva signal frequencies, when the LCLV is
operaling in 2 dark-state mode.

For lower drive signal frequencies, less light is needed to activate the valve. For 2
constant read,, beam intensity, this allows to control the gain via the frequency of the
drive signal. The lowest measured write intensity which can still activate the LCLV
was 15 pW/cm? (at a drive signal frequency of 150 Hz).

The relation between drive frequency and LCLV sensitivity can be explained by
mechanisms in the semiconductor of the photosensor, which is only photosensitive
during & certain time of the drive signal cycle. A detailed description is given in [42].
The same mechanism is also responsible for the relation between drive signal
frequency and spatial resolution of the LCLV.
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3.5.4 Conclusion for the echieveble gein

Having determined all parameters, one can now calculate the achievable device gain
using Eqg. (3-7}). With 1) = 0.7, L un 2 6107 pW/cm? and 4. mie = 15 nW/icm?, we
obtain G 2 2.8:10°

The device gain represents an upper limit. More important in practice is the effective
gain, which is smaller than the device gain for @ number of reasons: a) The available
beam power is reduced by spatial filtering, reflections, straylight and absorptions in
polarizers, etc. b} Only about half of the total laser power is available for the read
beam when the same Jaser is used for Hlumination of the write side. c) The LCLV is
used as an array of individual neurons. Distribution of the available beam power into
the total number of N individual channels {neurons) reduces the available read,
intensity per channel.

In our setup, we measured an available read,y beam power P £ 675 uW per
channel. The minimal intensity incident on the LCLV write side which is required to
activate the LCLV is /_,,_ma = 15 UW/em? With a pixel (channel) area at the LCLV
write side of about 0.004578 cm? (26 times the LCTV2 pixel size), this intensily
comesponds to a power of ~68.7 nW per channel. Using Eq. 3-7, these values yield
an effective gain of < 7000.

In order to estimate if stable system states without external stimulus are possible,
one has to calculate the loop gain. To do this, one has 10 take into account that the
signal of one channel js fanned-out 16 x 16 times at DG2, i.e. the effective gain has
to be divided by 256. A loop from the neuron output {LCLV read side) to the neuron
input {(LCLV write side) has therefore a gain of ~27. The absorption of such a loop is
~425 (cf. section 2.7.2). From this, we conclude that at least 16 simultaneously aclive
channels are necessary for stable system states without external stimulus. See also
saction 4.3.2 for experimental resulls.

3.6 Transfer characteristics

Once a suitable combination of drive voitage and frequency has been fixed, the
LCLV retardance will be determined locally by the intensity of an incident write signal.
A sigmoid-shaped transfer characteristic can be observed (Fig. 3.10).

Fig. 3.10 is of course closely related to Fig. 3.7. In the first case (Fig. 3.7}, a global
voltage change resulis in a global change of the LCLV retardance. In the second
case (Fig. 3.10), the change is only local and induced by an incident write beam. Fig.
3.10 actually represents a section of Fig. 3.7 from one minimum to the naxt
maximum. Thus, it is obvious that an additional local LCLV retardance exceeding A/2
will reduce the readout intensity again. A vary intense write signal can therefore
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result in a low readg,; signal. The choice of the work point {drive signal amplitude
and frequency) has therefore to respect the intensity range of possible write signals.
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Fig. 3.10: Transfar charsclenstic of the LCLV for two differant drive fraquencies.

From the above, it is also clear that it is possible to driva the LCLV in an inversa
mode, i.e. the ready,r intensity is maximal when no write beam is applied. With
increasing write intensity, the read,,, intensity decreases. A demonstration of this
operation mode is given in section 4.3.1.

3.7 Response speed

Woe tested the response of the LCLV to a step tunction incident on the write side. This
was simply done by opening an optical shutter on the write side and measuring the
resulting signat on the read side. Wa observad that the rise time increased with
decreasing write intensity. This can be understood as a consequence of the
dynamical behavior of a liquid crystal in a changing electric lield. More generally
expressad, the rise time increases when the voltage across the liquid crystal is close
to the critical voltage V.. Measured values for the rise time (10 % to 90 %) were in the
range of 900 ms (1= 1,,) up to 7.8 s {I = 0.34 I,,,). The drive frequency for these
measurements was 500 Hz.

The decay time (30 % to 10 %) remained constant at about 200 ms. This is because
the recrientation of the liquid crystal molecules with respect to the alignment layer
depends only on the elastic torces and not on the applied tield (see e.g. [43, p. 77]).
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Fig. 3.11: LCLV ready,r response 10 e step furniction incidant on the write side.

The dependence of the respanse speed an the write intensity is the reasan for the
asynchranaus processing praparties of the LCLV. This property cartainly affects the
dynamical behaviar of the neural netwark. In reality the behaviar is evan mare
camplex, because we da nat have a simple step functian at the input, but rather a
cantinuous update of the write informatian, due ta the very shart propagatian time (in
the arder of ns} af the signals fram the read ta the write side af the LCLV.

3.8 Uniformity of the liquld crystal layer

in spite of all the good properties, the LCLV had ane savere limitatian: an insufficiant
unifarmity af its liquid crystal layer. This prablem was nat realized immediately. Mast
of the characterizations were made with beams of rather small diameter, and
tharefare only a small part ot the device was illuminatad at a timea. After realizing
significant variatians between diffarant sats of maasurements, wa had a loak at the
unifarmity of the device. Fig. 3.12 shaws a photagraph of the LCLV readout side
{uniformly illuminated and obsarved through a palarizing beamsplitter). The extarnal
voltage is zera and na write signal is applied. For a correctly warking device, we
wauld expact to see a unifarm autput signal. Our davice, hawaver, shows fringes. It
its impossible to abtain & state of uniform behaviar,
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Fig. 3.12: a} The non-uniformily of the liquid crystal layer results in a fringe
pattern al the LCLV output when the read side is iluminated with an expanded
beam of uniform intensity. b) Intensity scan from the upper feft to the lower right
of Fig. 3.12.a and estimated thickness profile.

A thickness variation of tha cell would explain the existence of the fringes. Looking at
Eq. 3-2, ane sees that the ratardation of the cell alse depends on its thickness. The
fringes can be understead as regions of different retardance caused by a locally
different cell thickness. Fig. 3.12.b shows a possible interpretation of the observed
fringe pattern. The intensity scan and the number of fringes indicate a thickness
variation of around 3 um. The deviation between naminal thickness {5 um, accarding
1o the data sheet) and experimentally determined thickness (~7.3 um, indicated by
the number of maxima and minima in Fig. 3.7), as described in section 3.4, is
cansistent with this interpretation.

As a result of this non-uniformity, it has been impossible te achieve a good dark-
state-mode. The cansequences for the use of the LCLV in the optical neural network
will be described in section 4.2.
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4 Test of the opticdl neural network

A chain is only as strong as its weakest element. In our case, the weakest element
was clearly the liquid crystal light valve. As described in the previous chapter, we
were not able to obtain an improved element.

As 3 consequence, most of the experimental results for the optical neural netwark
are only of qualitative nature, It did not make sense 1o study the behavior of the
system more quantitatively because the results were strongly influenced by the LCLYV
non-unitormity.

When looking at the images in the following sections, ene should keep in mind that
all the signals are superposed by LCLV noise. Otherwise, the bad quality of these
images might give a wrong impression about the quality ot the optical setup.
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Fig. 4.1: Scheme of cornplete oplical neural network.

Woe will begin this chapter with a short introduction to the simplified method which
was used to calculate the weight matrix in the experimental demonstrations. The
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influence of the LCLV non-uniformity to the system performance will be discussed in
section 4.2, and the influence of the LCLV work point on the system behavior in
section 4.3

4.1 Simplifled weight matrix calculation

During the tests of the building blocks of our oplical system (chaptar 2), we
developed a simplified method to calculate the weight matrix. This method was
chosen because ol its intuitive approach and because it allowed immediate control of
the image formation in the optical system. That was especially usefut for the corract
matching of the teedback signals to the matrix-vector-multiplier.

The method is straightforward: each sub-array of the weight matrix is atiributed to
one input channel (interlaced fan-out). We then check every single pixel of &
reference pattern (pattern that shall be stored in the weight-matrix) whather i is
active or not. if yes, a copy of the pattern is placed in the sub-array corresponding to
the pixel. The idea behind this method is cbvious if one keeps in mind that the output
of the matrix-vector-multiplier is a superposition of all the sub-arrays. A test pattern at
the input that has 50 % ot its pixals covered will still activate 50 % of its
reprasentations in the weight-matrix. Evidently, cther patterns that share common
pixels with the test patiern will be activated as well. Their activation, however, will be
much smaller if the reterence patterns are not strongly correlated. Iustrations of
such kind of weight matrices can be found e.g. in Fig. 2.17, Fig. 2.20 and Fig. 2.24.
Fig. 4.2 and Fig. 4.6.b. show the weight matrix used in the experiments that are
presented in this chapter.
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Fig. 4.2: Example of & weight matrix with encoded letters @, 8, M, 5, T, Wand X.
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Our method works best for single pass recognition of partially covered input
(associative recognition)” No mathematically solid ¢omparison (speed of
convergence, system stability, storage capacity, etc.) with the original Hopfield
algorithms has been made, but we can be quite certain that the latter is much better
optimized for convergence in applications with large data sets and noise.

For convenience, and because a thorough study of the naural network behavior was
hindered by the LCLV non-uniformity, we continued to use this model for the rest of
the experimental work. As we can see in the following sections, it performed
amazingly well, in spite ol its simplicity.

4.2 System noise - influence of LCLV inhomogeneity

Because of our system design, which minimizes imaging errors by keeping the
channel pitch constant throughout the whole system, the size of the neural array was
~17.5 mm x 17.5 mm. We therefore havea to use the whole active area of the LCLV.
The insufficient unitormity of the liquid crystal layer across this large area makes it
impossible to obtain a geod (unitorm) dark state mode (Fig. 4.3.a), which rasults in
channels that are always activated (Fig. 4.3.b). A clean signal incident on the write
side of the LCLV (Fig. 4.3.c, matrix-vector-multiplier output) will therelore appear
noisy at the output of the LCLV (Fig. 4.3.4).

e

t

Fig. 4.3: Influence of the LCLV non-uniformity: a) A good, uniform dark-state
operalion mode is not possible. b) When the LCLV is used in the oplical neural
natwork, some channels are always active dua o the non-uniformily. c-d) This
causes the clean oulput of the matrix-vector-muitiplier (¢, incident on the wrile
side of the LCLV) to appear noisy at the read side of the davice (d, at the output
of the polarizing beamsplitter). (images of early test phasa)

In addition, the channels that are always active cause a constant incorrect
Nlumination ("idle noise*) of same weight matrix elements, which results in even more
incorrectly activated channels. Fig. 4.4 illustrates the influence of this idle noise: Fig.
4.4.a is the output of the matrix-vector-multiplier for a partially covered @-sign at the
input (cf. Fig. 4.6.a). Fig. 4.4.b shows the matrix-vector-multiplier output when the
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shutter A (cf. Fig. 4.1) is closed (no input) and shutter B (feedback beam) is open.
The LCLV write side has been covered, i.e. this image should be black for an ideal
dark-state. The non-ideal dark-state and straylight trom the liquid crystal layer,
however, result in a constant ilumination level which incorrectly activates several
patterns. Fig. 4.4.c shows the matrix-vactor-output when both shutters are open: The
clean signal of the input completely disappears in the noise.
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Fig. 4.4: Demanstration of the effec! of idle noise, observed at the autput of the
matrix-vector-muftiplier. The LCLV write side has been covered to isolsta the
effect of idle-noise. a) signal produced by e partially covered @-sign st the input
fonly shutter A open); b} idie-noise causad by the LCLV non-uniformity and
straylight (liquid crystal fayer) incorrectly activates seversf chennels (only shutter
B open): ¢) input signal together with noise from feedback (both shulters open).

If one looks more closely at the images in this section, one discovers another
problem of the LCLV non-unitormity: the noise pattern is not the same in different
figures. This has two reasons. 1) We do not use the whole LCLV surface but only
16 x 16 small sections distributed across the surface. A minor displacement of this
array between measurements (removal of the LCLV for other measurements,
improvements to the optical setup, etc.) will lead to a ditierent noise pattern. 2) The
dark state operation point cannot exaclly be determined, because of the non-
uniformity, and therefore the reproducibility is limited. Fig. 4.5 illustrates this etfect:
three slightly different operation points around the dark state operation point produce
different noise patterns. Their overall darkness (criterion for o useful dark state) is
about equal.

c

Fig. 4.5: LCLV oulput for different operation points around the dark state point.
The difficulty in determining the dark stete rasults in bad reproducibility.
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Fig. 4.6 shows another example of a pattern recognition demonstration. Please note
that the weak spots in Fig.;4.6.c are nat due ta naise; this image represents the
unthreshalded ocutput of the matrix-vectar-multipliar. The weak spots are thus due to
other patterns stored in the weight matrix, which have pixels in cammaon with the
input signal. The additional spots in Fig. 4.6.d, hawever, are due ta LCLV noise.
These images reprasent the lawest noise level which has been achieved during
experimantal work, The system was not aperated in the feadback-mode during this
particular test, but in a single-pass mode.
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Fig. 4.6: Patlern recognition demonsiration for @ single-pass moda of the
natwork. a) input pattern {(LCTV1); b) waighl malrix (LCTV2); ¢) unthresholded
matrix-veclor-muftiplier outpu! (LCLV write side), d) thresholded system output
(LCLV read side). Additional spots on ¢) ere due lo other slorad patterns, which
shara pixels with the input image; addilional spols on d} are due fo LCLV noise.

The (partial} compensation af systermn imperfections by adjusting the weight matrix
during an in-situ training at the system is in principle possible thanks to the
recontigurable weight matrix and the control hard- and software, Hawever, one has to
keep two points in mind: 1) Any such compensation ot systematic errors will
consuma a part of the available contrast af the LCTV, which in turn reduces the
available contrast for pattern recognition. 2) The ameunt of noise introduced by our
particular LCLV is tar beyand of what can be called slight homogeneity variations. A
detailed experimental study of the errar compensation pawer of this system has not
been made.



74 Chapler 4: Test of the optical neural network
4.3 Influence of the LCLV work point on the system behavior

One of the main concerns for future work will be the working point of the LCLV. We
realized that the values cbtained during the element characterization are not easily
transferable to the complete system. One reason is that the intensity on the write side
of the LCLV (output of vector-matrix-multiplier) not only depends on the absolule
beam intensities but also on the test pattemns. Patterns with many active pixels result
in & higher write intensity than patterns with only tew pixels. An ideal working point
will thus also depend on the patterns to be recognized. With our control hard- and
software we have in principle the possibility to change the LCLY working point during
the operation of the neural network. The successiul implementation of such a feature,
however, requires a careful analysis of the resulting system behavior.

After optimization of the input pan {cf. section 2.7.2), we had enough write light
intensity to experimentally test several working points for the LCLV (cf. section 3.4,
Fig. 3.6). The choice of 3 working point determines on one hand the threshold level
of the opfical neurons and on the other hand it determines the gain of the feedback
loop. In the following two sections, experimenfal demonstrations tor both cases are
presented.

4.3.1 Threshold level {without feedback)

Fig. 4.7 demonstrates the influence of the LCLY work point (and thus the LCLV loop
gain) on the threshold level. A partially covered @-sign is applied at the input of the
system (a). Fig. 4.7.b shows the output of the matrix-vector-multiplier (write side of
the LCLV). One can already see the restored @-sign together with weaker pixels
{coming from other patterns stored in the weight matrix that have common pixels
with the input pattern). The task of the LCLY is now to discriminate between the weak
and the strong pixels. If the gain is too low, the oulput signal of the LCLV will be zero
{no picture); if the gain is too high, the LCLV output will contain all pixels, even the
weak ones (¢). Only if the LCLV gain is in between these two exiremes, the desired
pattern will appear at the output.
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Fig. 4.7: Demanstration of the influence of the LCLY work paint to the ihreshoid
level: a) Input signal (partially covered @-sign); b) Outpul of tha matrix-vector-
multiplier, incident on the LCLV write side; c) LCLY oulput with high gain: a1so the
weak pixels of image B are activated; d) LCLV output with low gain. only the
sirong pixels of image B are activated. Additional pixels are due to LCLV noise.

Another interesting possibility can be seen in Fig. 4.8. Here, the LCLV is driven just in
the opposite of a dark state configuration; when no write signal is present, all the
output channels are on. When 2 signa! is applied to the write side of the LCLV, the
intensity of the corresponding output channels will decrease and we observe an
inverted version of the output image.
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Fig. 4.8: It is alsc possible to drive the LCLY in an inverse mode, whare alf
channels are ON if no write signal is applied. If a write signal (a) is applied, the
intensity of the corresponding oulput channels decreases.

4.3.2 Loop geln end system stabllity (with feedbeck)

The LCLV working point will aiso determine the behavior of the network with regard
to its memorizing capabilities. If the gain of the LCLV is set high enough, the system
is capable to remain in a stable state after recognition of the test pattern, even when
the input test pattern is not present anymore (shutter A closed, cf. Fig. 4.1), We
observed that the stability of this state depends (among other parameters) on the
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time interval during which the test pattern was presented. For some spacitic system
psrameters, it might also be possible that the system enters into a regime of
ascillations between stared patierns (as it was obsarved by Xue [10]). However, no
such effect has been abserved so tar tar our system, which is probably a result of the
massively increased number al neurans. The correlation between the 3 x 3 patierns
ot Xue was much stronger than the carrelation between our 16 x 16 patterns.
Moreover, the number of possible system states of our system is much higher (2
compared to 2°).

Fig. 4.9 to Fig. 4.11 show the influence of various values of the LCLV loop gsin on
the system stability. For very high gsin, the systiem always enters into a saturated
state, even without an input signal (Fig. 4.9). The idle-noise caused by the LCLV (Fig.
4.9.a) provides sufficient light to activate some of the patterns in the weight matrix.
This in turn activates other channels and the system converges towards a saturated
state (Fig. 4.9.1).
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Fig. 4.9: Auto-saluration happens whan the faadback loop gain is very high. The
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fight to activate other channels (b-f). Tha sleady-slale pattarn (f) depends an the
naise pattarn and on the pattarns coded in the weight mairix.
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For a lower, but still relatively high gain, there is no auto-saturation observed
anymore. Fig. 4.10.a shows the idle noise. If a test pattern (partially covered @-sign,
cf. Fig. 4.11.a) is applied at the input, the system reconstructs the stored relerence
pattern {Fig. 4.10.b-e). Thanks to the high gain, the slate of the system is maintained,
even if the input stimulus is removed {Fig. 4.10.f-i}.
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Fig. 4.10: With 8 moderate gain, there is no auto-saturation. a) Idie noise, caused
by LCLV non-uniformity. b)-e} After presenlation of a lest patlern (partially
coverad @-sign, cf. Fig. 4.11.a), tha system quickly converges to a state that
corresponds ia the reconstructed relerance pattern. f)-i} The inpul stimulus is
switched of. The loop gain is high anough lo allow the system lo remain in ils
slata,
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Fig. 4.11 shows the development for low gain. Fig. 4.11.a shows the test pattern
presented at the system input (partially covered @-sign). Fig. 4.11.b shows the idle
noise caused by the LCLV non-uniformity. After presentation ot the input stimulus,
the system converges to a stable state that corresponds to the reconstructed
reference pattern (Fig. 4.11.c-e). When the external stimulus at the system input is
switched off, the system returns to the idle state {Fig. 4.11.f).
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Fig. 4.11: Development of system state with low gain. a) Test pattern, prasented
at the system input (partiglly covered @-sign). b) Idle noise, caused by LCLV
non-uniformity. c)-a} After presentalion of the external stimuius (a), the system
convarges to a stable state that corresponds to the reconstructed roference
pattern. 1) When the external stimulus at the system input is switched off, the
system ratums 1o the idle stals.
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5 Summary and cohclusions

We reported on the design, construction and testing of an optical neural network with
256 fully interconnected neurons, reconfigurable weight matrix and optical feedback
loop.

The building blocks of the optical system have been discussed in the general context
of massively parallel processing optical systems, with a focus on muttistage systems
with g large number of channels and thus lerga image fields. The considerations that
lead to the final system design have been presented. The setup probes the physical
and {echnological limits of some of its elements. Examples are the diffraction limited
focusing and collimation with high t-number microlens arrays, low tolerances for
image deformations over a large image field, tight requirements for the uniformity of
microlens arrays and spatial light modulators over a large surface, and relatively low
tolerance for losses, i.e. the need for high efficiency. The choice of the final system
parameters was a compromise between numerous related and pantially contradictory
requirements.

The optical design goals, mentioned at the beginning of chapter 2, have all been
reached. Compared to preceding all-optical networks, which have been reslized at
the Institute of Microtechnology [9, 10], the number of channefs has been raised
from 8 to 256, and the number ot interconnections from 81 {o 65'536. The fixed
waight matrices have been replaced by a reconfigurable weight matrix. The final
system size is larger than planned, but in spite of the increase in complexity and
tunctionality, the system is still much smaller than its predecessors {by a factor of
about 2-4), Further optimization of the setup is still possible. To our knowledge, the
largest comparable all-oplical neural networks on the international ievel are the ones
of White [44] with 2 x 3 neurons, of Shariv and Friesem [45] with 4 x 4 neurons, and
of Shariv et al. [46] with 8 x 8 neusons. All these networks have fixed weight
matrices.

The improvements have been made possible by the use of nove! methods and
technology, namely the interlaced fan-out principle and ihe use of microlens-arrays.
The interlaced method of interconnecting each channe! with afl other channels
respects the complexity of different system stages in a better way than conventional
meihods. Imaging errors are minimized where the complexity is large, l.e. at the
intarconnection matrix {weight matrix). The microlens arrays allowed for the
realization of microchannel-tetescopes and (in combination with 8 macro-lens) tor a
true optical fan-in. Using microchannel-telescopes for the relay of discrete images,
large image fields with low aberrations over the whole field are possible. A convincing
demonstration of the potential of this approach are the 65536 individual beams that
ali match their corresponding pixei apertures ol the weight matrix LCTV. A constant
channel pitch throughout the whole system is another advantage ot the interlaced
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method. It resulted in a robust setup which is easy to align in spite of the complaxity
of the system.

However, a chain is only as strong as its weakest element. In our case, the weakest
glement was clearly the liquid crystal light valve. The non-unitormity ot its liquid
crystal layer severely limits the performance of the complete neural network. There
might be three possible solutions to overcome this problem:

1) Bad channels can be mapped out by means of the syslem control software. This
ot course reduces the number of neurons but it might allow ftor a more uniform
neuron behavior.

2) A new LCLV which mests &ll the requirements might become available in the
future (ct. below). The optical system is rabust enough to sllow the integration of a
new device without & "realignment-nightrare”.

3) Instead of using & LCLV with one extended liquid crystal cell, the use ol a
pixelated device with improved thickness uniformity should be considered. Such a
device does not necessarily have to be a LCLV. It could for example be & sandwich
consisting of a detector-array on the write side and a smart-pixel-array on the read
side. The update of the cells on the read side can be synchronized or asynchronous.

The tirst of the three solutions is the most straightforward, because it can be realized
immediately, provided the necessary manpower. The third method allows tor
additional system tunctionality, which might be usetul for the test of novel neural
network models {cf. below), but it requires the fabrication of 2 custom made device.

As & consequence of the LCLV non-uniformity, most of the experimental work with
the completed system was only of qualitative nature. In particular, the influence of the
LCLV work point on the system behavior has been demonstrated. With an improved
array of neurons, it would be possible to explore the dynamical behavior of the
system in more detsil, to compare asynchranous and synchronous pracessing mode,
to test several learning strategies (including in-situ training), and thus to gain deeper
insight into the properties of optical neural networks.

System performance has always been limited and will always be limited by device
performance. The development of devices with improved performance depends also
on the demand for commercial systems which make use of them. The liquid crystal
lelevision panels are a good example for that. The addressing of individual pixets had
been a problem for years. With the upcoming of multimedia and portable computing,
the demand for discretely addressable panels was high enough to stimulate the
development of such devices. Such developments are ol course more related to
markets, economics and research funding than to physics and engineering. In the
context of this work, the question is whether liquid crystal light valves will become a
reliable mass product or not. The demand lor this could come from a similar domain
as for the LCTVs: A large screen television projector system that bases on LCLVs is
currently being developed by Gretag. A success of this technology on the market
would prabably increase the availability of reliable LCLVs. Alternatively, the demand
could come from optical processing systems like, for example, optical neural
networks.
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At this point of the discussion we have to look back to the remarks that have been
made about optical neural networks in the introduction to this thesis, Currently,
optical neural networks are not competitive with slternative solutions, i.e. software
and electronic solutions. There are particular advantages ol the optical approach,
related to the parallel processing power of optics, haowever, what counts in reality is
thg ensemble of numerous factors like performance, cost, size, reliability,
maintainability, flexibility, etc. There are two conclusion for future work:

1} The neural natwork aspect is given up and one concentratas on optical parallel
processing modules that are universally usable. An example would be the matrix-
vector-multiplier. The presented concept can be miniaturized by the integration of
VCSEL technology and specislized opto-mechanics. The interlaced fan-out method
offers an alagant way 1o realize a large number of parallel channels with minirnal
imaging errors. The use of a dilute input array is interasting in the context of the heat
related problems of VCSELs.

2) Neural network applications that cannot satisfactorily be solved by other
approaches have to be exploited. One promising spproach has been proposed
recently by Farhat [47, 48]. He describes a class of neursl networks, where clusters
of smaller netlets are nonlinaarly coupled. Such networks should be able to process
information that cannot ba handled by conventional neural network moadels,
especially dynamic input patterns {(spatio-temporal signals). Our setup would be
suitable for the optical implementation of such a network, if the LCLV is replaced by a
smart pixel structure (as described above), where evety smart pixel represants a
neursl netlet.
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Appendix A A short introduction to neural networks

The potential and limitations ot arfificial neural netwaorks and the difficulties in
modeling human information pracessing can anly be understood if one has an idea
about the complexity of the processes in our brain. An overview of the structure of
the human brain and its mechanisms of information processing is therefore given in
section A.1. The general characteristics of artificial neural networks are presented
together with a chronalogically ordered list of different network maodels in section A.2.
In section A.3, the Hopfield-model is explained in more detail, because it has been
the base for our (and many other) optical imptementation of neural netwarks.

A.1 Biological neural networks

The theory of neural networks evolved from the efforls to understand the
mechanisms of information processing in the human brain. To understand the
structure of artificial nevral networks, it is indispensable to have some basic
knowledge about the structure of the human brain.

A good part of the information in this section is taken from a special edition about the
brain of "Spektrum der Wissenschaft” (German edition of "Scientific American”),
N° 11/1992. [1, 49-51)]

A.1.1  The human brain end the cortex

The human brain consists of several elements with different tasks (Fig. A.1). The
essential part of hurman information processing happens in the outer part of the brain,
the corfex. The cortex is a soft tissue, about 2-3 mm thick with an area ot ~0.2 m?
The cortex is again divided into regions with different tunctianality. It contains around
10" cells called neurons, which are the basic processing elements.
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moving sensing

Fig. A.1: Side view of the cerabral cortéx of the human brain. Different regions
are rasponsibie for different task.

A.1.2 The neurons

Numercus forms of neurons have been observed by means of various calaring
techniques (Fig. A.2). Tha basic structure, hawever, is the same for all neurons: Each
neuron consists af a cell body, the soma, araund 10'000 “receiver antennas", the
dendrites, and ona "sender antenna", the axan. The axon ¢an be rather long (up to
1 m) and ramifies at the end.

Fig. A.2: Photo of naurons, made visibla with the so-callad Golgi coloring
technique. One can racognize the cell bodies (soma) with ons long sender
slement (axon, above cell body) and many smallsr receiving elements {dendrites,
below cell body). (From {1]}

The many dendrites at a nauron raceive signals in the farm of electrical pulses from
ather neurans (Fig. A.3). The sama sums tha incoming signals. Whan sufficiant input
is received, the cell fires, i.a. it transmits a signal over its axan ta ather cells. The
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electrical pulses of ~100 mV amplitude and ~1 ms duration are generated by a
mechanism of different Na-ion concentration inside and cutside of the neuron cell
and a varighle permeability of the cell membrane. The frequency of pulses that a cell
can fire is limited to ~200 pulses/second due fo the chemical processes involved. The
signal propagation speed along the axon (~100 m/s) is more than 10° times slower
than the propagation of an electrical signal within a copper wire. Both frequency and
signal propagation are thus much slower than in electronic computer systems. The
superiority of our brain for some tasks like face or voice recognition is due o the
massively parallel operation of many neurons. The total number of interconnections
between neurons in the cortex is in the order of 10™,

iii § ynepse

Fig. A.3: Signals are exchanged belween ngurons by means of electrical pulses,
generated by the cell body (soma). At the interface between the sender element
{axor) of ane neuron and the receiver element (dendrite) of ansther neuron is the
synapse, where the signal is excited or inhibited by electrochemical processes
{blow-up lower left). (From [1])

A1.3 The synepses

The interfaca between the axon of one neuron and the dendrite of another neuron is
called synapsa. The transmission of the electrical signals across a ~20 nm wide gap
happens by means of chemical substances, the neurctransmitters {Fig. A.3, blow-up
lower left). These transmitters can be aither stimulating or inhibitory. The signal
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transmisston efficiency of a synapse can vary aver time, by chemical changes sither
on the sender side (more transmitters produced) or on the receiver side (receptors
more sensitive). Increased transmission efficiency can be initialed by simultaneous
activity of the two neurons before and atter the synapse [52]. It is generally believed
today that the process of learning is related to changes in signal transmission
efficiency of the synapses in the cortex.

A14 Learning

Af the moment of birth, the cortex already contains the basically complete set of
neuron cells, However, these neurons are hardly interconnected. There is a rough
interconnection pattern (whose structure is genetically coded), but the fine-tuning of
the growth of axons and dendrites happens due to external stimulation during the first
years of life.

As mentionad above, the process of learning is related 1o changes in the signal
transmission efficiency between neurons. There are basically two ways 10
accomplish this: by chemical changes in the synapses or by changes in the anatoric
slructure of the interconnections, i.e. the growth of new axon endings and the steady
change of the dendrite-trees. The latter has been demanstrated e.g. by Merzenich of
al. [51) and by Hawkins et al. [53]. Merzenich measured the size of cerebral regions
that were activated by the movement of the fingers of a monkey. After some months
of intense training of only three of the monkeys fingers, the carresponding regions
were substantially larger, partially on the cost of the other finger regions.

Fig. A.4. Schematic sketch of the cerabral regions (a) that corraspend to the
fingers of the left hand of a rhesus monkey (b). After a few menths of intense
training of fingers 2, 3 and 4, the corrasponding regions hava grown, partiafly on
tha cost of the other finger regions (c). (From [51]}

Hawkins af al. pertormed extensive experiments with Aplysia californica, a variety of
a sea slug. Because Aplysia's brain has only about 20'000 neurons they have been
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isolated injuries ceused the lass of very specific abilities, e.g. the ability of seeing
moving objects, wheraas all other visual functians remained intact. Other examples
include the: loss of short-term mermary with intact long-term memary and vice versa.

L4
hR)

Stepping forward now to artificial neural networks, one has to be aware of the huga
parallelism and the very camplex nature of human infarmation pracessing, and of aur
still poar knawledge abaut it in order ta aveid exaggerated expectatians.

A.2 Artificlal neural networks

A.2.1 Generel cherscteristics

As their binlogical madels, artificial neural netwarks process infarmation by means of
many simple pracessing units, which are called newrons, units, cells or nodes.
Basically, the neurons are binary elements, i.e. they are aclive {(they "fire”) or they
are inactive. The neurans pass signals (which correspand ta their state} between
each other over directed connection /inks. Each cannection link has an associated
weight, which is typically used to multiply the transmitted signal. Each neuren
applies a nanlinear functian (called activation function, fransfer function ar threshold
function ) 1a the sum of its (weighted) inputs.

An antificial neural netwark is characierized by 1) the pattern of cannections betwesen
the neurans (called the architecture ot tha neural net), 2) the methad of determining
the weights on the connectians (fraining ar lgarning algorithm), and 3) the threshald
function af the neurans (which is narmally identical far all the neurans af a net).

The infarmatian that a neural net can use ta solve a prablem is stared in the
ensemble of all its weights, which is narmally represented by a weigh!t-matrix. The
states at all neurans with identical function (e.g. all inpul neurans) are reprasented by
correspanding vectars (.. input vector). Sets of neurons with identicat functionality
are called layars (e.g. input layer).
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A.22 History end mathemetical modefs

The history of artificial neural networks goes back to 1943, when McCulloch and Pitts
[58] introduced the artificial neuron as a logical thresholding element with several
inputs and one binary output. Several neurons could be combined to implement
various logical functions. Their nets had tixed weights and were not able to learn.

In 1949, Hebb [52] designed the first learning law for artificial neural networks. He
postulated that the sirength of a synapse between two neurons should be increased
when both of the neurons were active at the same time. First computer simulations
showed that this rather general statement had to be refined.

1958, Rosenblatt [53) presented a new class of neural networks, the perceptron. The
typical perceptron consists of an input layer (e.g. the retina) connected to a layer of
associator neurons. The weights of the connections can be adjusted using a learning
rule that adjusts the weights of 2 unit whenever the response of the unit is incorrect.

Closely related to the perceptron and its learning rule is the work of Widrow and Hoff
[60] who introduced the so-called delta-rule, which adjusts the weights to reduce the
difference between the net ouiput for 2 given input and the desired net output, This
(slight) improvement to the learning rule leads to an improved ablility of the net to
generalize.

In 1969, the development of artificial neural networks was slowed down by the book
of Minsky and Papert [61] who proved that perceptrons and related types of neural
nets are not able to implement certain classes of logical functions, e.g. the XOR-
function.

in 1982, Hopfield [3] infroduced a new type of neural nets with feedback that has
been the base for many future neural network models, especially for pattarn
recognition.

In 1986, Rumelhart, Hinton and Williams [62]} presented the back-propagation
algorithm that allowed to train multi-layer networks. Such networks do not tall under
the restrictions of the single layer percepiron (as described by Minsky and Papert, ct.
above). The back-propagation algorithm is the base tor a lot of today's neural
network applications.

Further information about artificial neural networks can be tound e.g. in [6), [63] and
[64]. An extensive overview ot various hardware implementations and applications is
given e.g. in [65]. A good starting point for information about neural network
hardware on the world wide web is a8 page at CERN [66].
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A.3 The Hopfleld model

The Hopfield model will be described now in more detail, because it has been the
base for our and many other optical implementation of a neural network.

A.3.1 Description

A Hoptield net consists of one single layer of N neurcns. Every neuron acts as both
input and output. Each neuron can have two possible states (0 and 1) and is
connected with every other neuron of the nel. The stales of all the neurons are
represented by a vector i = (n,, n,, ..., ny). The connection between neuron n,, and
neuron n,, has an associated weight W_. The ensemble of all weights is stored in the
weight matrix W. After initialization with an input vector A, the network iterafes

through multiple states according 1o the equation
ﬁun} =fw. ﬁm) ) (A-1)

where i is the iteration number and f is the threshold function. If the input vector is
similar to one of the reference vectors that has been coded in the weight matrix (cf.
Eq. A-4), the network will converge towards a stable state after a certain number of
iterations. The stable state of the network corresponds to the (recognized or
restored) reference vector. The Hopfield type ot neural networks can thus be used as
an associative memory, e.g. for pattern recognition.

In the original Hopfield model, the non-linear thresheld function is a binary function

1 ifx>0
fix)= . A-2
(x) {0 fx<0 (a2)
The calculation of the weight matrix is made according to the following rute;
& k (k] H
W - E(zrg,l-n(zrn -1 itmen (A-3)
0 itm=n

where K is the number of reference vectors 7 and r¥¥ is the state of the m -th
glement of the k -th reference vecior 7. The contribution of one reference vector
F* to W, is 1if r® =" and -1 if £« ",

The update ot the neuron states according to Eq. (A-1) has to be asynchronous, i.e.
the neurons have to be updated randomly but at the same average rate. This and the
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zerg weights an the diagonal of the weight matrix are impartant features that
guarantee the stability and canvergence of the net [6, pp. 137-140].

The convargence of the netwark can be analyzed by intraducing an energy tunctian,
in analagy ta the Hamiltan function in phsical systems. In the energy landscape
which is defined by this functian, the minima carrespand ta the pessible stable states
of the system.

The starage capacity of such a neural netwark is imited to 0.15'N reference vectars
{N' = number of neurons) [3].

A.3.2 Moditied Hoptiald modals

Numerous variations exist far the Hoptleld type of neural netwarks. Here, same
madels relevant far aptical implementatians of the Haplield madel shall be presented.
Far details, the reader is referrad to tha literature.

&) Continttotts model

Hapfield himself [5] adapted his madel to allaw far a cantinuaus threshald tunction
like the stgmaid-function

1
1+

f(x) = (A-4)

Hapfield showed that the cantinuaus madel shaws simifar behaviar than the discrete
madel if the waight malrix is symmetric and the threshald function is sulficiantly
steap. Alsq, the input activation was allawed to continue after the first itaration in this
modification.

Tha passibility ta have a continuous threshald function is impartant for the use of a
device like the LCLV as a thresholding element.

b) Modal with blas

The mativation of this and the following madels is the difticulty ta aptically realize
bipalar waights.

Jang, Jung, Lee and Shin [67] intraduced an additional canstant value ta the
intercannects in arder ta make them unipalar. Such bissing, however, involves
dynamic threshold levels for the neurans, which is difficult ta implement aptically.

¢} Inhibltory model

Shariv and Friesem [45] shawed that the performance of the Hopfield netwark
remains essentially unchanged when all the pasitive weights in Eq. A-4 are set to
zero.
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As a drawback of this method, each neuran obtains 3 variable threshold. This can be
compensated for by normalizing the weight matrix and by adapting the threshald
function. The number of patterns that can be stored in such a network is reduced to
0.11-N [68).

d) Inverted model

Shariv, Grossman, Domany and Friesam [46] introduced a model that is based on
the inhibitory madel, but uses a binary weight matrix, which is an advantage for the
optical implementation (easier fsbrication, more threughput). The memaory capacity is
slightty reduced from 0.11-N to 0.10-N, as a result of the sacrificed dynamic range
f68].

A3.3 Adventages end limitetions

The computational power of the Haplield neural network lies in many very simple
identical logical units (the neurons). Hopfield networks offer the possibility of
concurrent distributed processing that enables a massively parallel structure without
the need tor synchronization.

Hopfield netwarks are relatively insensitive to local imperfections (e.g. variations in
the threshold level of individual neurons or ol the weights in the inlerconnections),
which makes them suitable for real-world hardware implementations.

On the other hand, the number of patlerns that can be stored is limited (smalter than
0.15 times the number of neurons, as mentioned above). When the number of
neurons is increased, the number of interconnections increases with the square. The
requirements for the practical implemantation of a larger netwark increase
carrespondingly.

The patterns (or vectors) stored in the weight matrix should not share tao many
common pixels (mathematically this is described as & large Hamming-distance),
otherwise the net tends to converge to lacal minima or to show metsstable states
[69].
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Appendix B Some optics background

For conveniance, some basics of aptics that have bean used during the work are
summarized hera. For defailed intarmatian, the readar is referrad to the fiteratura,
e.g. 15, 16, 21, 70-72].

B.1 F-number and numerical aperture

The f-number of a lens with facal length f and circular aperture of diameter D (Fig.
B.1} is defined by

fi=— . (B-1}

Reiated ta this is the numerical aperture

NA=nsin{a) (B-2)

where n is the refractive index af tha surraunding medium and « the half-angle of the
ilumination cone of the lens. For a sourca placed in the front focal plana and for
small angles, the relatian between the two lerms is given by

"
=2 wA (B-3)
The numerical aperture is a measure for the amount of light emerging fram a source
that can be captured by a specific lens. A lans with a large aperture (small f-number)
is said ta be “fast” and a lens with a small aperiure (farge f-number) is said to be
“slow". The terminology camas fram photography, where lanses with large apenture
(i.e. a lat of light can be captured) allaw for the use of fast films or shart illuminatian
times.



98 Appendix B: Some optics background

R

f

Fig. B.1: Numerical aperture and f-number are used to quantify the acceptance
angle of a lens (cf. text).

B.2 Diffraction limited spot size of a focused beam

A detailed discussion of the topic can be found e.g. in [15, chapter 10, 16, section
4.3].

A laser beam is focused using a lens of focal length f with a circular aperture of
diametar D. Diffraction limits the size of the focal spot to & minimal diameter o of

Af
d=24421 B-4
D B-4)

B83.9 % of the total beam energy are within this diameter, the rest is in outer rings.

In the cese of a rectangular aperture of width D, and D, the focal spot has a
rectangular shape of width d, and d,, which is given by

Af Af
=2— and d, =2— . B-5
d =2 D, a r=2p (B-5)
These formulas represent a theoretical minimum for an ideal optical system. In g rea!
optical system with imperfections and aberrations, the achievable spot size may be

larger.
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B.3 Aberrations

Commonly used optics formulae are only exactly valid for an inlinitesimal region
around the optical axis (paraxial rays). Aberrstions are all kind of devistions ot off-
axis rays from the paraxial image paints. They are present in all real-warld optical
systams with finite aperture and finite field of view.

Excellent introductions to the topic can be found e.g. in [15, section 6.3, 21, chapler
3). Here, only the basic terms are summarized.

The primary aberrations (or Seidel aberrations) of a system in monochromatic light
are spherical aberration, cama, Petzval curvature, astigmetism and distortion.
Chromatic aberrations, i.e. devistions of the paraxial image points due to the
variation of the index of refraction with wavelength, will not be covered here.

Spherlcel aberratlon can be defined as the variation of focus with aperture. As a ray
is moved towards the edge of a lens {farther away from the psraxial region), the
position of the ray intersection with the optica! axis moves farther away from the
paraxial focus. In general, for a positive (converging) lens, the intersection will move
closer to the lens {undercorrected spherical aberration). For a given aperture and
tocal length, the amount of spharical aberration s & function of object position and
shape ot the lens. The image of 2 point formed by a lens with spherical aberration is
usually a bright dot surrounded by a halo of light. The effect of spherical aberration to
an extended image is to soften the contrast and to biur the details.

Coma can be detined as the varigtion of magnification with aperture. When a bundle
of oblique rays is incident on a lens with coma, the rays passing through the edge
portions of the lens are imaged at a different height than those passing through the
center portian. Came varies with the shape of the lens and also with the position of
any apertures which limit the bundie of rays that form the image. The image of 2
point formed by 2 comalic lens looks like a raindrop or (thus the name of this
aberration) a comet.

Petzval curveture is a sort of basic tield curvature assaociated with evary aptical
system. It is depending on the index of refraction of the lens elements and on their
surface curvature. The effect of field curvature is that the image is not laying on a
plane but rather on a parabolic surface. Positive {converging) lenses produce a
Petzval surface that is curved towards the lens {inward, or undercorrected). For a
thin, simple element, the longitudinal deviation is propartional to the square of the
image height and inversely proportional ta the focal length and the retractive index of
the lens. Petzval curvature can be reduced or avoided by combining suitable positive
and negative lenses.

Astigmetism comes from the fact that a bundle of rays can hit the lens under
different angles in the meridional {or langential) plane and in the sagittal plane [15, p.
240]. Fram Fermat's principle foftows that the effeclive focaf tength of the fens gels
sharter if the rays are more oblique. This results in g different focal position of the
meridional and the sagittal rays. The image of a point formed with a astigmatic lens
consists af two lines; a horizontal line formed by the meridional rays and a vertical
line formed by the sagitial rays. Between these lines, the image is an elliptic ar
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circular blur. The image of an extended object will be formed on fwo parabalic
surfaces, the sagittal and the meridional focal surfaces. Astigmatism is related 1o the
Petzval curvature: When there is no astigmatism, the sagittal and meridional focal
surfaces ceincide with each other and lie on the Petzval surface.

Distortion comes from the fact that the transversal magnification ¢an be a function of
the distance of the chject peint from the optical axes. The image of a square object
will look like a pincushion if the distortion is positive {or overcorrected) and it will look
like a barrel if the distortion is negative {or undercorrected).

B.4 The Gaussian beam

The principles of geometrical ray oplics base on idealized light sources. An ideal
plane wave, for example, is not possible in the real world because it would have to
extend cver the whaole infinite space. An ideal spherical wave cannot exist either,
because it assumes a source of ideal peint size where the energy would be infinite.

Laser beams produced by single-mode lasers can be well described by Gaussian
beams. The intensity distribufion of such beams in any fransverse plane is a
circularly symmetric Gaussian function, i.e. the energy is concentrated in a small
cylindrical region along the beam axis. The width w of these beams is minimum at
the beam waist (z=0;, w=w,) and grows gradually in both directions. The
wavefronts are planar at the waist, but they gradually baecome curved, approximately
spherical, while propagating.

A detailed description of this subject can e.g. be found in [16, chapter 3]. In the
following, some propenies relevant for the understanding of the effects described in
chapter 2 shall ba discussed.

B.4.1 Properties

A Gaussian beam propagates according to the equation

%
w(z) = w°[1+(z£] } . {8-6)

C

where wiz) is the beam radius at the longitudinal pesition z. The radius is defined as
ihe lateral distance from the baam axis, whare the intensity / dropped to 1/e? of ils
maximum value /,. 86.5 % of the beam power is encompassed within the beam
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radius. The radius w, at z = 0 is called the waist radivs, and z, is the Rayleigh
fength, which is defined by

2=5w; (B-7)
thus
%
(2] ®8)
i

The waist diameter 2w, is called the spot size. The radius w(z) of the Gaussian
intensity distribution increases with increasing |z |. At z = z,, it becomes v2w,. The
axial distance within which the beam radius lies within this factor is called the depth
of focus. The depth of focus is thus equal to 2z, For z » z,, Eq. (B-6) becomes

w(z)~ Yoz 0,z , {B-9)
ZD

where G, is called the beam divergence. Using Eq. (B-7), the beam divergence can
be expressed as

o, =;va' . (B-10)
0

For a constant wavelength, the beam divergence is thus inversely proportional to the
waist radius.

Due to the spread of the beam radius, the intensity on the beam axis decreases with
increasing |z |. At & distance z = 12, , the intensity drops lo 1/2 ol its value at z =0
according to

Hy=t| Wo f ot B-11
(Z) ’D[W(Z} 1+(Z/Zo)a ( )

The radius of curvature R(z} is given by

R(z) = z[1+(z—z°ﬂ . (B-12)

From this formula, one can see that the Gaussian beam can be approximated as &
plane wave around the waist and as a spherical wave far from the waist. The radius
ol curvature is smgallest at z = z,,
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B.4.2 Pessage through optical componants

The passage of 3 Gaussian beam through a thin fens of focal length f (circular lens,
sligned with the beam axis) can be described by

AL (8-13)

The Gaussian beam remains a Gaussian beam atter passage through a thin lens.
Only the curvature and the position of the waist are changed, i.e. the beam is only
reshaped by the lens. By introducing a magnification

M= 2! (B-14)

where z is the distance of the lens from the front side waist, it can be shown that the
paramaters of the reshaped beam are given by

w, = Mw, (waist radius), (B-15)
(z-T)y=M*z-1) (waist location), {B-16)
2z, = M*(2z,) {depth of focus), (B-17)
G)o’ = % (beam divergence). (B-18)

In the limit where (z - f) » 2, (lens far away from the waist of the incident beam), M
can be approximated by

f

v (B-18)

M=

Applying this approximation to Eq. (B-16) leads to the imaging equation of ray optics:

111
?—;1'? . (B-20)

Howevar, if a lens is placed with its front focal plane coinciding with the waist of the
incident beam, f =2z, thus M = 1. Therelore the waist of the outgoing beam will be in
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the back focal plane (z'= z = f). From geometrical optics one wauld have expected
collimatian fram such a canfiguration!

A Gaussian beam is colfimated by making the lacation of the new waist as distant as
possible from the lens. This is achieved by using the smallest ratia z,/# For a given
ratia z,/f, the optimal value of z tar collimationis z =f+ z,

Relevant in the context of this wark is the fact, that true collimation does not exist in
seality. After a certain distance, the beam will always spread. When using arrays af
microlens-telescopes with a "collimated” regian within two arrays, we have to keep
the distance between the arrays small encugh ta avoid crosstalk between
neighbaring channels.

If the depth of facus of the incident beam 2z, is much langer than the facal length f
of 3 lens {as it is the case far a lens ptaced in the raw beam of a laser), M = /z, and
2’ = f That means that the transmitted beam is focused at tha back facal plane of the
lens as one would expect for a plane wave. Indeed, the Gaussian beamn can be
approximated by a plane wave in the surrounding of its waist. The spot size is given
by

2w0* = ZLWO - M
Zy v,

(B-21)

The effect of truncating a Gaussian beam by an aperture is discussed by several
authars [73-76). If the diameter of the aperiure is not reduced belaw 2:(2w, ), then the
beam intensity distribution remains within a few percent of a Gaussian distribution.
Below this value, an aperture will introduce rings inlo the irradiance pattern and the
result approaches that of a plane wave focused by a lens. In practice, the lens
diameter will rather be 2w, , which introduces an anergy loss of 13 % and increases
the effect of diffraction spreading [77].

B.5 Ditfraction grating and pitch of generated spot-array

A diffraction grating consists of a repeating structure of periadicity A. When
illuminated with a collimated beam of wavelength 4, the beam is divided in several
beams of different diffractian arder n. The angles of the diffracted beams depend an
the pericdicity and on the wavelength of the laser beamn, whereas the intensity
distribution within the diffraction orders depends on the nature of the repeating
structure. The n-th diffraction arder is deviated by an angle «,, which is given by
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sine, = ni . {B-22)
A

The height A, above the optical axes of this beam at a given distance d is given by

A
=_—fa B-
tane, ==, {B-23)
thus
cof A
A,,=d-lan(sm (nKD . {B-24)

Faor A » & {small angles) this can be simplified to
A =d-nk (B-25)
A

When the grating is used in the front focal region of a lens, d has to be replaced by
the tacal length f of the lens. 4, is equal to the pitch of the generated spots with
n =1 for standard gratings and n =2 for gratings with an "even-order-missing"-
design.



105

Appendix C  Refractive and diffractive microiens arrays

Our sefup and its successful implamentation dependad heavily on micralans arrays,
as shown in chapter 2. We testad, comparad and used various types of micralenses.
In this appendix, differant types of microlens arrays shall be compared with respect ta
their usa in our setup.

The discussian of the micralens arrays is divided in diflractive and refractive
elements. Further infarmation can be found e.g. in [78].

C.t Diffractive microlens arrays

C.1.1  Generel properies of diffrective lenses

The patantial of ditfractive lenses (and difiractive elements in general} is strangly
retated to their fabrication methads that allaw an extramely high degree of freadam
far the design af the elemenf. Asymmetric aspheric lenses, arrays af lenses with
spatially variani praperties, atc. are examples of aptical elemants which are difficult
or impossible to tabricate with traditional methods. Large diffractive lenses are flatter
and lightar than their refractive caunterparts, which makes them suited far partable
applications. As far arrays aof lanses, uncanventional lens shapes (rectangles,
hexagons, elc.) ara possible withaut loss af the optical quality in the edges. This
allows tor an array Hll factor at 100 %. The tacal length of diffractive lenses can be
exacily praedaiarmined by the geametrical structure of the lens. The quality af the
profile will influance the efficiency of the lens but nat the tacal length (for large
Fresnal numbers, cl. [79]). This property is alsa an advantage in the cantext of
replicatian. Compared ta their refractive counterparts, a larger range of f-numbers is
feasible (ct. below). For a given lens size, the lower limit for tha f-number (21} is
determined by the minimal feature size at the edges of the lens [36). Moving tawards
the uppear limit results in a transitian fa the refractive case.

Potential problems of dittractive lanses include the strong dependence aof the facal
length of the wavelength and smaller efficiency due to diffractian lasses (see e.9.
[23)). The wavelength dependence can eventually be an advantage when the lens is
usad in cambination with a diffraction grating because the laleral chromalic
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dispersion of the two elements compensate each other. However, the longitudinal
changes remain {80, 81].

C.1.2 Fabrication and releted propertles

Extensive overviews of different fabrication methods can be found in [82] for binary
elements and [83] for continuous refief elements.

Here, we only want to mention the two methods that have been employed tor the
fabrication of the elements used in this work: direct laser beam writing [35, 36] and
photolithography. Both methods provide excellent precision of the lateral geometry,
which is imporiant when the arrays are used in a demanding configuration like ours,
with large f-numbers and low tolerances for the lateral displacement of individual
focal spots. The fabrication of large master elements is rather fime consuming and
expensive for both methods. The advantage of the continuous relief is an increased
efficiency compared 10 the multilevel binary elements. The flexibility of the laser
beam writing meihod is & huge advantage during the construction of a prototype
setup that uses many different elements. On the other hand, continuous relief
elements can sulfer from problems related to the scanning process (linite size of the
writing spot and superposed grating structure caused by stage positioning errors),

C.1.3 Replicatlon

In order fo lower the cost and to allow mass production, saveral replication
techniques for diffractive elements have been developed. An extensive overvigw of
replication techniques can be found in [31).

The basic principle is to fabricate a negative (nickel shim) of the original structure by
electroforming. From this negative, high-resolution replicas ¢an be made by hot
embossing (stamping or rolling), UV casting or embossing, and injection molding (as
ior the CD fabrication). Each technigue has its special advantages like cost, speed,
resolution, etc. The common materials for the replicas are polycarbonate, PMMA
{smbossing and molding) and epoxy materials {curing}.

All replication technologies are capable of very high fidelity reproduction of sub-
micrometer sized feajures and some of them ({hot roller embossing and injection
molding) are well established industrial technologies. Additional surface roughness
introduced by the replication is negligible.

A potential problem for certain applications can be the limited planarity of large Ni
shims due {0 siress introduced during the galvanoform process (see also below).
Recent optimizations of the galvanotorm process helped to significantly reduce this
problem [33]. An alternative to the use of a Ni shim is to transfer the original
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photoresist structure into a hard material, e.g. tused quartz, by reactive ion etching.
The ditferent etch speeds and the different refractive indices of photaresist and
quartz have to be respected during the design of the original.

UV curable materials have a lateral shrinkage of about 1 % on curing. A shrinkage in
the same order o} magnitude can also be cbserved for the hot embossing process.
This shrinkage can in principle be compensated for during the design and fabrication
of the original.

System designers have to keep some special properties ot replicas in mind: Some
plastic materials are birefringent, which can be 2 problem in a polarization sensitive
setup. The thermal expansion ceoefficient of plastic is about 10 times larger than the
one of glass, which may be of cancern under real-werld conditions.

C.1.4 BExperimentel work

@) Continuous reilet microlens arrays (PSI/CSEM Ziirich)

Most of the diffractive microlens arrays used throughout this project are continuous
reliet Fresnel elements, fabricated in photoresist with the laser beam writing system
of the CSEM Zurich {tormer PSI Zirich) [35, 36].

As mentioned in saction 2.2.1 (boundary conditions), the lateral geometry of our
microlenses was determined by the pitch of the LCTV pixels.

Early elements, used in the comparison of the two tan-out principles (section 2.5),
had 16 x 16 microlanses with 25 mm focal length {at a design wavelength of 633 nm)
and a pitch of 1400 um x 1150 um (corresponding to 25 pixel pitches of
56 um x 46 um of our ald EPSON VPJ-2000 LCTVs). The lateral size of the lenses
was equal to the pitch, the fill factor was thus 100 %. Fig. C.1.a shows one lens with
its neighbors and Fig. C.1.b shows a blow-up of the region between twa lenses. The
harizontal graling of ~2 um pitch that is superposed to the lens struciure ariginates
fram the finite spot size af tha writing laser.
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Fig. C.1: &) Phato of a continuous relief microlens array from the early tasting
phase. b) In the right photo wa can see a superposed harizontal grating that
originates from tha finite spot siza of the laser wriling process.

The main series of experiments was made with various arrays of 16 x 16 microlenses
with 11.54 mm, 50.00 mm and 80.00 mm focal tength respectively (at a design
wavelangth of 488 nm) and a pitch of 1092 pm x 1092 um (corrasponding to 26 pixel
pitches of 42 um x 42 um of our new InFocus LitePro 850 LCTVs). The lateral size of
the lenses was equal to the pitch, the il tactor thus sgain 100 %. Additional details
about these elemants are provided in [33, pp. 64-66].

Measured efficiencies were between 55 % (early alements) and 75 % (varistions are
due to different profile qualities). As mentioned above, elements with continuous
relief offer in principla a higher efficiency than corresponding binary elements.
Surface roughness due to the finite spot size (¢f. Fig. C.1.b} and small stage
positioning errors during the scanning process caused losses (scattared light) in the
order of a few percent [33). in addition, an imperfection in the current version of the
absolute positioning systam of the scanning table caused & superposed grating of
8 um period (cl. Fig. C.2.a). We measured that ~10.6 % of the incident light was
diffracted into higher arders of this grating. Finally, the photoresist is nat complately
transparent at 488 nm, which gave rise to further losses. For 3ll these reasons, the
efficiancy of the continuous relief elements was reduced to the leval of multilevel
elements (cf. below).

The performance of individual lenses was diffraction limited, i.e. the measured spot
siza corrgsponds to the diffraction limited spot sizes.

Fig. C.2.ashows a blow-up of one fens out of an array of 50 mm-microlenses directly
written into photoresist. The sample has been illuminated in order to show the
superposed grating structure. Fig. C.2.b shows the same for an element that has
been transterred into fused quartz (see below). Tha profile of the superposed grating
has been fiattened during the transfer. Fig. C.2.c and Fig. C.2.d show the diffraction
limited spots generated by illurinating the lenses of Fig. C.2.8 and Fig. C.2b
respeclively. The bright spots &t the upper and lower edge of Fig. C.2.c are the first
diffraction arders of the superposed grating. The influence of this grating is clearly
reduced after the transfer of the element into fused quartz (Fig. C.2.d).
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Fig. C.2: 3) Blow-up of one 50 mm lens directly writtan in photoresist. The sample
has baen illuminated to show the superposed graling, originating from the
fabrication. b) Dito for an element that has been fransferred inlo fused quartz.
The superposed grating has been flatiened out during the replication. ¢} Photo of
@ spot genereted by illuminating one onginal lens {as shown in 8). The spot size
is diffrection limited. The large spols close to the upper end lower edge are
caused by the superposed grating. d) Dito for the raplicated slement. Tha spol
size Is unchanged end the influence of the superposed grating Is considerably
reduced,

b) Replices

The use of replicas has been considered for our Setup, because of the large number
of microlens arrays required. 4 replicas in polycarbonate foil, a UV-casted replica and
one sample that has been transterred into tused quartz by reactive ien eiching have
been tested and compared. All elements were made from laser-beam written
originals with continuous relief and 50 mm tocal length.

The quality of the single lenses did not suffer from the replication process, which is
in accordance with the remarks in section C.1.1. All replices still showed diffraction
limited spot sizes (Fig. C.2.d) and efficiencies of ~60 %. The element that had been
transterred into fused quartz showed the highest efficiency ot ~80 %. This is probably
due fo the better fransparance of quartz compared to photoresist and to a smoothing
out of the superposed grating (Fig. C.2.b and Fig. C.2.d). On the other hand, the
amount of scattered light was increased for this element.



110 Appsndix C: Refractive and diffractive microlens srrays

To test the uniformity of the replicated arrays, we used a setup correspanding to the
input generation methad of sectian 2.3.1. We illuminated them by a plane wave and
campared the generated spat array ta a reterence pattern on the LCTV that was
placed in the focal plane. This methad is simiar ta the Shack-Hartmann wavefrant
sensar, but with a ptane relerence-waveirant and an unknown tesl-lens-array.
Whereas the spat arrays generated by the phatorasist ariginals carrectly matched the
relerance pattern {Fig. C.3.a), the palycarbonate and the UV-casted replicas showed
considerable daviations (up to 120 um, Fig. C.3.b). Only the element that has been
transferred inta fused quartz shawed the same flatness as the originals. The
deviations were relaled to slight stress-induced distartians af the Ni-shim during the
galvanic electrotorm process. Whereas this is not a prablem far the replication ot
small elements and gratings, it is ane in a demanding applicatian like ours with large
array size, long focal lengths and low tolerance for lateral errars. A lateral
displacement af 10 um in the facal plane (z = 50 mm} correspands la a 200 nm tilt
aver one lens aperture of ~1 mm. Accarding ta [33], this replication pracess has baen
signilicantly impraved in the meantime.

In addition to the problams related ta the Ni-shim tlatness, the slements replicated in
polycarbonate foil sulfered from a shrink of ~0.74 % due to the hat embossing
process. In principle, this shrink can be compensatad for during the labricatian of the
original elemant. Howevar, we observed that the daviations rasulting fram the shrink
were diffarant for every sample.
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Fig. C.3: A spot array is generated by iluminating a microlens array by a plane
wave. The array is compared with a reference pattern on an LCTV placed in the
focal plana. a} Parfact match for tha pholoresist original; b) mismatch caused by
insufficient planarity for the replicas (hers: UV-casted repiica).

As a canseguence of these tests, anly ariginal elements directly written inta
phatarasist have been used in the final setup (cf. Table 2.2). They satistied qur
demanding requirements.

¢) Multifevel elemenis (Welble OpTech, Neuchétel)

Two pairs of Fresnel micralens arrays have been fabricated with classic
phatolithography methads by Weible OpTech, Neuchéatel. One pair had a facal length
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of 11.54 mm and the other had a facal length of 80 mm. The lateral geometry was
identical to the continuous reliel elements mentioned above. The measured efficiency
of the 4-level elemants was ~75 % {80 mm-glemenis} and ~63 % (11.53 mm-
elements). The elements satistied our requiraments and were successfully used in
the final seiup {cf. Table 2.2).

The tested multilevel and cantinuaus-relief elements performed equally well. After
improvements in fabricatian technalagy {elimination of superpased grating, transfer
into a mare transparent material), the continuous-relief elements will be moare
efficient.

C.2 Rafractive microlens arrays

C.2.1  Genaeral propertles of refractive lenses

Campared ta their diffractive caunterparts, refractive ienses da nat have diffractian
losses. The efliciency af a refractive lens with antireflection coatings can be as high
as ~99 %. Wherever losses are an issue, refractive lenses should be cansidered.
Another plus of refractive lenses is the law dependence of their focal length on the
wavelength, This can be impariant in combinatian with a source or an array of
sources with unstable or nan-unifarm wavelength such as laser-dindes and VCSELs.

The design freedom far the fabricatian of refraclive lenses, however, is much smaller,
because the fabrication of suitable refractive surface prafiles is nat a trivial task. This
is frue far macra-aptics and micra-optics, but from now an this discussion is limited ta
arrays of refractive micralenses.

C.2.2 Febricetion end releted properties

A comman methad to tabricate arrays ot refractive micralenses is ta melt flat
structures (e.g. cylinders) of photoresist [84, 85). Surface tensian is respansible far
the reflaw of the material, e.9. ta a hemispherical shape. This and other techniques
including phaotathermal tschniques and the swelling ol irradiated PMMA are
described in [86] and [87].
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With the melting resist technology, it is possible to manufacture lenses with aperiures
of all kind of shapes [88]. The resulting surface profiles, however, are @ result of
surface lensions and are not directly controliable. Obviously, discontinuities are not
possibla. In consequence, the surtace profile at the edges of unconventional shapes
is normally nol optically ideal. For arrays of refraclive microlenses this leads to an
upper limit of the fill factor. Arrays with circular apertures have better optical quality
but the fill tactor is smaller than n/4 = 78.5 % {square arrangement} or 2N =
90.7 % (hexagonal arrangement). Arrays of rectangular or hexagonal lenses allow for
a higher fill factor at the cost of inferior optical quality at the edges of the individual
lenses. A minimal gap between individual lenses has to be respected in any case in
order to allow for the forming of the desired surfaces.

The difficulty to achieve a good uniform coating of thick (~100 um) resist, the contact
angle of the melted resist with the substrale surface and gravity {for large lenses) are
factors that limit the range of passible lens dimensions.

In praclice, lenses with acceptable quality can be made with f-numbers ranging from
1 1o 5. In order o fabricate lenses with higher f-numbers, pre-shaping technigues [89]
or an index malch liquid with My < M. 9Nd & glass cover can be used.

In conlrast to comparable diffractive lenses, refractive lenses are rather thick. This is
important when photoresist originals are used at wavelengths where the absorplion
of the photoresist is high.

C.2.3 Replicetion

The replication methods for refractive microlens arrays and the related properfies are
in principle the same as in the diffractive case. The potentially larger thickness can
limit the practical feasibility, e.g. in the case of the transfer of a thick photoresist
original into a fused quartz substrate.

C.2.4 Experimentel work

Several arrays of refractive microlenses have been tested. The elements have been
fabricated at IMT Neuchéatel with the melting resist technology. The arrays had
16 x 16 lenses with a pitch of 1092 prm x 1092 um. The lens aperture was circular
with a diameter slightly smaller than the pitch. Because of the limited range of
achievable lens dimensions {(cf. above), the focal length was only 5.5 mm. The height
(maximal thickness) of the photoresist lenses was ~60 um.
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After initial problems (deviation of the correct lens position and focal length
variations, caused by a non-unifarm base layer), elements with good lateral geometry
have been fabricated. They were tested in a similar arrangement as the dilfractive
elements (cl. section C.1.4). The lateral position of the generated focal spots satisfied
our requirements. Hawever, tha focal length was oo short far a use of these
elerments in the aptical neural netwark {cf. section 2.2.2).

The thickness of the photoresist lenses results in a high absorption, which lowered
the efficiency to ~38 %. A transler of the microlens-array into fused quartz would
improve this value, but the thickness of the sample (~80 umj) is at the limit of the
currently feasibla for the transter technique.

To increase the transparency, a replicated element made by UV-casting into an
elastomeric mald [90] has been tested. To increase the focal length, an index
matching liquid has been put between the lenses and a thin glass substrate. The
focal length could be increased by a factar af ~5, but tha shrink of the element during
the replication (cf. section C.1.3) made it useless far our setup. No experiments have
been made with index matching liquid in combination with original photoresist lenses,
because of the tao low efficiency of tha latter.

The technique af melting photoresist is very attractiva far arrays of small micralenses
(diameter < 500 um}. The tabrication of relatively large lenses (~1 mm diameter, as
desired in aur setup) of good quality is possible, but the absarption of the photoresist
of such large lenses reduces the efficiency below an acceptable value. Technological
progress might allow the transfer of such elemeants into fused guariz in the future.
The limited ranga of possible f-numbers can be increased by using index matching
liquid. No refractive microlens arrays were used in the tinal version ot our setup.
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C.3 Comparisan and conciusion

Appendix C. Relfractive and diffractive microlans arrays

Table C.1 shows a summary of properties of diffractive and refractive microlens
arrays. The consequences for the use of such elements in a system like ours are
given in the third column.

Type | Geners! remearks and consequences
Property Diffesetiva Refrectiva for use In our specille setup
Efficfoncy goad in principle better; Use rofractive Janses when efficiency is
in aur tasts reduced | an issuse. A transparent material (e.g.
by ebsarptian aof fused quartz} is needed to profit from this
photarssist advantage.
Dependence of strong woak Impartant in the combination with laser
focel length on diodes or VCSELs.
wavelength
Fill fector 100 % <100 % LA3 and LAd should be diffractive
Aperture shepes | arbitrary; arbitrary; goad :Ipszlrlti?;si.sb:::::: the whale square
gaad aptical | optical prap. anly !
prap. glse in | far cireular aperture
cornars ar in canter
Predicleble focel | yes na praciss important in combination with a dliffractian
langth pradiction taday, grating (LA3): deviatians in the focal
can be precisely length rasult In deviations of the spat
measured array pitch.
t-number 21 < 5, expandable by | In our system with relatively thick (20

index matching
liquid

mm) commercial mounts and a fens
diameter af ~1 mm, diffraclive elsments
are used.

Table C.1: Comparison of same properties of diffractiva and refractive microlens
arrays and tha rasulting consequeancas for the use of such elemants in our setup.
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Appendix D  Alignment of the optical setup

This appendix has been added with regard to the eventual use of the presented
optical systemn or a maditiad version of it by someone else in the future.

The following text is not meant to fully describe avery detail. After several manths of
intenge woark with an optical setup, cne gets a feeling for its behavior which is hard to
write down in words. But hopefully these lines show some basic concepts and help to
facilitate the work with the setup.

D.1 Preparatory work

This will certainly sound trivial, but it is impartant enough to be mentioned anyway: A
well prepared beam is the unalterable base for any successful systern werk. Enough
time snd care should tharefare be spent for this part of the work. The vse of & shear-
plate 10 test the collimaticn of the beam and ot a pents-prism tc get orthogonal
beamg helps to considerably speed up the process. Pre-alignment of the single
systemn components and the use of one single reference 1arget also helps to save &
lot of time.

D.1.1 Besm expansion

Beam expansion is achieved by using a microscope objective of focal length f, and
an achromat of focal length 1,. Microscope objectives are normally classified by their
magnification M {10x, 20x, 40x, ...). f, can roughly be estimated by

_ tubus length

I (0-1)

f :

where the standard tubus length is 160 mm. The exact value for £, is normally
slightly different and can be found in the manutacturer catalogs.

The ratio between the raw laser beam dismeter D, and the expanded beam
diameter D, is calculated by using the tormulas of Appendix B.4.2 {Gaussian beam).
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The achromat is oriented with its flat side towards the objective in order o minimize
spherical aberrations. s z-position for best collimation of the expanded beam is
adjusted by using a shear-plate collimation tester.

A Spindler & Hoyer 10X-objective and a S & H 100 mm achromat {& 50 mm) have
been used in this setup for beam expansion.

D.1.2 Spstlisl filfering

In order 1o get a clean beam, & pinhole is placed in the focal plane of the microscope
objective. The dimension of the pinhole can be determined as follows: The beam
waist w, in the focal plane of the microscope objective is given by

W= — {D-2)

where w, is the waist of the raw laser heam. 2w, =~ 1.22 mm for our Spectra Physics
Ar-laser. The diameter of the pinhole should now be D,, = 2w, . A detailed
description of the effects of apertures of various size to a Gaussian beam can be
found in [76].

A 15 um pinhole has been used in this wark.

D.2 Allgnment

D.2.1  General concept

In this subsection, the genersl concept that was used tor the alignment of a spot
array to an apertura array is presented.

The basic principle behind the method of aligning an array of spots to an array of
aperiures (detector elements, LCTV pixels, smart pixels, etc.) is the Moiré—eflect: lf
ona array is rotated {around the z-axis} with respect to the other, & fringe pattern can
be observed (Fig. D.1). The larger the tilt between the arrays, the smaller the period
of the fringes. If the aperture array is moved horizontally, the fringes move vertically
and vice versa.
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Fig. D.1: Moiré-fringes are used ta align an aray of spots to an array of
apertures. The smafler the fringes, the larger the it betwean the two arrays. If
the aperture is meved harizantally, the fringes move vertically end vice versa.

After rough adjustment of #,, the alignment is tested by slightly displacing the
aperture array (LCTV) by half a pixel pitch. If all the spots disappear simultaneously,
the arrays are well aligned. if they do not, there is still a slight tilt, 8 magnification
error (different pitch of spot array and aperture array) or an imaging error. The kind of
observed fringe-movement helps to isolate the source of the arror,

The sensitivity to a lateral displacement of the aperture array is an indication to the
local spot size and thus to the z-alignment. The aperture-array is in the focal plane
when the sensitivity is highest.

The Moiré-effect can also be used to magnify small structures [91]. This has been
used for the z-alignment of the collimating microlens arrays. The microlens array is
slightly rotated around the z-axis. The sharpness of the s¢ produced magnified spot
pattarn is observed at a large distance (laboratery wall) and is an indication for the z-
position of the array.

For some of the alignment steps, the described patterns can be observad on a
screen by eya. In some cases @ CCD cemera is used together with reducing optics.
The use of @ complete subsystem (camera and optics mounted together on an OWIS
System-40 rail which can be mounted on the OWIS System-65 rail) proved to be very
helpiul. This allows to easily abserve diferent planes with always the same image
size. '
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D.2.2 Pre-alignment of comnpoaneants

All the beamsplitters and mirrors are previously sligned to a precise 90° horizontal
deviation in the expsnhded and collimated beam. The reference deviation is
determined by means of 3 penta-prism.

The initial spot array (generated by Dammann-grating DG and lens LO, ci. e.g. Fig.
2.26) is sligned to a carefully centered referance target. The x- and y-positions are
adjusted by x- and y-movement of L0, 13, is adjusted by rotating the DG1. This step is
done for both the input and the feedback part ot the system.

Both LCTVs are then pre-aligned with respect to the initial spot array. A sequence of
slignment patterns (crossed lines — spat array with helping lines — spot array) is
displayed on the LCTV to facilitate the approach to the correct position. The method
described in section D.2.1 (slight movement of LCTV) is used to check the correct
position.

Finally, the microlens arrays are pre-aligned. A test pattern (frame with diagonals) is
displayed on LCTV1 and the microlens array is used to collimate the beams
amarging from LCTV1. The collimated beams are sligned with respect to the
reterence target by adjusting the x-, y- and 9,-position ol the micralens-array.

D.2.3 Allgnment of the Inltielization pert

The pracise alignment of LCTV1 and LA23s is made identically 1o the pre-aslignment
described abave.

Thanks to the combination of interlaced fan-out and microchannel-telascopes the
beamsplitter BS2 does not influence the (collimated) beams emerging from LAZ2
{perpendicular incidence). Moreover, the tollowing optical elements (DG2, LA3,
LCTV2} are to some extent independent of the previous elements. For example, the
z-distance of this group of elements from LA2a can be chosen freely, as long as the
effect of beam spraading is not too large (cf. section 2.4.2 and Appendix B.4).

The Dammann-grating DG2 is placed at the front focal plane of LA3. It was found
that 2 manual measurement of the distance between DG2 and LA3 is sulticient.
Slight deviations of this distance result in a slight devistion trom the perpendicular
incidence on LCTV2. The position of the spots on LCTVZ, howevar, is not influanced.
The 9,-position of DG2 can normally remain unchanged if the pre-alignment has
been made carefully.

The z-position of LCTV2 is aligned next. LA3 is slightly rotated in ordar to praduce a
Moiré-pattern together with LCTV2. Due to the small depth ot focus in this image
plane, the coirect position can be tound by looking for the largest contrast of the
Mairé-image {i.e. some beams pass thraugh a pixal and same beams are blacked in
the region between the pixels).
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Dus to the non-ideal halder of LCTV2 (the degrees of freedom are not indepandant),
the x- and y-position of LCTV2 are nat changed anymore after pre-alignment {this is
actually the hardest element to pre-align}). Instesd, the x-, y- and 9,-pasition ot LA3 is
slightly changed until the spot array matches the pixel array. The kind of used test-
patterns can be seen in Fig. 2.32. As mentioned above (D.2.1), the alignment is
checkad by stight x- and y-movement of LA3. The alignment is carrect it the whole
signal emerging from LCTV2 disappears simultansously.

D.2.4 Allgnmeni of the feedbeck pert

It is impartant that the feedback optics is aligned before the tan-in optics. The tan-in
optics should only be added whan both the fanned-aut image from the input and the
fanned-out imags from the feedback properly match on LCTVZ2.

in order to generate an alignment test-pattern (frame with disganals), @ mask is
pasitioned at the focsl plans ot LOb {equivalent pasition of LCTV1). LA2b is aligned
identically to LA2s with the reference target.

The same remarks as above concerning the beamsplitter PBS3 and the z-position of
LAS can be made.

The LCVL z-, 8,- and 9,-positian are aligned to maximize the reflected signal at the
(s-polarized, i.e. deviated) output of PBS3.

Finally, the signal refiected fram the LCLV has to be matched with the test pattern on
LCTV2 by alignment of the twa beamsplitters PBS3 and BS2. At tha same time, the
system output et BS2 has to match for both initialization and feedback mode.

D.2.5 Alignment ot the fen-In pert

LAd4 is placed at a distance trom LCTVZ which roughly corresponds to its jocal
length. L5 is placed a few centimeters behind LA4. M2 is a flip mirrar which is set to
non-deviating tor abservation of the matrix-vector-multiplier output. A transparent
screen (chalk paper) is used to observe the image thai is formed by LA4 and LS. The
z-position and 9, of LA4 have to be aligned first. They are good it it is possible to
observe a magnified image of the LCTV pixels (one pixel ~ 0.6 mm x 0.8 mm). The x-
and y-position of LA4 are sligned by positioning the matrix-vector-multipliar output
with respect to the reference target.

Finally, the two mirrors M2 and M3 are aligned to maich the matrix-vactor-multiplier
output incident on the write side of the LCLV with the spot srray incident on the read
side ot the LCLY. Carrect slignment is achieved when the test pattern (frame with
diaganals) can be madulated to the LCLV auiput.
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Scheme of the optical setup



