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n ion
Current secondary storage systems have low transfer rates relative to CPU processing speeds 1
For memory intensive applications such as data base machines with large on-line storage, this
creates a performance bottleneck since the I/O subsystem forces the CPU to wait for data. Solid
state disks (such as RAM boards) now reach capacities of up to 1 GByte but can provide sustained
throughputs no better than 10 MBytes/sec 2, Although projected developments in main memory
technologies such as SRAM and DRAM could provide higher throughputs (100 MBytes/sec and
higher), their capacity will remain limited for use as secondary storage systems. Large magnetic
disk based storage systems such as the Redundant Arrays of Inexpensive Disks (RAID) offer very
large storage capacities (100 GBytes and up) but their throughput remains limited to about 50
MBytes/sec 3. Alternatively, optical storage technologies, which combine very high storage
densities with a potential for very high throughputs through parallel access, are good candidates for

secondary storage systems.

Optical disks, which are now a commercially available medium, offer high storage densities ( 108 -
bits/cm2), low cost ($0.1/MByte), robustness (no head crash) and, as for other optical memories,
the possibility for parallel readout. Several parallel readout optical disk systems have been
proposed in the past. A first approach consists in using a laser diode array in conjunction with a
photo-detector array, instead of a single laser diode and a single detector as in commercially
available systems, in order to read multiple tracks in parallel 4, The main limitations of these
systems are their cost and hardware complexity which increase as the number of channels being
read is increased. Another type of system stores the desired data plane as a real image on the disk
surface. In this case, the data is read using an interferometric imaging optical system and gray
level images can be reconstructed 5. However, such features as tracking and focusing large images
on a rotating disk remain a problem. Another approach stores the 2-D binary data as a Fourier or
Fresnel computer generated hologram on the disk surface 6. In this case the 2-D bit plane retrieved
from the disk is coherent and can be fed directly into a coherent optical processor. Furthermore,
~ due to the properties of Fourier transform holograms, tracking and focusing servo requirements
can be eliminated. However, the readout head or the illuminating beam has to be moved or
deflected by mechanical or electro-optical means to address different locations on the disk surface.
This increases dramatically the hardware requirements and the system cost, and slows down the

system speed.




2, Motionless-h rallel r ical disk m

Another approach to parallel readout optical disk systems, which can be considered hybrid since it
combines both holographic and imaging optical techniques, has been developed and its complete
design presented in 7. The underlying principle is that all mechanical motions of the head above
the disk surface are eliminated for addressing, focusing, and tracking. Therefore, the appropriate
coding of the recorded data and the appropriate optical readout system must be developed. The
motionless-head parallel readout system is designed to generate 2-D binary bit plane outputs while
the recording of the data on the disk remains sequential and can be done using a commercially
available drive.

2.1. Generalities

In the following, it is assumed that 5.25” (130 mm) WORM disks with a 1.5 um track pitch and a
1 um pit size are used (see Figure 1). The disk active surface, where the data is actually recorded,
is the area between an inner radius of 30 mm and an outer radius of 60 mm, and therefore contains
20,000 concentric tracks. The disk total capacity is then 7.54 Gbits (942 MBytes) per side. Note
that the system described in this paper can be modified to match any existing disk size, from 3.5”
diameter to 12” and 14” diameter without changing any of the operating principles.

15um___

Disk Active Area
20,000 tracks

Figure 1: Characteristics of a standard 5.25” optical disk




2.2. Disk data encoding

In order to suppress all the motions of the readout mechanism above the disk for addressing, the
data of one given 2-D bit plane is recorded on an area whose length is equal to the radius of the
disk active surface. Therefore, data addressing is achieved solely through the disk rotation and the
average random access time of the system is half a rotation. The entire memory disk is read in one
rotation which yields potential data rates of over 10 Gbits/sec for a 2400 rpm rotation speed. In
this case, the data rate (or throughput) is defined as the number of bit planes read-out per second
multiplied by the size of these bit planes. As shown in Figure 2, there is one data block for each
column of the 2-D bit plane to be stored. Each data block is a 1-D Fourier-transform Computer
Generated Hologram calculated to reconstruct one column of the desired 2-D output bit plane. All
the data blocks corresponding to one bit plane, are recorded on the disk so that their Fourier
direction (i.e. the direction along which the Fourier transform operation will be performed to
reconstruct the hologram) is the radial direction. They are also radially distributed to span the
entire radius of the disk active surface.
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Figure 2: Disk data encoding




The encoding of the disk holograms is a key feature for the good operation of the system. The
choice of the right encoding is based on finding the best compromise between different criteria: a
short computation time, a high light efficiency to minimize the system power requirements, a high
Contrast Ratio to minimize the Bit Error Rate of the system, and a space bandwidth product of the
holograms as low as possible to maximize the disk capacity. To satisfy these requirements, a
special encoding method based on an iterative optimization algorithm has been developed for the
disk holograms.

2.3. Holographic encoding

The data encoding on the disk is a key factor for a good operation of the parallel readout system.
The quality of the reconstruction and also the size of the hologram, therefore the capacity of the
disk will both depend on the holographic encoding. Thus, the best compromise between the quality
of the reconstruction and the disk capacity must be found. Due to the nature of the data recording
on a disk, the holograms must be binary. In the application we consider, the reconstructed images
have also to be binary. Taking into account all these requirements, a CGH encoding method has
been developed specifically for the disk holograms. A comparative study between several encoding
methods (1) has shown that the Direct Binary Search algorithm adapted to a method based on a
gray level encoding scheme is best adapted to the optical disk application due to its Signal to Noise
Ratio and diffraction efficiency.

M= 1024 bits
(Radial direction)

n=d
S gy kvl

4 bits

(Tangentia] dixction )
2) b)

Figure 3: a) hologram gray level encoding method b) example of one data block.




1 -1 ncodin

Since the NxN pixel image to be stored on the disk is sliced in N columns, the study will be
focused on the encoding of 1-D images. The hologram is 1-D along the Y direction, therefore the
X direction is used to encode n+1 gray levels on a n bit pattern using a density modulation
algorithm ( figure 3 a ). In order to reduce the spéckle the hologram is replicated once along the Y
direction. In this study 128x128 pixel images to be stored are used, the 128 bits of each column are
encoded in a 512 cell hologram with n+1 gray levels (2 to 5 gray levels). Therefore the hologram
after replication is a nx1024 bit datum (figure 3 b).

r Raxdom hinar yhol ogra mp:n(mJ

FEmterrar canputaion: oy ¢

Be gin of cokm n
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Figure 4: Flow chart of the iterative holographic gray-level encoding method.
'2.3.2, Direct Bin h algorithm

The flow chart of this algorithm is given on figure 4. A random gray level hologram is first
generated. The reconstruction of this hologram is then computed by FFT. An error function is
calculated by comparing the reconstructed image and the original image to be reconstructed. The




bits of each cell of the hologram are then inverted one after another and a new error is computed
each time between the new reconstruction and the original image. If the new error is smaller than
the previous one, then the change of the bit is maintained and the new error is memorized; if not the
change is ignored. A loop is completed when all the gray level bits of the hologram cells have been
tested. The iterative process continues until all the changes are ignored during one complete

iteration.

Different types of error between the reconstructed signal and the desired signal can be calculated.
- Amplitude Error

amplerr = # (Ifac) - A ]h(k)l

ke R
with

Z AV
Z Ingof

f(k) the sampled desired signal, h(k) the sampled reconstruction of the hologram and R the region
of observation of the reconstruction which is the first diffraction order.

- Intensity error

int.err= %I“ 2 (Ifz(ki - 7~-|h2(ki )2

ke R
with

3 a0l

}\':ksl

—
3 Ih* ool

ke R

As for the amplitude error, the phase parameter remains free. The convergence is done on an

intensity wavefront.

- Complex error




cplxerr=L 2 (fo) - A.h(k) )2
N ke R
with

zf(k).h "

ke R

—
3 lhool

kek

A=

where * represents the complex conjugate

In this case the convergence is done on a wavefront where both amplitude and phase are respected.
The only interesting constraint in the optical disk application is to reconstruct a signal with the
desired intensity or amplitude, the phase is a free parameter.

2.3.3. New algorithms

For each of the three error types presented above, one algorithm has been developed. These
algorithms offer different mathematical simplifications. The first algorithm (AMPL) is using the
error in amplitude (ampl.err) evaluated from the reconstruction which is calculated at each test. But
it is not necessary to use an FFT to calculate each reconstruction, since changing one bit of the
hologram is equivalent to adding (bit changed from O to 1) or subtracting (bit changed from 1 to 0)
a plane wave to the previous reconstruction. The second algorithm (INT) is based on the intensity
error as presented by Jennison et al (3). With this algorithm, it is possible to evaluate the error
without calculating directly the reconstruction. Therefore a gé.in in computation time is obtained,
although the mathematical development of the error is more complicated. The algorithm based on
the complex error has the same advantage as the algorithm based on the intensity error but the
mathematical development is relatively simple as demonstrated by Jennison et al (4) and moreover
the optimization of some variables is possible by using Markov chains (3). Since the convergence
is done in amplitude and phase, a diffuser is added to the input signal. The diffuser reduces the
spectrum dynamic, easing the encoding and increasing the diffraction efficiency. The nature of the
diffuser determines two implementations of the complex error algorithm, one algorithm with a
random diffuser (CPLXR) and one with a calculated iterative diffuser (CPLXT).

The calculated diffuser is based on the iterative algorithm of Gerchberg and Saxon (5) (figure 5).
The purpose of this algorithm is to obtain a spectrum as flat as possible, this means that the

10




spectrum intensity Peak Mean Ratio (PRM) is as low as possible. If F(u) is the Fourier transform
of f(k), the signal to be recorded, the constraint in the spectrum domain will be:

F'(w)®={ Fu)® if IF()D1 < C;C.exp(j arg(F(u))) if IF(u)DI > C

i is the iteration index, j=V-1, C is the clipping level smaller than [F(u)l max ( positive number). C
is fixed in order to obtain a spectral intensity PMR of approximately two .

The constraint in the spectral domain is:

£k) A+ D=lfklexpd arg(f' k)D)).

f(k)
random
dffwsor
PMR
Output signal spectrum
constaint T constmint
-1
FT ®
foa? F(u)

Figure 5: Iterative diffuser algorithm

2.3.4. Comparison criteria

In order to evaluate the hologram reconstruction quality, different criteria have been chosen to

compare the reconstruction to the desired image:
- The diffraction efficiency.

It is the ratio between the total intensity of the reconstruction first order and the intensity of the
wave illuminating the hologram surface: '

N=\F(Z 1. order reconstruction intensity; X total intensity illuminating the hologram)

- The mean-squared errors.

These are the errors presented in the previous section but the signals total intensity is normalized to

rs\‘——ﬁ——»f_—_h

1. In this case the complex error is not offering an interesting criterion. The fidelity of the
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reconstructed image compared to the original is inversely proportional to the value of the different

CITOTS.

- The signal to noise ratio for binary images.

Instead of the mean-squared errors, we have defined an other ratio more suited for binary images (
without gray levels).To calculate this criterion, we consider only the samples of the reconstruction
+1 order. It is the ratio between the mean of the total intensity of the reconstructed samples
corresponding to a "1" in the desired signal, and the mean of the total intensity of the reconstructed
samples corresponding to a "0" in the desired signal. This ratio is noted here SNR.

We also calculate the SNR in the worst case (WSNR). It is the ratio between the lowest intensity of
a sample corresponding to a "1" of the desired signal and the highest intensity of a sample
corresponding to a "0" of the desired signal.

The higher these ratios, the better the reconstructions since in the optical disk system, the signals
are received by an array of photodetectors (PN diodes). Therefore the WSNR is the primary
criterion, it will determine the system capability to discriminate a "0" from a "1". This, in turn, will

drive the Bit Error Rate of the system.
- Ratio standard deviation over the mean of "1"

A fourth criterion can be defined, it is not very important for the system but can bring a better
comprehension of the results. It is the ratio between the standard deviation of the "1" and the mean
of the "1" of the reconstructed image. It is represented by the following equation:

yA
\/ ol (Enhf@l)
RDM= B T - *100 (in %)
N1 2
(Zlm <i)l)

N1

where h1(i) are the "1" samples of the reconstructed signal and N1 is their number. In display
holography, the reconstructed image will be better if this ratio is low.

12




n ion ex 1

Figure 6 represents the total field of the simulated reconstruction of a 128 by 128 pixel image. The
128 1-D reconstructions are placed side by side forming a pattern symmetrical with a line
consisting of the 128 central orders. The simulation is calculated using the algorithm in amplitude (
AMPL) with five gray levels.

Useful
image

4 4 bits
noise
buffer

Hermitian
conjugate
reconstruction

Figure 6: Example of the simulation of a reconstruction ( AMPL with 5 gray levels)
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The reconstruction region R of the first diffraction order is defined with a shift of 64 pixels from
the central order. Moreover, the top and on the bottom of the desired image are padded with four

"0", to keep away the reconstruction noise.

2.3.6. Comparisons

The different tests were processed on a Work Station Sparc Station 1 from Sun. Until now, only
holograms calculated with the algorithms AMPL and CPLXR were recorded on a real WORM
disk. The results shown in the figures 7, 8, 9, 10, 11, are means computed from 640 different
holograms whose reconstruction patterns were randomly defined.

Figure 7 shows that the diffraction efficiencies for the algorithm AMPL and INT are about the
same (6.5%). CPLXR has the lowest diffraction efficiency about 5.5% but it is still reasonable.
Two reasons can explain the small diffraction efficiency decrease with the increase of gray levels.
First, the energy proportion in the central order of the reconstruction is increasing with the number
of gray levels. Secondly, the SNR is increasing with the number of gray levels (figure 8),
therefore the noise energy on the "0" is lower. CPLXI gives a much better result (7.5 to
8.5%).This is the result of the iterative diffuser which produces a flatter spectrum of the desired
signal, and therefore the algorithm is converging easily.

A, —{3— AMPL
o o am INT

g S —O0— CPLXR
et \h -*-. CPLXI

Number of gray levels

Figure 7: Diffraction efficiency with the different methods

The SNR and WSNR represented on figures 8 and 9 respectively are lower for CPLXR and INT
than for AMPL. These differences come from the type of error used for the convergence. With
INT the low amplitude noise on a "0" is not eliminated since it is squared and becomes negligible.
In the contrary with AMPL the noise is not negligible and it will be eliminated.

14




Number of gray levels

Figure 8: Signal to Noise ratio versus number of gray levels and used method.

The weakness of the SNR and WSNR of CPLXR compared to AMPL can be explained by the fact
that with CPLXR there is an additional constraint, the convergence is achieved on both amplitude
and random phase. CPLXI gives the best SNR and WSNR after AMPL, due to the low dynamic
of the spectrum generated by the iterative diffuser.

60

J—— ampL
50 |7 T
7—0— crxr
1--A- crxa

40

0]
m -
B9 ]

10

Number of gray levels

Figure 9: Worst Signal to Noise ratio versus number of gray levels and used method.

Figure 10 represents the different computing times for one 512 x n pixel hologram reconstructing
128 pixels. The computé\tion time for AMPL is fangiﬁg from 25 sec. to 55 sec. per hologram, this
represents 1 to 3 years computation for an entire disk. Due to the time scale, the CPLXR and
CPLXT curves seem flat. In fact for CPLXR the computation time is about 1 sec. for 2 gray levels
and 1.8 sec for 5 levels. The computing time for CPLXI is the computing time of the iterative
diffuser (independent of the number of gray levels since it is calculated with the input signal) plus
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the computing time of the complex error algorithm which is approximately the computing time of
CPLXR (random diffuser calculation negligible).

60
J—8— AmPL
e INT
0.-0- coxr
¥ 1--A- cx
E 4
£ 30-
= -
=3 o
£ -
] o
© 104 PO SR P A
0 poszccos e oot Ll
1 2 3 4 5 6

Number of gray levels

Figure 10: Computing time in seconds by hologram versus gray levels and used method |

The RDM (figure 11) gives the "1" intensity variation in the output plane. A small variation is
important for good detector array adjustment and operation. For more than three gray levels, all
methods give a reasonable RDM lower than 25%. The RDM decrease with the number of gray
levels can be explained by a SNR increase. The low standard deviation of the "1" obtained with
INT, makes this method best suited for display holography when the image has no dark areas.

40
—— AMPL
—rP INT
s 30 —O— CPXR
® CPLXI
g
= 204
S 20
-4
10 <
0 1 ] BR 1
1 2 3 4 5 6
Number of gray levels

Figure 11: Ratio standard Deviation / Mean of "1"s versus gray levels and the used method.

We have studied the best ways for encoding the binary amplitude holograms which are the
information support of our parallel readout optical disk system. We have compared four iterative
algorithms based on DBS and adapted for gray level encoding. The first, based on a comparison
between the amplitude of the reconstruction and the desired signal, exhibits good performances,
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specially a high SNR, but its computing time is prohibitive. A second, for which the signal
intensity is the convergence criterion, has a computing time two times shorter, but its SNR is too
low to be used in our application. The third algorithm is based on a complex value comparison, a
random diffuser being added to the signal. It gives satisfying results and the shortest computation
time (25 times less than the amplitude method). Finally, the fourth method is also based on
complex value comparison but in this case an iterative computed diffuser is added to the signal.
This method gives the best compromise: a relatively short computation time (2.5 to 5 times shorter
than the amplitude method), a good SNR and moreover an excellent diffraction efficiency, 1% to
2% higher than the other methods.

This comparative study shows clearly that this last method offers the best results for our
application. The different simulations will allow to choose the number of gray levels which will be
needed in order to satisfy the SNR required by the detector sensitivity. Note that the most
interesting result from this study is clearly the fact that both the capacity of the disk and the quality
of the reconstructions can be improved by using these optimized encoding techniques for the disk
holograms. In our system that has been be built, the actual user’s capacity on a 5.25” disk is
approximately 30 MBytes or 15,000 planes of 128x128 bits due to the CGH coding overhead.
However, as shown in this section, there are certain tradeoffs and compromises that can be found
in order to reduce the loss factor and maximize the disk user capacity. In fact, it can be shown that
the capacity can be increased by a factor 2.6 for a given SNR by using the above described
encoding schemes.

2.4. Optical readout system

The optical readout system described in Figure 12 maps the disk data blocks distribution to a
regular 2-D output bit-plane, usually on a photo-detector array. It consists of only three optical
elements. First, a collimating lens transforms the laser beam into a circular uniform plane wave.
This plane wave is further transformed by a cylindrical lens into a line which illuminates the area
on the disk surface that contains all the data blocks of a given bit-plane. As described in the next
section, this cylindrical lens can be replaced by a Fresnel hologram for better intensity and phase
uniformity as well as reduced aberrations in the illuminated line on the disk surface. As the disk
rotates, successive data blocks will come under the illumination line and therefore successive bit
planes will be readout. A single custom-designed optical element (a hybrid diffractive-refractive
lens 7) performs the required Fourier-transform operation along the radial direction. Therefore, all
the columns of the output 2D bit plane, which are the reconstructions of the different data blocks,
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are rapported to the same axis. This is due to the shift invariance property of FT hologram. The
same optical element also images the disk surface along the tangential direction so that the columns
of the output bit plane are spatially separated. This way, a square 2-D bit plane can be
reconstructed on a photo-detector array.
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Figure 12: Optical Readout system

2.5. Ilumination element

As was described in the final report for contract F30602-91-C-0087, section 2.2, the illumination
of the correct data of one given bit pattern on the optical disk is currently achieved by means of a
cylindrical lens used slightly out of focus. This technique actually presents severe drawbacks in
terms of optical performance due to the inherent poor quality of cylindrical lenses. It also is not
very controllable and the positioning of the illumination lens is very difficult. To solve this
problem we have proposed to use either a diffractive or a hybrid refractive/diffractive illumination

element.
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The illumination element has to be used in the motionless-head parallel readout optical disk system
that will be later interfaced to the associative memory chip. It has to create a line of 3 cm (radius of
the disk active surface) by 30 pum (width of the illumination line) with constant intensity and phase.
The constant phase in the illumination line is required in order that the Fourier transform computer
generated holograms stored on the disk reconstruct properly. The constant intensity in the
illumination line is required so that all the columns of the output image that come from holograms
stored in different radial positions reconstruct with a constant intensity.

Random
Hologram

!

Set arbitrary amplitude
Phase Keep phase
Hologram : 1
Plane Fresnel
Transform
Fresnel
Transform Reconstruction
Plane

Amplitude =1 in desired reconstruction
Amplitude = 0 otherwise
phase = cte in desired reconstruction

Figure 13: Flow chart of the iterative algorithm

The approach we had initially chosen proved impractical: we had intended to use Code V8] (optical
system design software) and take advantage of the binary optics option (which allows the design of
any arbitrary aspheric diffractive element described by the coefficients of a polynomial), as we had
done for the hybrid lens already being used in the system, to generate and compare several
designs. However, there is no possibility, in Code V, to control the phase front of the propagating
light at a given location. Therefore there is no way to give a phase constraint to the optimization
procedure and produce the required illumination element.
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To solve the problem we chose a numerical computation approach based on a iterative design
known as the Gerchberg Saxon algorithm [9]. The algorithm generates a phase only hologram
given a set of input and output phase and amplitude distributions; namely the laser beam profile in
the input plane and the desired phase and amplitude distribution in the output plane. As can be
seen on figure 13, the algorithm starts by the generation of a random phase mask. This initial
phase function is then multiplied by the amplitude and phase distribution of the laser beam to yield
a complex wave front in the hologram plane. A Fresnel Transform propagates this wave front to
the output plane where the resulting amplitude and/or phase are replaced by the desired ones: a
beam front (line) of given length and width with constant phase and intensity. An inverse Fresnel
Transform propagates then this new wave front back to the hologram plane. This time, the phase
distribution is kept but the amplitude is replaced by that of the laser beam, and another iteration
begins. The computation stops after a given number of iterations or after the improvement on the
root mean square error between two successive iterations in the reconstruction is smaller than a

preset threshold.

Figure 14 through 19 show the simulation results for the illumination element that has been
designed using the method described above. The element was designed to create a line of uniform
phase and intensity. Figure 14 shows the resulting 16 level phase hologram Figures 15 and 16
show the output intensity and phase. As expected, the intensity and phase are uniform over the
desired area. It can be seen that in the X scan (Figure 17), the average intensity reconstructed is
0.95 with a variation of £ .05 meeting the design goals. In the Y direction scan (Figure 18), it can
be observed that between pixels 200 and 312 (the reconstruction being centered at pixel 256) the
background noise is very low compared to outside these pixels. When a horizontal scan of the
phase output (Figure 19) is being taken along pixel #256 it can be observed that the measured
phase is constant and centered around 0 with a = /10 margin meeting the design goals.

This 16 phase level element has been fabricated in our laboratories, however fabrication errors
(alignment errors between the successive masks of the multilevel phase hologram) made it so that

the element did not perform as expected.
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Figure 17: Intensity scan along the reconstructed line
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2.6. Disk readout

The problems usually encountered with the dynamic operation of disk drives must be solved to
ensure the good operation of the readout system. Due to the eccentricity (runout) of the spinning
disk and to the surface flatness variations of the disk surface, several parasitic mechanical motions
occur. These motions can be decomposed into three independent components: a radial shift of the
disk surface, a vertical shift of the disk surface (wobble), and a tilt of the disk surface. In current
optical disk readout systems, these motions are corrected by electro-mechanical tracking and
focusing servo mechanisms. In our system, the properties of FT holograms prove very useful for
overcoming or suppressing them. First, radial shifts of the disk surface occur because of the
eccentricity of the rotating disk. However, since FT holograms are shift invariant and the Fourier
direction of the disk holograms is radial, the radial shifts will not affect the position or intensity of
the reconstructed 2-D bit plane. Second, an optical disk is not a perfectly flat surface. Thus, as the
disk rotates, a vertical wobble of the disk surface happens. This will cause the width of the
illumination line on the disk surface to vary. This might create crosstalk if the width of the line
increases such that the holograms of neighboring bit planes also become illuminated. By taking
advantage of the information redundancy property of FT holograms and under-illuminating the area
that contains the data blocks of one given bit plane on the disk surface, no crosstalk is created and
the holograms are still properly reconstructed, although with less signal. Third, as a disk rotates at
high speeds (2400 rpm and above) its edges tend to lift up inducing a tilt of its surface. In the case
of a transmissive system like ours, the effect is simply a scaling of the reconstructed data. This
effect can be neglected since, for practical systems, the amount of scaling will always be less than
1 um for spot sizes of 30 to 60 pm.

The main advantages of this system are that it suppresses the need for any mechanical motions of
the readout head and allows parallel readout of 2-D bit planes. Accessing any bit-plane stored on
the disk is achieved solely through the disk rotation and the average random access time to any bit-
plane is half a rotation time. In addition, the content of the whole memory disk can be retrieved in
only one rotation. Using the same set of numbers as. previously (15,000 planes of 128x128 bits
per disk) and assuming the disk can rotate at 2400 rpm which is a typical rotation speed for optical
disk drives, the average access time is 12.5 msec, the time to read the whole disk is 25 msec, and
the data rate is 1.2 GBytes/sec or 600,000 bit-planes/sec. This last figure is particularly important
in view of the application in which the disk system will be used where optoelectronic correlations
are computed on the disk bit-planes.
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2.7. System modifications for 1-D data patterns

The OptoElectronic Associative Memory (OEAM) system as described in this project
assumes that the parallel readout optical disk system outputs 2-D bit planes. However, the entire
OEAM system design is still valid if the disk output consists of 1-D data patterns. In the case of 1-
D outputs, the design and layout of the OEIC is simplified and becomes much cheaper than the 2-D
case (see below). Conceptually, there is no difference between the 1-D and 2-D cases for the
optical disk readout system, for the OEIC functionality, and for the overall system operation.
However, there are a few modifications to be made to the layout of the disk holograms, to the

optics of the disk system, and to the layout of the OEIC.

As illustrated in figure 20, the layout of the holograms will be different between the 1-D and
2-D case. In the 2-D output bit-plane case, the N 1-D holograms of a NxN output 2-D bit-plane
are laid out radially and shifted from one another until they span the entire radius of the disk active
surface. In the 1-D case, a single hologram is recorded for a given output 1-D bit-vector and the
radial extent of this hologram is the entire radius of the disk active surface.

AN N

2-D 1-D
N 1-D Holograms for 1 Hologram for N bit
NxN bit reconstructions reconstructions

Figure 20: Layout of the 1-D holograms on the optical disk for the 1-D bit-vector and the 2-D bit-
planes reconstructions.

In the 2-D output case, the user’s capacity (C) of a disk, i.e. the number of NxN bit-planes
that can be stored on one disk surface, is:

c=_C17
KN

28



where Cr is the disk's total raw capacity and where K is the ratio between the space bandwidth
product of one 1-D hologram and the space bandwidth product of its corresponding 1-D
reconstruction (e.g. one column of the 2-D output bit-plane). If, for example, a hologram space-
bandwidth product of 4096 bits is used to reconstruct a 128 bit column (K=32), the user’s capacity
of a 5.25” disk is approximately 14,300 bit-planes of 128 x 128 bits each. '

In the 1-D output case, the user’s capacity is expressed as:

_Cr
- KN

where Cr is the disk's total raw capacity and where K is the ratio between the space bandwidth
product of the 1-D hologram on the disk and the space bandwidth product of its 1-D bit-vector
reconstruction. If a hologram of 35,000 bits (2x17,500, where 17,500 is the number of tracks on
the disk active surface) is used to reconstruct a 1024 bit-vector (K=34), the user’s capacity of a
5.25” disk is approximately 190,000 bit-vectors of 1024 bits each. Note that in the two numeric
cases given above the values of K are similar; both will lead to the exact same contrast ratios in the
output reconstructions. This particular value of K ensures that the system (and more specifically
the OEIC detectors) will be able to function at 500 KHz which corresponds to a rotation speed of
the disk of 2000 rpms. |

17 1 Foooos
tlyfely) L=

\

Figure 21: schematics of the OEIC layout in the 2-D H-tree case on the left vs. the 1-D linear tree
case on the right. The squares at the leaves of the trees represent the detector inputs to the chip and
the arrows represent the numeric output (Hamming distance) of the chip.

The most significant difference in the OEAM is that, in the 1-D case, the OEIC layout will not
use a fan in H-Tree structure, but it will use instead a linear fan-in tree with detectors at each leaf of
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the tree, as illustrated in figure 21. In both cases, the detector units, XNOR units, fan-in and
comparator units will be exactly the same; only their location on the silicon die will be different.
Note that in the 1-D case, the VLSI layout operation will be simplified by the fact that all the
automatic tools (auto-router interconnect checking,...) can be used (which is not the case for the
2-D OEIC). Also, the 1-D OEIC fabrication should lead better yields. For all these reasons, the
fabrication of 1-D OEICs should be less expensive than 2-D chips.

2.8. System performance and choice of approach (1-D vs. 2-D)

The decision to adopt a 1-D or a 2-D system will be taken depending on what effects the
actual sizes of the database, of each record in the database, and of the queries have on the layout of
the optoelectronic circuit and the OEAM performance and cost.

For example let us assume the following numbers:
* Query size: 128 bits (note: 128=16x8)
« Record size: 1024 bits (note: 1024=32x32)

« The database to be stored is mainly textual (ASCII characters) although some of the
data can be arbitrary (digital) if known ahead of time since this influences the query
management in the system. The database total size does not exceed 300 Mbits.

2.8.1. 1-Dcase

For bit-vector reconstructions of 1024 bits and assuming a factor K=34, a hologram of
35,000 bits (2x17,500, where 17,500 is the number of tracks on the disk active surface) is needed;
the user’s capacity of a 5.25” disk is then approximately 190,000 bit-veciors of 1024 bits each.
This corresponds to a capacity of 24 MBytes. Assuming a rotation speed of 2400 rpms, this leads
to a data rate of almost 1 Gbyte/sec (960 Mbytes/sec) for the disk system. In this case, the detector
units of the OEIC will have to operate at 10 MHz since successive bit-vectors will be read every

0.13 psec.

2.8.2, 2-Dcase

For bit-plane reconstructions of 32x32 bits and assuming a factor K=32, a hologram of 1024
bits (512x2) bits is needed for each column of the bit-plane. The user’s capacity is then
approximately 200,000 bit-planes of 32x32 bits which corresponds to 26 MBytes. Assuming a
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rotation speed of 2400 rpms, this leads to a data rate of a little over 1 Gbyte/sec (1.04 GBytes/sec)
for the disk system. In this case, the detector units of the OEIC will have to operate at 10 MHz
since successive bit-planes will be read every 0.12 psec.

2 hoice of approach and comparison

According to the number from the 2 previous sections, both 1-D bit-vector and 2-D bit-plane
systems are viable. A detailed analysis of the trade-offs will determine which system is the best
suited (including system cost factors). However, a first level of analysis leads to the preliminary
conclusion that the most economical system is the 1-D system while the most performant (although
very slightly) in terms of system speed and capacity, is the 2-D version.

3. Dis] l imental I

A scaled-down version of the system utilizing commercially available plastic substrate 5.25”
WORM disks has been implemented. It reads out 2-D bit-planes at a maximum rotation speed of
30 rpm. The disks complete characteristics can be found in 10, Holograms were recorded on the
disks using an OHMT-300 optical disk recorder 11. Figures 22 shows the actual experimental
system.

Figure 22: Experimental set-up

The different components of this experimental system include (from left to right on figure 22): the
collimation optics, illumination cylindrical lens, the disk and its rotation stage, the hybrid lens,
and, in the output plane, a CCD camera. Figure 23 pictures some of the holograms recorded at the
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center of the disk active area where the radial shift of adjacent holograms of the same bit-plane can
be observed.
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Figure 23: The holograms stored on the disk

Typical output bit-planes can be seen in figure 24 for both 16x16 and 128x128 bit-planes. For all
the bit-planes recorded on the disk there is actually an additional bt that is reconstructed outside the
16x16 or 128x128 area. It is used as a clock bit and will allow synchronization of the successive
bit plane read from the disk with the system that will process the data in the output. In order to
improve the quality of the reconstructed bit-planes, another component was added to this
experimental system. A slit, with an-estimated aperture of about 100 um, was placed 3 to 4 mm
above the disk surface. This was used to eliminate the optical aberrations and intensity non-
uniformities of the illumination line on the disk due to the illumination cylindrical lens. The disk
was then rotated at low speeds (up to 30 rpm) and experimental measurements were performed
(see figure 25). These measurements were effected by replacing the CCD camera in the output
plane with a single photodetector whose spatial location can be varied to look at various bits in the
output bit plane. The upper part of the plot in figure 25 shows the optical power vs. time
measurements as the detector is located at the clock bit, outside the data field. The lower part of the
plot shows the recorded data as the detector is located at the (5,5) bit in a 16x16 bit-plane. It can
be seen that with the appropriate threshold (T), the expected 10110001 bit sequence can be detected
as the data is synchronized with the clock. At such speeds the behavior of the system was exactly
as expected and no measurable effects due to eccentricity or wobble could be detected.
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Figure 24: A typical 16x16 and 128x128 output bit-plane
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Figure 25: Data signals are detected at the times indicated by the tick marks which correspond to
the detected clock signals. A possible binary data threshold value (T) is shown and in this case the
detected bit string is 10110001. Note that data and clock measurements are at the same scale.
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4. Error coding studies

Pixels retrieved from optical memories are broadened both spatially and temporally in the readout
process. In high data density systems with high transfer rates, this broadening causes
reconstructed spots to overlap and become difficult to resolve. The concept behind PR precoding
is that the amount of broadening that a system causes is, for the most part, known a priori and can
be used to determine quite accurately how output spots will interfere in the reconstruction plane.
The PR algorithm uses the known broadening factor to precode the data in such a way that when
the reconstructed spots overlap in the detection plane, the consequent summing process creates the
desired data values. More precisely, it applies 1/P(f) (with respect to a particular residue class
ring, i.e., using modulo arithmetic) to the desired data, where P(f) is an approximation of the
transfer function of the system. Since data values in PR based systems are formed by overlapping
spots, these systems can tolerate reconstructed spots with wider main lobes than systems without
precoding. This allows them to use optical equalizers, i.e., filters that reduce crosstalk by
minimizing the tails of the reconstructed spots at the expense of creating wider main lobes.

4.1. System Model

Figure 26 depicts two equivalent models of the coherent imaging readout system upon which this
study is based. In figure 26a the behavior of the optical system is described by H(fx, fy) which

we assume to be rect{fy] rect/fy] in the spatial frequency domain. The point-spread-function, A-
o(%, ¥), is the Fourier transform of this, sinc(x)sinc(y). We call the distance from the origin to the
first zero of this particular function the half-width of a diffraction limited spot. The input data to
the system is described as a two-dimensional (2D) array of abutted rectangular pixels of size my x
my, in units of the half-width of a diffraction limited spot. The reconstruction of such an array

would be:

2 Z (a,.j *5(x—im,)O(x - jm, yxrect[x [ m Jrectly / m, ]) *h (x,y),

i

where {aj;} are the values of the individual pixels. In the mathematical derivations that follow, we
use H(fy, fy) » shown in figure 1b. In contrast to Hy(fy, fy), H(fy, fy) includes a frequency
description of the retrieved data pixels, mxmysinc(mxfx)sinc(myfy). With this notation, the

expression for a single reconstructed pixel (the impulse response of the system), which we call
h(x, y), is obtained by taking the inverse Fourier transform of H(fy, fy)-
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Figure 26: Equivalent system models of a coherent imaging readout system. H(f) (figure 26b)
includes a frequency description of the storage pixels, whereas Hy(f) (figure 26a) does not. In
our analysis, we use H(f) to describe the behavior of the optical system.

4.2. Parallel partial response precoding

For clarity, we first provide a theoretical description of PR precoding applied to one-dimensional
arrays, or strips, of data read in parallel from an optical memory, which we term 1D PR precoding.
We follow this with a description of the specific form of 1D PR precoding that was applied to the
rows of a 2D array of pixels. We then demonstrate how this theory can be extended to multiple
dimensions to compensate for the 2D-spatial and temporal broadening that occurs during readout.
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4.2.1, 1D Parallel parti n
4.2.1.1. Theory

Figure 27 depicts a hypothetical reconstructed pixel that has been broadened in the readout process.
The energy from this spot that falls on neighboring detectors causes intersymbol interference (ISI).
If not controlled, it will reduce the signal separation (the difference between a one and a zero) for
many bit patterns and hence increase the overall bit error rate of the system.

n ixel System Polynomial
p3 K-1
P2 .
Pl PD)= 2 py D

PK-1

PO
Il I N =N =Em =N =
m

X

Figure 27: Reconstructed pixel that has been broadened in the readout process such that it has
appreciable value over K detectors. This can be thought of as the impulse response of the readout
system. The values {py} are the values that the reconstructed pixel has over each of the K

detectors. With PR precoding, the behavior of the readout system is approximated by these
sampled values in the system polynomial.

With PR signaling, the behavior of a system is approximated with a series of delta functions whose
amplitudes, {pg¢}, correspond to the value that a single reconstructed spot, h(x, y), has at the

center of each of the detectors that it spans. This is referred to as a system polynomial. With 1D
PR signaling, this is described in one-dimension. The system polynomial of the reconstructed spot
in figure 27 would be

K-1
P(D)= X p,D*,
k=0

where D is a spatial shift operator. With non-generalized PR precoding, these sampled values are
approximated by integers with a greatest common devisor of one.12 By substituting exp(-
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Jj2nfmy) (the Fourier transform of a shifted delta function) for D in P(D), an approximation of the
transfer function of the system, H( f,)»canbe obtained:

K-1
A(f,)= X p op(-i2af m k)

m, is the center-to-center separation between pixels (and likewise detectors). The same D operator
can also be used to describe a data pattern, A(D), comprised of input pixels with values {a;}.

A(D)=Y aD'

Using P(D) to model the behavior of the readout process, the reconstruction of A(D) can be
approximated in the frequency domain by

A(D)P(D)|,

=ex'p(_j2#xmx ).

In PR precoding, the operator I/P(D) is applied to the recorded data so that when it is transformed
by P(D) in the readout process, the desired data sequence is obtained. More precisely, the inverse
filter is applied with respect to a particular residue class ring, i.e., using modulo arithmetic, with a
few restrictions (detailed in reference 12). Mathematically, the residue arithmetic makes the
realization of the inverse filter, 1/P(D), stable. From a systems point of view, applying
[1/P(D)]modN to a data sequence, as opposed to I/P(D), ensures that the elements in the precoded
data sequence (to be stored in the memory device) range from 0 to N-1 in value. For example,
using modulo 2 arithmetic guarantees a binary data sequence. It also prevents bit errors from
propagating.13 Because we precode with [1/P(D)]mpdN » We need [P(D)lmodN as opposed to
P(D) to be consistent with the modulo N math. The mod N element depicted in figure 28 performs
this function. In our implementation, this operation occurs naturally because the input pixels are

binary phase valued.
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PR Precoder Channel

Figure 28: With PR precoding, [1/P(D)]ModN is applied to a desired data sequence, A(D), where
P(D) is an approximation of the transfer function of the system. Upon readout the desired data is
obtained.

4.2.1.2. 1D (1+D)PR precoding: an example

In this study we consider a particular form of parallel 1D PR precoding that we term 1D (1+D) PR
precoding. It is used in systems that have impulse responses that can be modeled with a ( 1+Dy)
system polynomial, where reconstructed pixels span approximately two detectors in the x-direction
and one in the y direction. Here we apply it to the rows of a 2D array. It has previously been
applied to 1D arrays read out in isolation.}4 We further assume that input pixels are abutted and
are +1 or -1 in value (which could be accomplished with phase modulation).

When abutted data pixels are broadened by a factor of two, each reconstructed spot overlaps two
other spots, one on either side. With 1D (1+D) PR precoding, a data value is formed at the
location of each of these overlaps. Figure 29 shows the two different ways that ONE and ZERO
values can be created at the detection plane by the coherent interference of two unit amplitude
pixels. A ZERO value is formed when a +1 and a -1 output spot overlap and cancel. Similarly, a
ONE value is formed by the overlap of two +1 valued or two -1 valued output spots, the two being
equivalent in intensity. Detection of these PR precoded signals takes place halfway between the
peaks of the two reconstructed spots used to create each data value, where the overlap is most

significant.
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Figure 29: Formation of ONE and ZERO values with 1D (1+D) PR precoding assuming +1 and -1
valued input pixels. Detected values are created by the coherent summing of adjacent overlapping
reconstructed pixels. Note that the two complex amplitude values that a ONE can have are

equivalent in intensity.
input @ XOR - 19 +1 output
0o -1
D translator
(1+D) PR precoder

Figure 30: 1D (1+D) PR precoder and translator. The precoder recursively performs
[1/P(D)]Mod2. The translator eliminates the need for multi-valued detection.

The 1D (14D) PR precoder (depicted in figure 30) recursively performs [1/(1+D)]poq2- In our

implementation, we translate the Os generated into -1s. A step-by-step description of the overall
precoding process is as follows (see figure 31): The first bit in the precoded word is arbitrarily
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chosen to be a +1 or -1. This bit is the "extra" bit. Each following bit in the precoded word is
determined by looking at the desired output value and the most recently encoded bit. If an output
value of ONE is desired, the most recent bit in the precoded sequence is repeated. If the desired
output value had instead been ZERO, the precoded value would be opposite in sign to the most
recently encoded one, ensuring that the proper cancellation takes place. Note that after the first bit,
there is a one-to-one correspondence between desired bits and precoded bits, thus only one
additional bit is needed for each row of a 2D array.

Desired Output Sequence:

1 0 1 o 0 1 0
C

14D PR Precoded Sequence:

‘,mlymeexnbit
+ "+l |1 1)+l .1,.1m—

Complex Amplitude in Reconstructi on:

Intensity Dist rbution in Reconstruction:

JAVAWAWS

Figure 31: 1D (1+D) PR precoding example. Note that only one extra bit is needed for an
arbitrarily long data word.

4.2.2. Extension of PR precoding to multiple dimensions

4.2.2.1. Theory

PR precoding can be extended to multiple dimensions to compensate for 2D spatial and temporal
data broadening. Figure 32 shows a reconstructed spot that has been broadened in two-
dimensions together with the positions on the spot that would be sampled in the detection process.
This broadening might occur in a 2D spatially bandlimited system where 2D arrays of information

are read out in parallel. It could also occur in a system where 1D arrays are read out in rapid
succession and overlap in time. We introduce two shift operators, Dy and Dy, to describe this 2D
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broadening. With this notation, the system polynomial for the reconstructed spot in figure 7 can be
written as (1+Dx)(1+Dy).

Side view Areal view my
o ® & o ® ome
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Figure 32: A reconstructed spot that has been broadened in two dimensions. This may be
described by a (1+Dy)(1+Dy) system polynomial.

®

®

[ ]

@

<>
g
<

Multi-dimensional PR precoding also involves applying [1/P(D)]ppo4N to the desired data. To
accomplish this, the 2D array to be precoded can be thought of as a 1D array, precoded as such and
then returned to its 2D format. In a system with M pixels in a precoded row (one more than in the
original array), such as that shown in figure 33, a 2D system polynomial would be made into a 1D
polynomial by substituting DM for Dy,.

1 ]+1 -1 141 ]-11-17]-11]+1 h(x)

+1 -1 1141 |+1}-1

JIN ST\

M+i | MH+1

i i+l

Figure 33: A two-dimensional system polynomial can be converted into a 1D polynomial by
substituting DM for Dy, where M is the number of pixels in the precoded row.

41




With 3D PR precoding, an additional operator D is necessary to express the system polynomial.
This system polynomial can also be converted to a 1D representation by substituting DM for Dy
and DML for D,, where M is again the number of pixels in a row and L is the number of rows.

4.2.2.2. 2D (1+D) PR precoding: an example of multi-dimensional PR precoding

In this paper, we consider the performance of (I+Dy)(I+Dy) PR precoding applied to a system
with binary phase pixels that experiences 2D spatial broadening. We term this 2D (1+D) PR
precoding. With this form of precoding, a data value is formed at the center of the overlap of four
broadened reconstructed pixels. Figure 9 illustrates the different ways that data values are formed
at detection plane, assuming a [1/((1+Dx)(1+Dy))]Mod2 precoder. (The four contributing pixels
can be in any order.) This particular implementation of 2D PR precoding generates tri-level output
values. We refer to these detected values as ZERO, ONE and TWO. Following detection; aTWO
would be translated to a ZERO. Mathematically, this translation is the Mod 2 operation mentioned
previously and shown in figure 34. Alternatively, multi-valued output could be eliminated by
encoding with +1 and +2 valued storage pixels.

Existing Precoded Bits Desired Valee Needed Valie Amplitude Intensity
+1 ZERO B! - 0 - 0 "ZERO"
+1] -1 ONE +1 —— +2 —p»— 4 "ONE"
+ ZERO 1| 0 - 0 "ZERO"
1] ONE 1 o 2 - 4 “ONE"
+1 ZERO +1 S +4 - 16 "TWO"
+1 |+ ONE -1 - +2 ~P= 4 "ONE"
1 ZERO -1 - 4 B 16 "TWO"
s ONE sw| = 2 - 4 "ONE

Figure 34: With 2D (14D) PR precoding, detected values are created by the coherent summing of
four adjacent overlapping reconstructed pixels. Three output levels are generated: ZERO, ONE
and TWO. Following detection, a TWO is translated to a ZERO. :
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Desired Binary Sequence

.. lo
(L-1) bits l
9

L bits

+1 | +1

M bits

Figure 35: 2D (14D) PR precoding example. Using the encoding table in figure 34, a 2D array of
(L-1) x (M-1) bits is precoded using L x M bits.

To precode, one starts off with two arbitrary orthogonal strips which might be arranged in an "L"
or cross shape. These are the "extra" bits. A square array with N2 bits requires 2N+1 extra bits.
A precoded value is determined by looking at the desired output bit and three already precoded bits,
shown in figure 35. This precoding process takes O(N) time if done on a diagonal.

2D PR precoding generates tri-valued output values, while 1D PR precoding produces binary
values. Since 2D PR precoding produces an additional output level, one would expect the 2D PR
signal separation (in this case, the difference between a ONE and a ZERO or between a TWO and a
ONE) to be less than that for 1D PR precoding for the same input energy. This is indeed the case.
However, 2D PR precoding obtains more information about the plane being retrieved; for example,
certain output patterns, such as 212, are impossible, and this can be used to detect errors.

4.3. Equalizers

The reconstructed spots produced by a coherent imaging system, sampled at the centers of
detectors are not exactly described by either a (1+Dy) ora (1+Dy)(1 +Dy) system polynomial.
While the main lobes of these spots can be described by a (1+D) polynomial, the sampled values of
the tails of these spots are non-zero. To improve signal quality, filters, referred to as equalizers,
are frequently used in serial communication systems to reshape the overall transfer function of the
system and hence the shape of the received data pulse. They can also be used for noise
suppression, but this is not considered here. In this study, optimal equalizers for both 1D and 2D
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PR precoding are determined by extending the work of Barbosal® on the characterization of so-
called minimum noise PR channels. The result of this analysis is a frequency description of a 2D
zero forcing equalizer (ZFE), which can be realized as an apodizer in the Fourier plane of an optical
system.

The overall transfer function of a system can be changed from H(fx, fy) to P(fx, fy) by using an

equalizer described by G(fx, fy), where P(fx, fy), = G(fx, fy) H(fx, fy)- A reconstructed spot,
p(x, y), in such a system would be the Fourier transform of P(fy, fy ), and the sample values that

this spot would have at centers of the detectors in the detection plane would be p(kmy, Zmy ) for k
and £ =0, £1, £2... . This can be expressed as:

p(km,, Zm,)= J J‘ P( far f,) ¢ Iyt ) g d,

and then rewritten as:

1 1

2m, 2m, .,

- 1 -_]_,r=—eot=-ao X my
2m, 2m,
View along x-axis Areal view
Q ® o ® ® @ one
imy ® ZCro
o [ ] ® [ ] [ ]
o o ®® o o
& &
4 < ® [ ] ® [ ] [ ]
Poo
my
[ J ® ® ® ®
<>
my

Figure 36a: Portion of a 2D target for a system not using PR precoding.
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Figure 36b: Portion of a 2D PR target for a system using 1D (1+D) PR precoding. This would be
represented with a (1+Dy) system polynomial.

For systems that use PR precoding, as well as systéms that do not, there exists a set of ideal
sample values {p,,} that will prevent intersymbol interference (IST) if one detects by sampling. An

array of shifted delta function with these sample values is referred to as a target. Portions of
targets (which ideally are infinite) are depicted in figure 36 a and b.

In our analysis, we approximate the detection process with sampling and choose G(fy fy) so that

the sample values that are formed at the centers of detectors in the reconstruction plane at positions
(kmy, émy) are equal to the set of ideal sample values, {j,,}. For a system to achieve this, the
frequency description of the readout system must equal the double summation term in the Fourier
integral below.

ny
pkl = mxmy I
N

any

Equating the last 2 equations yields the condition that P(fy, fy), and hence G(fy, fy), must satisfy
in order to achieve the target described by {,,} and preclude ISL

1 5 t s tidmigm,f,+mf, 1, 1
R A

m.m

xy s 1 ¥

In this study, we focus our attention on, minimum bandwidth channels, systems where my = my

= 1, the spatial Nyquist rate. For minimum bandwidth systems, only one term on the left-hand-
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side of this last equation exists, and consequently, there is a unique solution for P(fy, fy) and
G(fx, fy). Table 1 lists the non-zero ideal sample values {p,} and corresponding channel
functions, P(fy, fy ), for minimum bandwidth systems using no precoding and PR precoding, as
well as the 2D ZFEs, G(fy, fy), that would be necessary in coherent imaging readout systems.

Encoding non-zero p,, values P(fxfy) Equalizer
no precoding 1‘500 =1 rect[f ]rect[fy] rect[fx]rect[fy]
sin c(fx)sinc(fy)
1D (14D) Precoding Poo =Py =1 cos(ﬂfx)rect[fy] cos(ﬁx)rect[fy] %
sinc(fx)sinc(fy)
2D (1+D) Precoding Boo = Py = Po1 = P11 =1 cos(nf , Jcos(nf.) cos(nf ) cos(f ) *
sinc(fx)sinc(fy)

* A phase term has been omitted. This is compensated for by detecting between the centers of
reconstructed pixels

Table 1: Targets and their corresponding optimal transfer functions for 2D PR and non-PR
minimum bandwidth systems are uniquely determined from equation 9. In coherent imaging
systems, the equalizers listed would be used to achieve the transfer functions.

In deriving the ZFEs, it was assumed that detection is accomplished by sampling. In optical
systems, however, detection involves integrating intensity over finite areas in the reconstruction
plane. We quote a well known theorem frequently used in conjunction with PR signaling

(substituting our notation):

If P(f) and its first K-1 derivatives are continuous and the Kth derivative is discontinuous, [p(x)/

decays asymptotically as 1 I/x/K+1

The optimal transfer function, P(fy, fy), which can be generated with a ZFE without precoding has
discontinuities at both Ifyl = 1/2 and Ifyl = 1/2. Thus, while it produces reconstructed spots that
are zero valued at the centers of neighboring detectors, the tails of these spots only decay as I/x

along the x-axis. In contrast, the optimal transfer functions for PR precoding go to zero in at least
one direction, eliminating first order discontinuities at lfyl = 1/2 for 1D PR precoding and

additionally at fyl= 1/2 for 2D PR. Their reconstructed spots, according to the theorem, decay as
1/x2 along the x-axis and additionally ! /y2 along the y-axis for 2D PR. These decaying terms
would suggest better performance in systems with large detection areas, which would be desirable
in terms of light efficiency. While the ZFEs for PR based systems reduce tails of reconstructed
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spots, they do so at the expense of creating wider main lobes. Since detected values in these
systems are formed by the overlap of reconstructed spots, they can tolerate these wider main lobes.
Systems not using PR precoding would have to have a reduced data density to use tail reducing
filters.

4.4. Simulation results

The performance of 1D and 2D (1+D) PR precoding with and without equalizers was simulated
and compared to that obtainable with simple imaging (no precoding). With the PR precoding we
use +1 and -1 valued input pixels, whereas with simple imaging we use 1 and 0 valued storage
values. We further assume a minimum bandwidth system that retrieves a 2D array of rectangular
abutted pixels. We use worst case signal separation (SS,,.) as a performance metric in our

simulations. Memory systems are typically evaluated in terms of their worst case probability of
error which for many noise distributions is a function of this. We define §S,,, as the difference
between the lowest detected ONE and the highest detected ZERO for a given input intensity. The
difference between the lowest TWO and the highest ONE for 2D PR precoding was always greater
than this and was not used in this metric. The equalizers/apodizers considered in this study were
implemented by sampling the equalizer equations (21 times in each direction), quantizing these
values (with approximately 200 gray levels) and area encoding this binary amplitude pattern onto a
mask. The simulations take into account the quantization of the filters and the loss due to

absorption.
Encoding Equalizer Simulated SSy¢ Simulated SSy¢
Sampled detection Oversampling for
detection
no precoding no equalizer .352 2.04
1D (14D) precoding no equalizer <0 not simulated
1D (1+D) precoding ZFE equalizer .444 3.83
2D (1+D) precoding no equalizer <0 not simulated
2D (1+D) precoding ZFE equalizer .25 not simulated

Table 2: Simulated SSy,c for two-dimensional minimum bandwidth systems with and without
equalizers. Without equalizers certain PR precoded data patterns cannot be resolved.

Oversampling is used to mimic integration over an area. 1D PR precoding shows improved
performance when finite detector size is taken into account.
Table 2 shows the simulated SS,,, for simple imaging and the two different forms of precoding
with and without ZFEs. In these simulations, the shape of each pixel is described by
rect{x]rect[y], in units of the half-width of a diffraction limited spot, and that unit input intensity is
used. Detection is accomplished by sampling. All apodizers and apertures are bandlimited with
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Ifl and Ifyl<1/2, except for the apertures for the non-equalized PR precoded data. As described in
reference 4, a slight reduction in bandwidth in the PR precoding direction increases spot
broadening and leads to improved data values.

Without equalizers certain data patterns cannot be resolved with 1D and 2D PR precoding. With an
equalizer sampled 1D PR precoding achieves a 26% improvement in SS,,,c over simple imaging.

2D PR precoding achieves practically an infinite worst case contrast ratio. However, its sampled
SSwe is less than that for both simple imaging and equalized 1D PR. This illustrates the
limitations of using worst case contrast ratio to evaluate the performance of a recording code. We
also ran simulations to determine the performance of equalized 1D PR and simple imaging with
larger detectors. In these simulations, we mimicked integration by sampling a reconstructed spot
nine times (three times in each direction, with sample points a distance of .2 pixel widths apart) and
summing these values. These results are also included in table 2. Close to a factor of two
improvement in S, is obtained for equalized 1D PR based systems by approximating
integration with oversampling.

4.5. Experimental results

The performance of PR precoding, with and without equalizers, was compared to simple imaging
(no precoding) experimentally. The test patterns that were used for both the precoded data and the
non-precoded data consisted of 42x49urn2 pixels arranged in a 2D array. A binary pattern was
surface etched into a glass plate to obtain the +1, -1 values necessary for the PR precoded data, and
a binary amplitude pattern was used to obtain the 1 and 0 values for the non-precoded data. The
apodizers and apertures, also rectangular, were implemented as a binary pattern on a chrome plate
and placed in the Fourier plane of a one-to-one telecentric imaging system. The input data patterns
were imaged though the systems onto a CCD camera (with rectangular pixels). In order to study
the effects of detector size, the pixels in the input array were chosen to occupy a 5x5 array of pixels
on the CCD array. We say a detector is of size .2 when our detection was based on the center
value of this 5x5 array, and that it is .6 in size when we used a 3x3 array. Data patterns could not
be resolved for any encoding under test when a 5x5 detection area was used.

We express our results in terms of normalized average worst case signal separation, <SSyc>.
<SS > is the average of the worst case experimentally measured ONEs minus the average of the
worst case measured ZEROs. This value is normalized by the average SSy,c that was measured

for simple imaging in a minimum bandwidth system with .2 sized detectors. <SSyc> was
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determined by first verifying that the data patterns predicted to yield the worst ZEROs and ONEs
by simulation also produced the worst data values experimentally. Since there are so many
possible data patterns, we were unable to experimentally check all possible data patterns, but did
this verification to the best of our ability. These experimental results were then averaged,
appropriately subtracted, and the final result was normalized as indicated above.

Encoding Equalizer Simulated | Simulated $S.,c Expe'ﬂemal Experimental
SSwe with <SSwc> < SSwe>
sampling oversampling detector = .2 detector = .6
no precoding no equalizer 1.00 5.16 1.00 +.06 5.39 + .51

1D (1+D) precoding | no equalizer <0 not simulated <0 <0
1D (1+D) precoding | ZFE equalizer 1.26 9.69 1.98 +.06 12.7 £.50
2D (1+D) precoding | no equalizer <0 not simulated <0 <0
2D (1+D) precoding | ZFE equalizer 710 not simulated 423 + .05 1.74 + .44

Table 3: Normalized experimental <55, > and simulated S5, for two-dimensional minimum .

bandwidth systems. A factor of two improvement in <SS, > is achieved with equalized 1D PR
precoding over a system with simple imaging.

Table 3 shows the experimentally measured <55, > values for different detector sizes together
with simulated S8y (5SS, normalized by SS,, for sampled minimum bandwidth simple
imaging). Experimentally, we measured a factor of two improvement in < SSwe > for equalized 1D
PR. Further gains were made by using larger detectors, since the equalizers used had tail reducing
properties. The <SS, > values for equalized 1D PR were higher than our simulations predicted.
Approximating integration with finer sampling in our simulation might reduce this discrepancy.
The results obtained for 2D PR precoding were much lower than we expected. Experimentally, it
was quite difficult to align the worst case ONE and ZERO producing patterns to the CCD in this
portion of the experiment. We suspect that misalignment could have contributed to these reduced
values. When we modeled the behavior of the system, we did not include a model of the CCD
readout. This potentially explains the disagreement between our simulated and experimental
results. We also did not anti-reflection coat our apodizers, apertures or input planes; Fresnel
reflections were noticed which may also have skewed the results.

4.6. Summary
We have presented a precoding methodology for parallel readout optical memory systems that
improves signal separation with little coding overhead. We have also developed expressions for

2D zero-forcing-equalizers that can be realized as apodizers in the Fourier plane of PR and non-PR
based optical systems. A factor of two improvement in worst case signal separation over a system
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with simple imaging was achieved using 1D (1+D) PR precoding with binary phase valued pixels
and a 2D optical ZFE . Our current efforts involve applying techniques related to those presented
here to parallel readout memory systems with binary amplitude valued input pixels and to
incoherent systems as well as considering the effects of noise.

S. Optoelectroni iati

There has been considerable interest over the past two decades in the ability to achieve recall of an
item stored in a memory device based on a partial query, namely an associative memory 16. The
characteristic that distinguishes an associative memory is its ability to recall the correct output
pattern even when the input is distorted or incomplete. Similarly, a Content Addressable Memory
(CAM) produces the address of the desired output pattern when an input query is presented. If
used in conjunction with a conventional memory device, a CAM also achieves associative recall,
since the data can be retrieved in the memory after the CAM computes the address. The key
performance measures for a hardware implementation of an associative memory or a CAM are its
capacity (number of stored bitsj and its search rate (bit-operations/sec). In general, both the
capacity and the search rate are limited by the particular technology used for storage and processing
and by the choice of the search algorithm.

For purely electronic CAM implementations, there exists a trade-off between the storage capacity
and the maximum search rate. While high speed, pipelined VLSI chips (109 bit-ops/sec) have been
demonstrated 17:18.19, their capacity is severely limited (10-20 Kbit) since all memory resides on-
chip. This fact combined with the limited pin-out available on the VLSI chip creates a performance
bottleneck for associative memory applications since the serial (or semi-parallel) electronic 1/O
subsystem forces the processing units to wait for new data from the memory. Here, we describe
an optoelectronic associative memory system that removes this limitation and achieves high
bandwidth and high capacity by using a parallel accessed optical memory and a custom designed
Optoelectronic Integrated Circuit (OEIC) with parallel optical inputs.

The CAM system presently being developed at UCSD 20 (more details on this can be found in the
final technical report RL-TR-93-18, March 1993), consists of an optical storage device (e.g. the
motionless-head parallel readout optical disk), a photo-detector array, a silicon OEIC with fast local
Exclusive-Nor (XNOR) circuitry and summation circuitry (figure 17), and a fast local electronic
decision circuit. In this configuration, both the OEIC and the photo-detector array receive a copy
of the bit-plane read from the disk since one of the properties of amplitude Fourier Transform

50




CGHs is that the desired image and its conjugate are reconstructed simultaneously at two different
spatial locations (+1 and -1 order). The system operation is based on the page-serial, bit-parallel
search method (i.e. it is a template matching network). A 2-D query from the host computer is
electronically loaded onto the OEIC. The query is then compared via parallel bitwise XNOR
operations to all the binary bit-planes read sequentially from the optical disk. For each bit-plane
read from the disk, the outputs of all the XNOR gates are then summed in the OEIC. This sum
represents the similarity between the query and the disk bit-plane currently being read; which is a
measure of how well they match. It is then fed into the decision circuit which controls the data
flow between the photo-detector array and the host computer.

Opto-electronic
XNOR Gate
Array

Decision
circuit

Parallel HOST
Disk Processor

Photodetector
Array

Figure 37: Associative memory system design

When built, the system will support several modes of operation. In the first mode, a threshold
value is pre-selected. This is equivalent to asking the system to find all the bit-planes on the disk
that satisfy a certain matching criterion. All stored bit-planes for which the Hamming distance with
the query is above the threshold; i.e. that are sufficiently close to the query, are then retrieved by
the host computer via the photo-detector array. Similarly, the system can also be used to perform
classification operations without actually having to retrieve any bit-planes from the disk via the
photo-detector array. In this case, the query is compared to all the bit-planes on the disk and the
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output is simply a boolean value with an optional convergence accuracy value that states whether or
not one or several matches to the query were found on the disk. The last mode of operation finds
the best match between the query and the disk bit-planes. On the first rotation, the matching value
detected for each bit-plane is input to the decision circuit and the maximum (best) value is stored.
The best match is therefore identified and can be retrieved on the subsequent rotation. Since the
system cycles through all the bit-planes on the disk sequentially in the order they were stored, it
simply keeps track of them by using a counter.

The XNOR logic circuits produce a high output only when a local bit-match occurs, i.e. when one
bit from the query and the corresponding bit from the stored bit-plane are identical. The outputs of
the XNOR cells need then to be added together in the summation circuit. Both optical and
electronic technologies provide solutions to do this. The summation could be done optically by
placing a light transmitter at the output of each XNOR cell. A single lens can then be used to
collect all the optical signals out of these transmitter and fan them in on a single photodetector.
This optical solution potentially provides the fastest systems but has been abandoned because of
the requirements on the dynamic range of the fan-in detector and the resulting loss in resolution;
- where resolution is defined as the smallest number of bits distinguishable between the query and an
input bit-plane. Alternatively, an electronic summation circuit can provide very high resolutions
(up to one bit) and is the preferred solution since electronic circuits with clock speed of 100 MHz
are now available and would not slow down the overall operation of the complete system.

moryv_integrated circui

The OEIC consists of an array (128 x 128) of unit cells, each having a light detector and local
Silicon circuitry that performs the Exclusive-nor function. Each unit cell receives three inputs as
well as control information. The query bit is electronically loaded from the host computer. The
corresponding bit from the stored binary images arrive from the disk at the detector. The third
input is a clock obtained from the disk that signals when a complete image is under observation.
For high-speed disk systems, this clock can be distributed to the leaf units with low skew, using
an H-tree clock structure 21, The detector circuits of the optoelectronic XNOR gate array can be
designed to provide large noise margins for the detected input bits. Thus the system can operate
with images having low contrast ratios. The XNOR logic circuits produce a high output only
when a bit-match occurs. The contrast ratios achievable with the disk holograms can therefore be
tolerated since each detector circuit restores logic levels. The outputs of the unit cells are then
summed electronically using a tree fan-in structure. Each fan-in unit adds the inputs it receives and
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sends the result down the tree. The Hamming distance between the query image and a stored
image is obtained in LogkN levels where k is the fan-in per level. The output of the final stage is
fed to a decision/threshold circuit that determines the best matching image. The tree-based
operations are performed in an asynchronous manner in order to increase the system throughput.
The sum bits of the full-adders at level 1 are sent down the tree as soon as they are available so that
further processing at subsequent levels may begin. Note that more than one image-query result
may be in the pipeline at any given moment. The delay of an image-query result is thus O[LogN]
as opposed to O[Log2N] for bit-serial adders.

Search operations can also be performed on sub-images by incorporating additional thresholding
circuitry at the fan-in nodes. The size of the subfield to be searched can be varied by enabling the
fan-in units at the appropriate level of the tree to perform thresholding. For example, a threshold
can be used in level 3 to recognize a particular 4 x 4 image, using k = 4. In this case the fan-in
nodes in earlier stages are performing simple additions. But, if threshold units are used in level 2,
it becomes possible to search for a particular 2 x 2 image. In this case, fan-in units in higher levels
(after thresholding) can be used either to count the number of matched sub-images or to find the
best matching sub-image by addressing the individual fan-in nodes. Hence, it is possible to
dynamically vary the field size of the search operation.

An elementary fan-in unit consists of a simple adder. A fan-in unit at level 1 consists of a 2(1-1) bit
adder. If thresholding is required then it becomes necessary to load and store the value of the
threshold (6), and to have a comparator at the fan-in unit. The comparator at the fan-in and root
units can also be implemented using a tree-based design . The ability to determine the location of
_ the match is obtained by addressing the individual fan-in units. In addition, the ability to perform a
correlation between the disk images and the query is achieved by electronically shifting the disk
images between successive XNOR/summation operations. Therefore each fan-in unit is equipped
with a counter which increments its value after each successive shift. Note that the number of
shifts necessary is proportional to the size of the sub-image and is independent of the overall image
size. Matching operations on sub-images are performed concurrently, and the ability to wrap-
around is maintained when the image with the multiple copies of the query is kept stationary and
the image to be examined is shifted. When the matching image (of sub-image) shifts into place, the
threshold circuit produces a high output which then enables the counter to dump its current value
into a memory buffer which is then output to a decoder circuit. The address of the active fan-in
unit and the contents of the counter uniquely determine the size and position of the match. The
number of matches is determined by the number of active fan-in units. It should be noted that the
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size (area) of an individual fan-in unit grows (linearly) as one approaches the root of the tree, but
their number decreases (exponentially). For instance, for a 128x128 (16K) pixel OEIC, if the
minimum field size to be searched is 8x8 pixels, then a total of only 1024 (1K) fan-in units require
the added functionality described above. As discussed in the following section, the estimated
maximum performance of a full scale 128x128 OEIC is in excess of 101! bit-operations/second,
limited by the available optical power at the optical disk.

6.1. Optoelectronic test chip

We have decided to submit first a test chip to verify and validate the design of the prototype. This
test chip has one set of all the different functions to be implemented on the chip. This include the
leaf unit of the H-tree (with the photodetector, the S-RAM, and the XNOR gate), all the various
fan-in units at the different levels of the tree, and the sub-field and full-field comparators. It also
includes the circuits for the clock signal detection and broadcast, and the reset lines. The layout of

the test chip can be seen in figure 38.
The test chip contains the following circuits:

» Data detector and associated amplifier circuit

« 1 bit SRAM cell (for storing the query bits)

* XOR cell

« One through Eight bit adders

* 6-bit comparator

* 6-bit SRAM cell

« Clock detector and associated clock generation circuit
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Figure 38: Layout of the test chip
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All the circuits performed logically as expected up to 100 MHz speed. We also measured the
photodiode responsivity and the transistor I/V (see figure 39 a and b) curves which are within 10%
of the simulations.

MEASURED PMOS OUTPUT CHARACTERISTIC

PHOTO-DIODE RESPONSIVITY
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Figure 39: a) Photo-diode responsivity and b) Measured PMOS output characteristic

6.2. 8x8 optoelectronic associative memory chip
6.2.1. 1 ni¢ chip functionali

The OE associative memory chip processes 8x8 binary pixel images. The inputs to the chip are :
- Optical memory image coming from the rotating optical disk (data, clock, reset)
- Electronic query image,
- Threshold values for the subfield search regions (explained later in this section).

The outputs from the chip (for each optical memory image) are :
- The degree of matching (full-field) between the electronic query image and the optical

memory image (sum of local XNOR's),
- The result of the thresholding operation at each subfield.

Based on output 1, the off-chip processor can :
1- Find the addresses of the memory images which satisfy a threshold criteria (by

thresholding the sum outputs),
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2- Find the address of the memory image that best matches the query (by successively
comparing the sum outputs -note that time difference between the construction of images easily
allows such an off-chip process-).

Based on output 2, the off-chip processor can :

1- Find the addresses of the subfield images which satisfy a subthreshold criteria,

2- Find the address of the subfield image that best matches a subfield of the query (by
reducing the subfield threshold values starting from the highest ).

Initially, the input query image is electronically loaded into the first level units (leaf units) of the H-
tree. During the associative search, memory images stored in the optical disk are serially
reconstructed onto the OE chip. Each two dimensional optical input received by the chip is
converted into a matrix of electronic bits via fast light detectors and XORed bit-parallel with the
query image at the first level units of the H-tree (bitwise matching operation). The outputs of these
units are then summed by the higher levels (2 through 9) of the binary H-tree and compared to the
previously loaded threshold values at the 7th processing level units of the tree (thresholding
operation for the oth Jevel will be implemented off-chip). Thresholding operation included in the
7th level units allows the separation of the associative search into four concurrently working
subfields of 8x8 pixels. The results of the four subfield comparisons and the total sum (match
value) at the 9th level (root) unit are sent off-chip for further processing.

Proper construction of the memory images on the chip requires fine alignment of the chip with
respect to the optical disk. This can be achieved by using 4 light detectors at the 4 corners of the
8x8 chip for alignment. Alignment is ensured when all light detectors produce close enough output

intensities.

Note that the signal-to-noise ratio (SNR) of an optical image attains its maximum value at a specific
point in time and then decreases as the disk rotates. Therefore, for the full use of the time period
between the images with lowest possible optical power, the optical image should be thresholded
and latched at its highest SNR point in time. To sense a close enough moment to this point, an
additional light detector with a variable threshold is needed: when the intensity of the optical control
signal incident on this detector surpasses the threshold, an on-chip synchronization clock signal is
generated to latch the optical memory page. If needed, the threshold of this clock detector can be
programmed for each memory image .
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Furthermore, in order to properly interpret the addresses of the memory images, the host processor
must be able to isolate a full rotation of the disk. This necessitates an additional light detector that

is optically reset once per rotation.
2 ic level desi imulation
6.2.2.1. XNOR level (Level #1)

In this level, an optical (memory) bit is detected, converted into an electronic bit and XNORed with
the locally stored query bit. There is an additional inplit which is a DC signal called Vdet to control
the detectivity of the light detector. @ is the synchronization clock signal which latches the detector
outputs around the highest SNR point (generation of this signal is explained in section 2.4). Since
the time difference between the incoming optical images is relatively small (= 1 psec), the latched
bit can be stored dynamically on the input capacitance of a gate. The query bit, however, needs to
be stored during the entire search (period > 25msec) which requires either an SRAM cell or a
DRAM cell with periodic refresh. On the other hand, we will see that if the complement of one of
the inputs to the XNOR gate is also available, the design of the gate is greatly simplified. This
suggests the use of an SRAM cell where both the query bit and its complement are naturally stored.

Note that the detectors of the four XNOR units at the four comers of the chip is also used for
alignment. Some extra functionality is needed at these corner units : a control signal SA connects

the detector of the unit to an output pad for off-chip monitoring of the detector output during the
alignment. Once the alignment is completed, SA disconnects the detector from the large

capacitance of the off-chip medium for fast operation.
6.2.2.2. Summation levels

In a summation level, the outputs of the previous summation level units are parallel summed. The
first summation level consists of a simple half-adder whereas the higher levels necessitate full-
adders. We use the conventional half-adder design using an XOR and an AND (NAND+NOT)
gate. Based on the simple pass-transistor design of the XOR gate, our full-adder design uses two
XOR and three NAND gates. A kth level summation unit consists of one half-adder and k-2 full-

adders.
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Figure 40: 8x8 associative memory chip
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6.2.2.3. Summation and thresholding level

In this level units, the outputs of the previous summation level units are parallel summed and
compared to a preset threshold value. In addition to the summation logic, this level units contain a
6-bit SRAM memory to store the subfield search threshold value and a comparator to compare the
sum of the previous level outputs to the threshold. The logic design of our tree-based comparator
unit consists of 20 gates. The design is based solely on inverters and NOR gates.

6.2.2.4. Generation of the control signals

The optical clock bit OPg , which is high for each memory image (except the first one on the
disk), is detected and restored by the light detector L1. Similarly, the optical reset bit OP@reset is
generated and restored by the light detector 1.2 at the beginning (and therefore the end) of each full
disk rotation. A DC signal V¢]kdet is used to set the threshold of these detectors independent of
the XNOR-level detectors. A separate control signal, Vextclk , is used to electronically switch the
light detectors for testing purposes. The outputs of these two light detectors are ORed to generate
the on-chip latching signal @, and sent to the off-chip processor for synchronization.

hi rication

Due to the requirement of equal spacing between light detectors and compact H-tree fan-in, we
custom laid-out our OE associative memory chip. CADENCE layout tools were used. Figure 40
shows the picture of the layout of the entire chip. Several blocks of the processor including
XNOR units, fan-in/summation units and tree-based comparator units are clearly observed. The
H-tree fan-in as well as a subfield search region are also illustrated. On the root unit, we have
shown a typical half-adder and a full-adder. The 6-bit memory and the tree-based comparator are
seen. The chip has been fabricated through ORBIT using their 1.2 micron n-well process.

6.2.4, Chip testing

The chip has been fabricated by ORBIT and received by us. We started the testing by optically
testing the various optical inputs available on the chip. The set-up used for the testing is shown in
figure 41. A single spot generated from a Laser diode that can be modulated at speeds up to 10
Mhz is created on the chip. The spot can be moved around the chip in order to individually test the
detectors and their associated circuits.
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Figure 41: Test set-up for the associative memory chip
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Figure 42: Oscilloscope trace of a 2 MHz signal generated via the clock circuit
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The testing is monitored via a CCD camera to align the spot on the desired detector, an optical
power meter to measure the incident power on the chip, and an oscilloscope to read the electrical
signal generated by the chip. The sensitivity of the detectors was measured to be 4 UW at 1 MHz.
The clock generation circuit (see figure 42) was operated at 2 MHz and exhibited rise and fall time
in the order of 10 nsec, which indicates that it can run at or close to 100 MHz.

The testing also revealed one major mistake in the layout of the circuit. In order to avoid latch-up
due to some light reaching the chip outside the detector area, the active region around the
transistors has been extended. However, this created some local problems, since this
overextended active area happened to short circuit with some of the vias on the metal connections
on the chip. For this reason, the 8x8 chip can not be operated in a full system demo.

7. Summary

This Content Addressable Memory system achieves high digital accuracy and high throughput
associative search via the electronic tree-based fan-in structure of the OEIC. This enables the
system to be applied to a wide variety of database, low-level image processing and pattern
recognition tasks. When used in conjunction with the motionless-head parallel readout optical disk
system that stores approximately 15,000 bit-planes of 128x128 bits at 2400 rpm, the associative
memory system achieves a capacity of about 250 Mbits and a maximum processing speed of
600,000 bit-planes per second or 1011 bit-operations per second for 128x128 pixel bit-planes.
Note that there is no upper limit on the number of stored bit-planes, contrarily to other systems that
are restricted by the algorithm and accuracy (e.g. Hopfield models). If required, the capacity of the
system can be increased arbitrarily by using several optical storage devices (e.g. in a jukebox

fashion) without reducing the processing speed.
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