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ABSTRACT 

Volume holographic memory (VHM) systems are page-oriented optical data 

storage systems with a relatively large storage capacity, a high aggregate data 

transfer rate, and a fast access time as compared with other conventional mass 

data storage systems. In addition to the noise sources commonly present in a 

conventional communication channel, the VHM systems use a two-dimensional 

(2-D) data format and therefore suffers from 2-D electrical/optical hybrid noises. 

In this dissertation, we apply digital communication coding techniques to such a 

page-oriented optical memory system. 

To establish a coding performance baseline, we take an information theoretical 

perspective to study the design of 4F optical imaging systems, and the storage 

capacity of page-wise accessed VHM systems. In addition to the information-

based figure of merit, bit-error rate (BER) serves as a more practical data fidelity 

measure. A BER-based optical design and a constant BER recording schedule 

in VHM systems are shown to support the coding analyses based on the BER 

metric. 

We analyze the VHM storage capacity while applying Reed-Solomon error-

correction coding (ECC) and demonstrate that the use of the 2-D interleaving 

together with ECC results in a significant capacity improvement in the presence 

of systematic errors. In addition, soft-decision iterative decoding affords us a 2-D 

parallel decoding scheme that unifies the 2-D page equalization and decoding. A 

highly parallel decoder is discussed in the context of the 2-D low-pass channel 

mitigation and error correction. 
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In the last part of this dissertation, we consider hardware implementation 

issues in 2-D optical systems. We design two coding related components using 

the MOSIS Orbit 2 /xm n-well process to fabricate two CMOS VLSI chips. Power 

consumption and aerial scaling laws are discussed for each applications. 
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CHAPTER 1 

INTRODUCTION 

Volume holographic memory (VHM) systems are page-oriented optical data 

storage systems with a larger storage capacity, a higher data transfer rate, and 

a shorter access time in comparison with other conventional mass data storage 

systems. With the advancement in several key technologies such as spatial light 

modulators (SLM), charge-coupled device (CCD) cameras, and recording mate

rial preparation, the development of VHM systems has been strongly enhanced. 

The application of data coding and signal processing techniques then further im

proves the system performance. This dissertation describes our research efforts 

in coding applications for VHM systems. 

1.1 What Have We Done 

The first thing we do in this dissertation is to estimate the amount of user 

data that can be stored in a VHM system. In general, this answer depends on 

not only the system hardware specifications but also the way we use this memory 

channel. For example, the use of communication techniques such as channel 

equalization, modulation coding, and error-correction coding, etc., can improve 

the channel performance and result in a better storage capacity performance. 

Taking an information theoretic perspective in Chapter 2, we use a general system 

model to establish the storage capacity bound for a VHM system in addition to 

optical system design optimized from the information theory point of view. This 
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storage bound is an intrinsic system characteristic and is independent of coding 

techniques that might be applied, and, therefore, can serve as the performance 

baseline for our coding application study in VHM systems. 

Like any information theoretic solution, to achieve the VHM storage ca

pacity bound can require arbitrarily complex signal/image processing and cod

ing/decoding procedures. The rest of this dissertation is devoted to the coding 

application study in approaching this capacity bound. To characterize the per

formance of different coding techniques, we use the bit error rate (BER) measure 

as another system metric. From this BER point of view, in Chapter 3 we first 

identify a design merit function to optimize the VHM optical system, and study 

the capacity performance while applying Reed-Solomon error correction codes 

(ECC). In cooperation with the VHM group in the IBM Almaden research lab 

we experimentally demonstrated the use of constant-BER recording and the as

sociated capacity analyses in the IBM DEMON VHM system. 

The choice of a specific coding technique depends on the system noise char

acteristics, and blindly applying ECCs in a VHM system can not be expected to 

result in the best capacity performance. In Chapter 4 we use a specially designed 

two-dimensional (2-D) interleaver to improve the Reed-Solomon ECC capacity 

performance in a VHM system with spatially correlated errors. In Chapter 5, 

we include the VHM low-pass inter pixel interference and integrate ideas from 

array error correction codes, soft decision, iterative turbo decoding algorithm, 

and likelihood-based 2-D detection scheme to form our smart array decoding 

algorithm for the use in VHM systems. 
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Finally, three VLSI design examples are included in Chapter 6 to discuss the 

coding application complexity in general opto-electronic systems. Two VLSI chip-

s facilitating coding and smart detection were designed, fabricated, and tested. 

Scaling laws and design experiences from these two chips are used for the third 

chip design to realize our smart array decoding algorithm. 

To put our study in the context of current research activities, the rest of this 

chapter summarizes current coding applications in optical memories after a brief 

review of common VHM systems. 

1.2 Brief Review of Volume Holographic Memory Systems 

Volume holographic memories use photo-sensitive materials to record a three-

dimensional (3-D) interference profile between object and reference beams. A 

two-dimensional (2-D) data page modulating the wavefront of an object beam is 

recorded in the storage medium using a designated reference beam. Subsequent 

illumination of the appropriate reference beam can reconstruct any data page 

stored in the memory. Comparing with conventional memories, VHMs have a 

relatively large storage capacity, a high data transfer rate, and a short data 

access time.*^"^ 

Figure 1.1 plots storage capacity as a function of memory access time for many 

types of current memories.®'® The DRAM and SDRAM located in the lower left 

comer are appropriate for fast access cache memory applications while the upper 

right comer (magnetic tape media) is suitable for the archive data storage. We 

can see that the estimated VHM performance has higher storage capacity and 

possesses orders of magnitude faster data access time than current mass memory 
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Figure 1.1: Storage capacity versus access time for many of current memory 
systems. 

systems (e.^., hard drive, magneto-optic memory, CD-ROM, etc.). Figure 1.1 is 

useful for a technical comparison but not for a final marketing decision since the 

associated costs for different memory systems have not been taken into account. 

Technically speaking, VHM is a potential candidate for its high storage capacity 

with low a access latency. 

The idea of storing optical information in solids can be dated back to 1963 

when van Herrden predicted a 10^^ bits/cm^ storage density performance.^'® In 

order to build such a VHM system, it has taken decades of research across several 

disciplines including: (a) the holography technology and theory development®"^'' 

(b) an appropriate coherent light source (i.e., laser^®), (c) research of recording 

materials, (d) developments of peripheral devices, such as spatial light mod

ulators (SLM) and charge-coupled device (CCD) cameras to shape the object 
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and reference beams and to detect recalled data pages, respectively, and (e) the 

understanding of VHM system architectures.^"^ ̂ It is beyond the scope of this 

introductory section to detail each individual category, and the reader is referred 

to the nimierous references instead. The closest optical memory to current VHM 

systems came around 1974 when the RCA group built a 3-D holographic read-

write memory in which ten 10^ bit pages (100 Kbits capacity) were stored in a 

5x5x3 mm® iron-doped (0.05%) lithium niobate crystal with a binary contrast 

ratio of 20.''^ After two decades, up to the order of several gigabits (10® bits) 

data can be stored within 0.5 ~ 2 cm® materials with 10"'' to 10~® raw data bit 

error rate."*®"®^ In the remainder of this section, we briefly review contemporary 

VHM systems and introduce the system model used in this dissertation. 

A VHM system generally uses an SLM to encode and a CCD camera to read 

out data pages with close to 10® pixels per page. A variety of photo-sensitive ma

terials can be used as the storage media ranging from photorefractive crystals, 

photo-polymers,^®'^'' to bacterial gelatin.^® Most of these are photorefractive ma

terials where the photo-induced carriers migrate toward carrier traps resulting 

in an inhomogeneous space-charge distribution mimicking the light intensity dis

tribution. By virtue of the electro-optic effect, the internal local electric field 

induced from the space-charge distribution modiilates the refractive index of the 

material.®^'®® A great amount of material research has been performed for the 

detailed understanding of the recording mechanism in order to develop a better 

VHM system. 

VHM system architectures can be categorized in terms of (a) multipl^dng 

techniques, (b) storing transmission or reflection holograms, and (c) storing image 
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or Fourier holograms in the medium. Without going into a detailed analysis of 

the advantages of using each individual scheme, we briefly introduce each of the 

terms in the following: 

Multiplexing : Page multiplexing is referred to the method of recording several 

data pages in the same physical memory location. Taking advantage of the 

Bragg selection for thick holograms: angular, fractal, and shift multiplexing 

techniques have been developed.^^"^ Other multiplexing techniques include 

peristrophic,^" wavelength,®^ and coded reference beam multiplexing.®^"^ 

Transmission/ reflection hologram : Depending on the inter-beam angle be

tween the reference and object beams, we can record either reflection holo

grams when the fringes (i.e., interference patterns) run more or less parallel 

to the surface of the recording medium, or transmission holograms when 

the fringes are nearly perpendicular to the recording medium surface.^® 

Image or Fourier hologram : We can form the SLM image or its Fourier 

transform in the medium by using lenses.®'' These two types of data images 

have very different spatial properties. 

In addition, hybrid multiplexing methods combine several multiplexing tech

niques.®®^^ It is also possible to compromise between the transmission and re

flection holographic setups and to record Fresnel holograms. 

We choose the 90 degree inter-beam angle geometry to record transmission 

Fourier holograms as our VHM system model, shown in Figure 1.2.^°'®® In the 

figure, the dsLM, sslm, dccD, and sccd are the pixel sizes and pitches of the 

SLM and the CCD camera, and A, /a correspond to the focal lengths of the 
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f, memory 

Figure 1.2: Volume holographic memory using 90 degree geometry configura
tion comprising a spatial light modulator (SLM), charge-coupled device (CCD) 
camera, storage medium, and a pair of Fourier transformation lenses. 

Fourier transform lenses. During the recording, the SLM is illuminated with a 

normal incident plane wave, and the modulated object beam is passed through 

the first Fourier transform lens. The interference pattern between the object 

and reference beams is then recorded in the storage medium. Only the reference 

beam is used to reconstruct the object beam. After the second (inverse) Fourier 

transform lens, we use the CCD camera to read out the stored data page. We 

assume a generic recording material following IjM} scaling law which states that 

the signal power is inversely proportional to the square of the total number of 

pages (M) stored in the memory.®®'®^ A more detailed introduction of the 90 

degree geometry VHM system is included in Chapter 3. 

1.3 Applications of Communication Techniques in VHM Systems 

Because the VHM is a page-oriented optical memory (POM) the basic unit for 

data recording and retrieval is a 2-D formatted data page. A retrieved data page 

Qchibits 2-D noise patterns originating firom both electrical and optical sources. 
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We can model such a POM as a 2-D communication channel with a signal trans

mission time as the time elapsed between the data recording and retrieval. Much 

current research focuses on applying conventionally digital communication tech

niques to the 2-D opto-electronic POM system. The following is a brief summary 

of recent works in this area. 

Channel Coding : Modulation coding such as equal-weighted code,^'°® dif

ferential encoding,®" and partial response precoding®^ were studied, and 

the use of equal-weighted modulation codes have demonstrated both BER 

and storage capacity improvements.®^ While binary intensity modulation 

is commonly used as the signaling scheme in VHM systems, the gray-scale 

coding was also used.^®'®°'®^'®^ 

Error-Correction Coding : Direct applications of ECCs in VHM systems can 

improve the system BER performance.'''®^"®® More recent research include 

the hardware application feasibility®^"^^ and the design and choice of EGG 

to improve the memory storage capacity.^-More details regarding the 

EGG and its applications in VHM systems are discussed in Chapter 3. 

Interleaving : Two-dimensional interleaving is used for removing cluster er

rors^'' and (with the use of EGGs) for mitigating systematic errors.^® In 

Chapter 4 we will demonstrate the storage capacity improvements result

ing from the proper use of 2-D interleavers in VHM systems. 

Equalization : Apodization during the data recording and/or retrieval is pro

posed to suppress the inter page cross talk noise in an angular multipl&dng 
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VHM systemJ®"^® Phase mask/® pre-distortion,®° and inverse channel fil

tering®^ techniques demonstrate the reduction of inter pixel interference 

(IPI) and a better usage of the dynamic range of the recording medium. 

Two-dimensional maximum-likelihood based detection and decision feed

back schemes are also used to mitigate IPI in the VHM system.®^®® A new 

joint detection soft-decision array decoding algorithm will be introduced in 

Chapter 5 integrating the channel equalization and error correction ability 

together to improve both the storage capacity and density in VHM systems. 

In the next chapter we will establish the information theoretic capacity bound 

for VHM systems as a baseline for the comparison between different coding tech

niques. 



24 

CHAPTER 2 

STORAGE CAPACITY BOUND OF VHM SYSTEMS 

In this chapter we identify the information-based storage capacity of page-wise 

accessed VHM systems as the coding performance baseline used in later chapters. 

In the beginning of this chapter we review some VHM storage capacity studies by 

other researchers. We take the information theoretic perspective to study a VHM 

system by modeling it as a 2-D communication channel, and the storage capacity 

becomes equivalent to the channel capacity. A VHM system comprising a 4F 

imaging system and a storage medium can be decomposed into the information-

based analysis of the 4F imaging system with the inclusion of the storage medium 

in the optical system. 

2.1 Review of VHM Storage Capacity Studies 

Back in 1963 when van Herrden proposed the idea of storing information 

optically in solids/'® he assumed the resolution of optical instruments is limited 

to a volume with a diameter equal to the wavelength of light (A). With A = 

Ifiva. the storage capacity is to the order of 10^^ bits/cm^. Detailed analysis of 

storing optical information in solids was studied by Brady et ai who include 

the discussion of material dynamic range, recording schedules, and addressable 

degrees of freedom during the data recording and retrieval process for several 

recording architectures.®®'®^ Another estimate storage capacity was approached 

by evaluating the limiting noise sources for different system architectures.®®"®^ 
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All the previous storage capacity estimations assumed certain signal fidelity 

measures including signal to noise ratio (SNR) or data BER. From an information 

theoretic perspective neither the SNR nor the BER represent the system storage 

capacity.®^"®® For example, the SNR indicates signal quality but does not give us 

the user BER which is a more important figure of merit for a memory system, 

whereas the BER measure depends on the detection scheme used in the system. 

Simple fixed thresholding often gives larger BER than the result obtained by using 

a symbol-wise maximum likelihood decoding algorithm. For a page-wise accessed 

VHM, the information theoretic capacity is determined by the mutual information 

between the input (storage) and output (retrieval) pages of the optical memory 

channel.®® The mutual information can be computed from the signal power and 

the noise characteristics of the page-wise storage and retrieval processes. A typical 

VHM system shown in Figure 1,2 is composed of the storage medium and the 

optical imaging system. In Section 2.2 we will find the mutual information of a 

4F imaging system then later in Section 2.3 we will include the storage medium 

effect to find out the information-based storage capacity. 

2.2 Information-based Optical System Analysis 

2.2.1 Introduction 

In this section we will take a more general discussion of information-based 

optical system analysis/design rather than limiting to the VHM applications. We 

will define a binary-valued image to be a two-dimensional (2-D) array of pixels, 

each of which can take on one of two possible values of some physical variable. We 
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typically think of binary-valued amplitude or irradiance images; however, binary-

valued phase or polarization images are also possible. Binary-valued images are 

important because in addition to VHM they also arise in so many application 

domains of recent interest such as optical computing and optical interconnects, 

and because these optoelectronic (OE) systems must interface with electronic 

computers whose data representations are almost exclusively binary.^^"^®^ As a 

result of the preponderance of such data, the optical systems within these OE 

applications must be designed to manipulate 2-D binary-valued images. 

Such an optical system can be viewed as a 2-D array of (not necessarily inde

pendent) binary communication channels. This perspective can be useful owing to 

the recent explosion of successful research within the communications community 

and the resulting analytical methods and mitigation algorithms. Wireless commu

nication has provided the impetus for these efforts and many of these information-

and communication-theoretic techniques can now be utilized to assist with the 

analysis and design of optical systems. For example, a recent study has used the 

information theoretic channel capacity to predict the optimal space-bandwidth-

product (SBP) associated with a low-pass optical imaging system. Previous 

work in this area has included numerous approaches to the estimation of capacity, 

density, and fidelity within optical imaging systems.^^'^'^^"'^^ Recent efforts that 

have been concerned with the use of computer-aided-design techniques for OE 

systems also utilize fidelity metrics for interconnect and memory access applica

tions. Related work on non-binary optical information processing systems 

has also been concerned with the accuracy of such computational engines. 
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In this section we utilize an information theoretic approach to study the opti

mization of various optical variables in the presence of finite system resources 

such as power, space, and time. 

This section contains two parts. The first part is concerned with information-

based optical system analysis. We analyze the physical processes of Fresnel prop

agation and optical imaging, using information theoretic tools such as the pixel-

wise mutual information and channel capacity. This analysis is used to define 

information-based measures of SBP and depth-of-focus (DOF). The second part 

of this section applies the analytical tools and insights gained from the first part 

of the section to the problem of optical system design. A new merit function is 

introduced and is used to facilitate the optimization of optical design variables 

such as pixel size, field height, lens position, and focal length, in order to maxi

mize information. This new merit function is used to design an example optical 

system. 

2.2.2 Information-based Analysis 

In this section we utilize the tools of information theory to analyze optical 

imaging systems. We begin with a simplified analysis of how the information 

associated with a single input pixel is affected by optical imaging and detection. 

Consider the block diagram shown in Figure 2.1 in which a small portion of a 

potentially large input page is depicted, and contains an input pixel of interest 

labeled X. This input page is imaged using some optical system as shown. 

The result of the imaging process is a blurry output page giving rise to inter 

pixel interference (IPI) at pixel Y. The result of the detection process will be 
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Figure 2.1: Input page with pixel X is transmitted through a blurry optical 
system. The output pixel Y experiences both inter pixel interference and post
detection electrical Gaussian noise. 

modeled to include the effect of additive white Gaussian thermal noise (AWGN) 

as shown in Figure 2.1. These two corrupting influences (IPI and noise) will result 

in a loss of information between the input pixel X and the corresponding output 

pixel Y. Although one bit of information is present at pixel X, the amount of 

information reaching pixel Y depends on the probability density function (PDF) 

of the measured signal at Y and is strictly less than one bit. Figure 2. 2 shows an 

example PDF for the received intensity signal at output pixel Y in the presence 

of both IPI and noise assuming equal prior probabilities for the "1" and "0" input 

intensity signals. The solid curve represents the conditional PDF of y given the 

input X= 0 and the dashed curve corresponds to the conditional PDF given X= 

1. Note that these conditional PDFs are superpositions of Gaussian functions, 

and that the mean of each individual Gaussian function corresponds to some 

specific IPI pattern at the output plane. The received information associated 

with these PDFs can be quantified through the use of the mutual information 

function I (X; Y): 

~ J . f(yiX = i) 
I(X; Y) = i~ 1ri f(yiX = z) log2 ( f(y) )dy, (2.1) 
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Figure 2.2: Example conditional probability density functions of intensity signal 
at output pixel Y in the presence of IPI and Gaussian noise with equal priors 
assumption. 

where tt,- are the prior probabilities, f (y \X  =  i )  are the conditional probabili

ty density functions of the received signal y given X = i and f{y) is the total 

probability density function of the received signal j/.®® Note that this equation 

does not include the potential for jointly estimating all pixels in a local neighbor

hood of the pixel Y. Such a method can be used to incorporate prior knowledge 

of received signal correlations thus increasing the information throughput of the 

system. This aspect of the problem will be investigated further later in Sec

tion 2.2.4; however, first we will use Equation 2.1 to analyze two simple coherent 

optical systems. 

2.2.2.1 Fresnel Propagation 

The first example of our information-based optical system analysis will focus 

on the Presnel propagation in firee space. The setup is shown in Figure 2.3 where 

we assume that a unit amplitude, plane wave illumination is normally incident 
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upon the complex transmittance function U(a, /3, 0) located at the input plane. 

The electrical field U(x, y, z) at the output plane can be found using the Fresnel 

integral: 

(2.2) 

where k = 2?T I A and A is the illuminating wavelength. 54 

t plane output plane 

w Fresnel propagation 

FF=wl: ) =M )x 
+ Gaussian noise 

Figure 2.3: The Fresnel free space propagation assumes an unit amplitude plane 
wave normally illuminating the input plane. The propagation distance z is nor
malized with respect to input pixel pitch (s) and wavelength (A). 

For the case of an equal prior binary amplitude input signal (i.e., U(a, /3, 0) = 

Uon or U(a,/3,0) = UoJJ) and intensity detection (i.e.,Y(x,y,z) = IU(x,y,z)l 2
) 

we average the detected intensity over output pixel Y using Equation 2.2 to 

numerically determine the individual conditional PDF for a specific IPI pattern. 

Assuming equal priors we know the probability of each IPI occurrence and can 

determine the final PDFs (i.e., f(yiX = Uon) and f(yiX = UoJJ)) to be the 

weighted superpositions of individual IPI PDFs. The mutual information between 

the input pixel X and output pixel Y can be calculated using Equation 2.1 and is 

plotted in Figure 2.4 as a function of normalized propagation distance z = s2 I A. 



31 

1.0 

O FF=l CR = infinity 
AFF=1 CR = 3 
X FF=0.8 CR = infinity 0.8 

0.6 
>-

>< 

0.4 

0.2 

0 
0 2 4 6 8 10 

z (unit:s7A.) 

Figure 2.4: Mutual information between input pixel X and output pixel Y using 
intensity detection as a function of normalized propagation distance z for different 
fill factors (FF) and contrast ratios (CR). 

The normalized distance z  is determined by the pixel pitch (s) and wavelength 

(A), and for typical experimental parameters such as 20 /zm pixel size and 0.5 /xm 

wavelength, this normalized unit distance corresponds to 800 /xm in real space. 

Three different curves are shown in Figure 2.4. The two solid curves correspond to 

cases in which the input fill factor (FF) is unity. The topmost solid curve depicts 

the mutual information associated with a nominal infinite contrast system (o-

symbols). This nominal case achieves a signal to noise ratio (SNR) equal to 5 at 

2 = 0, through judicious choice of AWGN strength. For both of the FF=1 cases, 

we can see that the mutual information decreases as the propagation distance 

increases. The triangle symbol represents a system for which the contrast ratio 

CR=|C/'o„/C/o//P=3. Smaller contrast ratio is seen to have worse performance 
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than the nominal infinite contrast ratio case. The dashed curve in Figure 2.4 

depicts the effect of reduced fill factor (FF=0.8). When the fill factor is reduced, 

the pixel size (it;) is reduced but the pixel pitch (s)remains unchanged. To isolate 

the effect of IPI-induced information loss, we ignore the potential signal power 

reduction due to a smaller FF value in this example and assume the same 100% 

active detector area. The two effects of a smaller FF value are: (1) larger space 

between the input pixels offering some tolerance to inter pixel interference, and 

(2) increased diffraction. The tradeoffs among these two factors will result in more 

complex behavior than the FF=1 cases. An indication of this behavior is shown 

by the x symbol curve in Figure 2.4. Factor (1) is seen to dominate for small 

propagation distances, resulting in higher mutual information for FF=0.8 than 

for FF=1 at some values of z. Larger propagation distances result in more severe 

information loss than the FF=1 case owing to factor (2). The knee associated with 

the o-symbol curve occurs around z~3 when information loss due to diffraction 

becomes  dominant .  At  th i s  pos i t ion  the  p ixe l  image  s ize  i s  w '  =  9z  =  X/w '  

3 • w'^/X = 3w where 0 is the pixel diffraction angle. For the case of FF=0.8 

and to have w' = 3w, the corresponding propagation distance is 2=1.92 (i.e., by 

solving z from A/(0.8 • s) • z = 3 x 0.8s). We can see from Figure 2.4 a similar 

knee occurs around this predicted z position for the x-symbol curve (FF=0.8). 

We also notice that for all three curves in Figure 2.4, about 20% of the input 

pixel information has been lost at a propagation distance of z=2 (1.6 mm). This 

information loss can not arise from the Fresnel transformation alone because 

Equation 2.2 is invertible. The information loss therefore, must arise from the 

nature of the detection process. 
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Figure 2.5: Mutual information between input pixel X and output pixel Y using 
phase detection for binary and bipolar signaling schemes. 

The detection process used in the above analysis consists of two parts: (1) 

computing a squared modulus (le., intensity) and (2) integrating over a spatial 

region (i.e., a pixel). Interferometric methods can be used to relax the first of 

these and Figure 2.5 depicts the information loss as a function of propagation dis

tance for two different phase-sensitive detection schemes. The pixel phase signal 

is measured as the average phase of the electric field U(x,y,z) over each output 

pixel. The conditional PDFs of such measurements are used to compute the mu

tual information. The first phase-detection method assumes the use of binary 

amplitude signaling as discussed above and is represented by the dashed curve in 

Figure 2.5. Due to the oscillatory nature of the curves, a finer simulation sampling 

is used. To avoid a cluttered graph, we drop the individual data symbols. At 

z=0, the phase conditional PDFs are identical between £/on=l and Uoff=0, and 

no information is retrievable from phase domain because the input transndttance 
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is amplitude-only. Upon propagating to the plane 2=0.5 we see that nearly all of 

the input pixel information can be extracted using the phase detection scheme. 

This suggests that a joint phase-intensity detection may help to retrieve more 

information (upper bounded by 1) from binary amplitude signals. We also see 

that beyond the z=2 plane a non-monotonic but generally decreasing behavior is 

observed. This oscillatory behavior of the binary signaling (dashed) curve can be 

attributed to the oscillatory behavior of the phase signal in the presence of a fixed 

Gaussian noise floor, where the FYesnel diffraction phase signal is a functional ra

tio of the well-known oscillatory Sine and Cosine integrals.®'' This interpretation 

is confirmed by the observed increasing chirp period (proportional to of the 

dashed information curve in Figure 2.5. For the case of phase-only detection a 

bipolar signaling scheme is also possible in which Ugn = 1 and Uo/f = —1. The 

information propagation characteristics of this paradigm are demonstrated by the 

solid curve in Figure 2.5. We see that the bipolar scheme retains information for 

larger propagation distances than does the binary amplitude scheme while also 

providing nearly 50% more information at large propagations distances (^=20). 

Another common optical signaling scheme is ternary transmission, in which 

there are three possible input pixel values Ugn = 1, Ugff = —1, and Uzero = 0. 

Because there is information in both the amplitude and phase quadratures, in

tensity detection can be compared with phase detection for the case of ternary 

signaling. We have assumed equal prior probabilities for the three possible input 

pixel values and have plotted the mutual information as a function of propagation 

distance in Figure 2.6. Because ternary signaling has the potential to transmit 

more than one bit of information per pixel, we see that phase detection facilitates 
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Figure 2.6: Phase and intensity information transmitted between input pixel X 
and output pixel Y using equal prior ternary encoding. 

transmission of nearly 1.6 bits at 2=0. Ternary signaling with phase detection 

is seen to offer greater than one bit of information throughput out to propaga

tion distances of 2=5, decreasing quickly to I{X- Y) = 0.4 by 2=7.5. Intensity 

detection is also possible with ternary signaling and Figure 2.6 also depicts the 

information propagation characteristics of such a system. We see from this data 

that ternary signaling offers performance comparable to binary signaling for the 

case of intensity detection. 

2.2.2.2 Coherent Imaging 

Our second example of information-based system analysis will focus on a co

herent optical 4F imaging system. We study a simple diffraction-limited imaging 

system, giving rise to a conventional low-pass model in which lens aberrations are 
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Figure 2.7: System setup for a 4F coherent imaging system with a low-pass 
aperture (A) at the Fourier plane. 

ignored. A schematic drawing of the 4F imaging system setup is shown in Fig

ure 2.7. Once again we will study the mutual information that propagates from 

an input pixel X to an output pixel Y in the presence of IPI and AWGN. Note 

that in contrast to the previous case, IPI in this system arises from the low-pass 

nature of the optical channel (i.e., the optical point spread function). The input 

and output binary data pages are placed at the front and back focal planes of 

the 4F system. The input and output pixel pitches are taken to be s with FF=1 

and a Fourier-plane aperture with width A provides the optical cutoff frequency 

for this system. We normalize this aperture with respect to the system Nyquist 

aperture defined as Affyqaiat = 2\f/s}^ Using binary amplitude signaling and 

intensity detection, Figure 2.8 plots the mutual information between the input 

pixel X and output pixel Y as a function of detection plane position z (defocus). 

We can see that the curves peak at the ideal image plane where z = 0. Three 

different curves are plotted in Figure 2.8, representing three different aperture 

sizes. At z = 0 we can see that as the normalized aperture size decreases, the 
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infonnation throughput decreases owing to the increase in IPI and decrease in 

signal power associated with reduced optical bandwidth. 

1.0 ; 

A Q '^Njqour S 0 1 Q ^ '^Nyquul 
0.8 - / • A=0.6An„„u, 

p 0.6 

X 

~ 0.4 

0.2 

' 
-10 -5 0 5 10 

defocus z (unit:sVX) 

Figure 2.8: I(X;Y) as a function of normalized defocus position for different 
Fourier plane apertures. 

The data in Figure 2.8 uses a simple information theoretic analysis to provide 

a quantitative justification to the intuitive notion that information can be lost in 

an optical imaging system. The two information loss mechanisms represented in 

Figure 2.8 are finite bandwidth and defocus. This data can be used to define in

formation theoretic (IT) counterparts to familiar optical system design variables. 

For example, the IT-bandwidth of the imaging system can be defined as that val

ue of A for which 90% of the input information is conveyed to the output plane. 

This IT-bandwidth is indicated on the figure as the curve achieving I{X]Y) = 0.9 

at 2 = 0 and we see that the Nyquist aperture A = Ai^yquist corresponds to this 

information theoretic definition. We can also define an IT-depth of focus from 

the data in Figure 2.8.^'^ We define the IT-depth of focus as the range of z over 

A = *^NjfqBur 
2Xf 
s or . Q O ^ '^Nyquiil A=A, 

• A=0.6AN„„„, 
A A=0.4AN *Nyqu«t 
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Figure 2.9: Depth of focus as a function of aperture size from both information 
theoretic and conventional geometric optics points of view. 

which the mutual information remains above 90% of the maximum I {X ' ,Y)  at 

2 = 0. From Figure 2.8 we can see that reduced aperture size corresponds to 

increased depth of focus as expected. Figure 2.9 shows a comparison between the 

IT-depth of focus and the conventional geometric depth of focus as a fimction of 

normalized aperture size A/Any^ut. Both curves indicate the increase of depth 

of focus for smaller aperture. We can see that the information theoretic definition 

suggests a larger depth of focus than does the geometric definition. This arises 

from the reversibility associated with the low-pass channel. Information can be 

extracted from a received data page that is visually (i.e., using a geometric optics 

interpretation) quite poor.'^^'^^' 
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2.2.2.3 Page-Wise Mutual Information 

The previous discussion has been concerned with the mutual information as

sociated with a single pixel. It is tempting to simply multiply this value by 

to arrive at the information throughput for an entire N x N parallel array. Un

fortunately, because IPI produces inter pixel correlations in the output plane, 

such a strategy is incorrect. The correct solution requires that we compute the 

page-wise mutual information via the iV^-dimensional extension of Equation 2.1. 

Specifically, in order to calculate the page-wise mutual information /(X, Y) be

tween input page X and output page Y, each with pixels, we need to perform 

iV^-dimensional integrals for all the 2'^^ possible input patterns: 

/(X; Y) = ̂  J- Jp(x.)/(y) , (2.3) 

where y represents the received A^^-pixel page and x, is one of the 2^* possible 

input pages. For large data pages however, such a calculation is not computa

tionally feasible and to simplify the calculation task, we establish a bound on this 

page-wise information /(X; Y) using: 

/(X; Y) > /(X; Y) 

where Yj is a random variable representing the received signal level of the out

put pixel, Xj represents a subset of all possible input patterns that affect the 

output pixel, and p(xj-) is the probability of input pattern Xy occurring. Instead 

of including all 2^^ possible input patterns in the calculation of the mutual infor

mation for each output pixel (i.e., /(X; Yj)), we consider all combinations of only 

AT* 

3=1 

=  S  / ( 2 . 4 )  
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those neighbor pixels that contribute directly to the IPI of a certain output pixel. 

We define the neighbor pixels according to their inter pixel crosstalk strength in

stead of geometric distance. Although the IPI and geometric neighbors are highly 

correlated, our IPI neighbor definition is more flexible and efficient especially for 

optical systems with asymmetric point spread functions. For practical computing 

time, we include the top 16 strongest IPI neighbor pixels. The input neighbor

hood correlations among these 16 pixels are included while the correlations among 

output pixels are ignored. /(X, Y) however, can not be exactly computed in a 

pixel-wise fashion, but must utilize an entire output page as per Equation 2.3. It 

is possible to better approximate Equation 2.3 by considering blocks of output 

pixels. In Appendix 2.2.4 we modify the calculation described in Equation 2.4 

to calculate the mutual information using up to 4-pixel output blocks. We find 

that the difference between such a block-wise mutual information result and the 

bound (Equation 2.4) is less than 5%. Because the computational burden of the 

block-wise solution is exponential in the number of output pixels per block, we 

elect to use the bound given in Equation 2.4 throughout the remainder of this 

dissertation. 

We now have the tools required to compute page-wise parallel information 

throughput for optical systems. In order to complete our discussion of information-

based optical system analysis, we return to the coherent imaging system of Fig

ure 2.7. Consider N x N pixel input and output pages that have been placed 

in the ideal imaging positions. Also consider two finite resource constraints: (1) 

fixed input and output plane area and (2) fixed optical illimiination power. With 

these  f in i te  resources ,  i t  i s  now poss ib le  to  de te rmine  an  op t imal  va lue  for  N 
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Figure 2.10: Given fixed input/output page size and optical illumination power 
constraints, we plot the information-based space-bandwidth product (SBPrr) as 
a function of number of pixels (N^) on the page. The is normalized with 
respect to the page area, system F/#, and wavelength (A). The inset indicates 
the degradation of page average pixel mutual information as N increases. 

such that the information throughput of this imaging system is maximized. We 

define information throughput to be given by the munber of pixels multiplied by 

the average information per pixel. This gives rise to the information theoretic 

space-bandwidth product (SBPix) of the system: 

5BP/T = iV2x >, (2.5) 

where < /(X;Y) > denotes the page average pixel mutual information. In the 

presence of finite area and power constraints, this equation represents a tradeoff 
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between N and < / > that arises from three different factors. (1) Given fixed 

optical power, as N increases the received power per pixel must decrease as 1/JV^. 

This loss in signal power will result in a decrease in < /(X; Y) >. (2) Given fixed 

area, as N increases the pixel size must decrease. This decrease in pixel size 

results in greater diffiraction blur (relative to the pitch) and thus, increased IPI 

and reduced < /(X; Y) >. (3) Reduced pixel size also results in greater signal 

loss due to the limiting aperture (normalized with respect to the pixel pitch) 

at the Fourier plane and as per item (1), results in decreased < /(X;Y) >. 

The optimization of N in the presence of finite resources can be represented 

by the data in Figure 2.10. This plot depicts SBPJT as a function of for 

several values of the input plane (linear) fill factor while keeping FF=1 in the 

output. Note that this plot has been produced using normalized defined as 

Page Area/[(F/#)^A^] where (F/#)^A^ is simply the diffraction limited spot size. 

For 5 X 5mm^ page area, 0.5 /um wavelength, and F/# = 7 system, the units 

of correspond to 2 x 10® pixels. Figure 2.10 reflects the expected result. For 

small AT < 1 the average mutual information per pixel remains close to unity (see 

inset in Figure 2.10). In this range therefore, increasing N results in increasing 

SBPIT. For large N however, the inset shows significant losses in < /(X; Y) > and 

these losses result in decreasing SBPrr for further increases in N. The fact that 

SBPit peaks around N^=l is consistent with the conventional space-bandwidth 

product predicted by the diffraction limited spot size. Also note that as fill factor 

decreases, both the optimum N and maximimi SBPrr decrease accordingly. This 

behavior is due to tradeoff factors (2) and (3) being exacerbated by the smaller 

pixel size that results from reduced fill factor. 
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In this section we have taken an information theoretic point of view toward 

the analysis of Fresnel propagation and coherent imaging. Armed with the results 

of these analyses, the next section discusses an information theoretic approach 

toward the optical design problem. By using a design metric that is motivated 

from the information theoretic point of view, we will optimize an aberration-

limited optical imaging system based on off-the-shelf doublets. 

2.2.3 Information-Based Optical Design 

H 

input page z 

Figure 2.11: Optical system design setup comprises two off-the-shelf doublets to 
image input plane on to the output plane with pixel pitch s and field size H. 

Consider the optical system shown in Figure 2 .11. This system comprises t-

wo identical off-the-shelf doublets (Melles Griot LA0#225) with /=20 em focal 

lengths and A=4 em apertures in a 4F imaging configuration. The optical de-

sign problem considered here involves a determination of the five optical system 

variables H (field size), w (input pixel size), p, q, and z (defocus) for a given fill 

factor. Typically these parameters are chosen in order to optimize a system mer-

it function such as the minimum-worst-spot size measured in the output plane. 

Such a conventional merit function can be optimized through a gradient descent 

procedure using any one of several commercially available lens design software 
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packages. We have elected to use the ZEMAX design tools to produce an example 

output page as depicted in Figure 2.12(a).This figure shows a spot diagram 

of the upper-right quadrant in an output data page for the case of H=8 mm, 

and w=8 fmi. The spot size (r) is the root-mean-square of the ray-tracing ending 

points on the image plane. The ray-tracing angle emitting from the input pixel 

is A/w. The optimal values for p, q, and z are found to be 193.965, 199.007, 

and -0.070 mm, respectively. The minimum-worst-spot merit function is seen to 

have balanced the spot size on axis (ro) with the spot size at the comer of the 

field (te/2) in order to produce an image that looks "reasonable" over the entire 

output plane. 

H/2 

min. worst rms spot size radially-weighted encircled energy 

(a) (b) 

Figure 2.12: Spot diagrams along the upper right diagonal of an output page 
for the use of (a) minimum worst root-mean-square spot size and (b) radially 
weighted encircled energy merit functions. 

The conventional minimum-worst-spot merit flmction used in the above exam

ple, does not include any information theoretic component and therefore, can not 



45 

be assumed to have produced an optical system with good information through

put properties. Given the ray-tracing result we can determine the spatially vary

ing point spread function and therefore the IPI between pixels. Using the analysis 

of the previous section we find that the page-wise information associated with 

this conventional design corresponds to = 9.49 x 10® pixels and < / >= 0.547 

bit/pixel resulting in SBPIT = 5.15 x 10® bits of information. This design can 

be improved through the use of a new information theoretically motivated merit 

function. This new merit function has two components. First, we propose the 

use of an encircled energy criterion as opposed to one based on root-mean-square 

spot size. This couples the merit function to signal energy, an important de

terminant of information throughput. Second, we observe that the conventional 

merit function treats all pixels on a radius with equal priority, despite the fact 

that the majority of pixels occur near a radius of r = H/2. This observation 

motivates the use of a radially weighted criterion and Figure 2.12(b) depicts the 

output data page that results from the use of such a radially weighted encir

cled energy merit function. This merit function uses a 99.9% encircled energy 

criterion to determine the image spot size. This figure shows the spot diagram 

of the upper-right quadrant in an output data page for the case of H=% mm, 

and w=8/xm. During the ray-tracing optimization process each ray is weighted 

in proportion to its radial position with respect to the center of the page. The 

optimal values for p, q, and z are found to be 194.000, 199.005, and 0.044 mm, 

respectively. The information throughput associated with this new design is once 

again given by the same with larger < / >= 0.768 resulting in an improved 
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SBPit = 7.22 X 10® bits. This information throughput corresponds to a gain of 

40% as compared with a system designed using the conventional merit function. 

Using the new merit function it is possible to extend the design procedure 

outlined above, to include optimization of the pixel size w. It is our goal to 

obtain plots analogous to those in Figure 2.10, for the case of a real-world optical 

system based on off-the-shelf lenses. Once again we impose fixed area (constant 

H) and fixed optical power constraints. These constraints facilitate our search 

for the optimum SBP that results from the tradeoffs described in Section 2.2.2.3, 

now in the presence of aberrations. The results are shown in Figure 2.13(a) in 

which  we  have  p lo t ted  in format ion  theore t ic  SBP i t  as  a  func t ion  of  iV =  H/w 

for optimum system designs based on both the conventional (dashed lines) and 

the new (solid lines) merit functions. Figure 2.13(a) depicts SBPjt curves for the 

case of two different field sizes, H=8 mm and H=7A mm. These designs use 

full fill factors. Figure 2.13(b) investigates the effect of reduced fill factor and 

presents the H=7A mm SBPIT curves for FF=0.8 and FF=1. The procedure 

used to produce these data is as follows. First a value of w is selected and an 

optimization is performed over the variables p, q, and z. In order to carry out 

such an optimization, the new merit function requires that a space-variant point 

spread function for the aberrated optical system be used to determine the IPI 

environment for each pixel on the page. This IPI environment includes both 

diffraction and the effects of third order lens aberrations as determined via a 

ZEMAX ray tracing procedure and gives rise to a probability density function 

(PDF) for each pixel on the output data page. The resulting PDFs are then used 

together with Equation 2.4, to arrive at the page-average mutual information 
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Figure 2.13: (a)5SPrr as a function of N for two different merit functions and 
two different fields sizes and {h)SBPrr as a fimction of N for H=7A mm and 
two fill factors (FF). 
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< / > for each (p, q,  z )  combination. At fixed w and H,  the best (p, q,  z )  are 

those that optimize < / >. This optimal system represents a single point in 

Figure  2 .13 .  Th is  procedure  i s  repea ted  for  many va lues  o f  the  p ixe l  s ize  w,  

and the plots in Figure 2.13(a) represent a summary of all the resulting optimal 

system designs. 

Figure 2.13 reflects trends similar to those seen in Figure 2.10. The existence 

of an optimum number of pixels (i.e., an optimum w), is another reflection of the 

tradeoffs among parallelism, signal power, and diffraction/aberration driven IPX. 

Although optima exist for both the conventional merit function as well as for the 

new radially weighted encircled energy merit function, the new merit function is 

seen to provide greater information throughput. Specifically, from Figure 2.13(b) 

we see that for the full fill factor curves (FF=1), the optimum SBPrr associated 

with the new merit function occurs for a system design of w=7 //m, p=194.000 m-

m, 9=199.064 mm, and z=0.054 mm, resulting in SBPrr = 7.08 x 10® bits. In 

comparison, the optimum SBPIT obtained using the conventional merit function 

is SBPrr = 6.2 x 10® bits and corresponds to a 12% loss in information through

put. Similar behavior is seen for the case of reduced fill factor (FF=0.8) with 

corresponding reductions in the optimal SBPrr- It is interesting to note that the 

information throughput advantage of the new merit function is less significant 

in the FF=0.8 case owing to the increased importance of IPX from pixel diffirac-

tion in the aberrated system and the corresponding reduction in signal energy 

associated with reduced fill factor. 

The results shown in Figure 2.10 are based on a finite area constraint. Tliis 

constraint was required because in the case of diffiraction-limited imaging, there is 
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Figure 2.14: SBPIT as a function of H for the use of different merit functions 
given FF=1. 

no image degradation associated with increasing field H.  The data in Figure 2.13 

however, reflect a different trend owing to the presence of aberrations. Specifi

cally, Figure 2.13(a) for the conventional merit function curves with H=7A mm, 

as an example, actually obtains greater SBP than does the optimal system with 

H=8 mm. The existence of an optimal H arises as a result of the field-dependent 

aberrations. The optima associated with the plots of Figure 2.13 can be extracted 

and a new collection of optimal designs can be represented as a function of field 

size given FF=1. Such a graph is shown in Figure 2.14. From this figure we do 

indeed see an optimal design with H=10 mm, w=9.5 fim, p=193.994, 9=198.893, 

Z=-0.010 mm, and SBPIT = 7.47 x 10® bits using the radially weighted encircled 

energy merit function. This represents an 8% SBP gain as compared with the 

use of a conventional merit function for which the optimum design is found to 

have H=6 mm, u/=6 fan, and SBPrr = 6.92 x 10® bits. 

0' 

radially weighted 
encircled energy 

0-. 

min. worst spot size 

0 
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2.2.4 Mutual Information Using Block Detection 

In Section 2.2.2.3, we establish the single pixel detection bound /(X, Y) for 

the N X N pixel page-wise mutual information /(X,Y) by replacing the N^-

dimensional integral in Equation 2.3 with a summation of one-dimensional 

integrals in Equation 2.4 to simplify the calculation task. In a two-dimensional 

optical channel with IPI noise, this simplification overlooks the correlation among 

the output pixels. In the presence of IPI noise, we recognize that more than one 

input pixels affect each output pixel. The converse is also true that when an input 

pixel is on, more than one output pixel contains information of this event. The 

single pixel detection bound excludes such joint knowledge among output pixels. 

To include a portion of this output pixel correlation structure, we adopt the 

m-pixel block mutual information /^(X,Y) defined by the following equations: 

N^/m 
4(X;Y) = j;/(Xj;Y,), (2.6) 

i=i 

/(X;!;Y,) = /•••/"P(x;)/(y/) log (2.7) 
xj'gxy' '' 

where Yj  and the integral are m-dimensional and X" is a set containing all 

the input pixels that affect the m output pixels (Yj). The SBPit defined in 

Equation 2.5 is now modified by replacing /(X, Y) with /m(X, Y) then averaged 

over all m-pixel blocks on the page. We denote the SB? calculated using as 

SBPIT (M). In this appendix, we will examine the tightness of the single pixel 

detection bound by comparing it with the m-pixel block detection results. 
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Figure 2.15: Normalized difference between block and single pixel mutual infor
mation for different aperture sizes and initial SNR. 

Consider once again the setup depicted in Figure 2.7 for incoherent imaging 

with finite area and power constraints. The system suffers from both IPI noise in

duced by the low-pass Fourier aperture A and the post detection AWGN specified 

by signal-to-noise ratio (SNR). We expect similar tradeoffs between SBPiT(m) 

and the number of pixel (iV^) as discussed in Section 2.2.2.3 {i.e., Figure 2.10). 

Once again different combinations of aperture size A and SNR will result in dif

ferent optimum SBP values. We denote these optimum SB? values as SBPopt(m) 

and we compare them for the cases of m = 3 and m = 4 with respect to the single 

pixel result. The summary of these results are presented in Figure 2.15 where we 

plot the normalized SBP difference between block (SBPopt(Tn)) and single pixel 

(SBPopt(l)) estimates as a function of the normalized aperture size AfAsyipust 

for different values of SNR. The filled symbol curves are for m = 4 and the open 
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symbols correspond to the m = 3 case. Different symbols represent different val

ues of SNR. Note that the SBP difference in Figure 2.15 is always positive. This 

observation confirms our intuition that more information can be extracted by us

ing block detection. We also see that the m = 4 case extracts more information 

than does the m = 3 case because more output pixel correlation is included for 

larger m. We also notice that smaller aperture size introduces more IPI noise 

and more correlation among output pixels so that the difference between using 

block and single pixel detection becomes more significant as shown in the figure. 

Given fixed aperture A, as the SNR decreases (i.e., AWGN increases), the dif

ference between block and single pixel detection diminishes accordingly because 

for decreasing SNR the information loss tends to be dominated by AWGN rather 

than IPI noise and the use of block detection does not make much of difference. 

Also the result in Figure 2.15 can be used to evaluate the tradeoff between com

putational task and accuracy. We see that in order to gain 5% more accuracy in 

estimating the page mutual information, the computation time is increased from 

a few seconds to an hour. For most practical applications such as the system 

analyses and design problems studied in this paper, the single pixel detection 

bound for page-wise mutual information will prove to be a reasonable choice. 

2.3 Information-based Capacity of VHM Systems 

2.3.1 A Simple Model 

In Section 2.2 we discussed the general optical system analysis &om the infor

mation theoretic point of view. Since a VHM system is composed of an optical 
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imaging system and a storage medium, our next step is to identify the storage 

medium model in order to complete our information-based VHM system analysis. 

There are many physical models as well as many detailed holographic grating 

analyses for the study of how the storage medium impacts on VHM systems. 

Instead of defining our system to certain materials and holographic experimental 

details, we take a more general system point of view starting with the system 

SNR analysis. 

By assuming binary intensity signaling, the single pixel SNR in a page-oriented 

optical memory is defined as: 

Most of the time, a POM has limited page-wise signal power Pgpt from a single 

laser as discussed in Section 2.2.2.3. Assuming page pixels are iid, the ON pixel 

energy Eqn is then related to the total optical power by: 

where we have iVxiV pixels on a page and the signal integration time is Tintegratim-

When we try to store multiple pages in a VHM, the pixel signal power is not 

only limited by total laser power but also by the finite dynamic range of the 

recording material. The recording process allocates (erases) memory resources 

firom previously recorded data pages in the storage medium. We use the 1/M^ 

scaling from Ref[56,57] which states: the pixel signal strength decreases as 1/JVf^ 

when we store M equal strength pages in the memory. 

By knowing the probability distribution of noise, a given SNR uniquely de

termines the pixel probability density fimction, and we can use Equation 2.1 

ON pixel energy 
noise energy 

(2.8) 

^opt ^ "nntegration (2.9) 
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to find the single pixel mutual information. For the case of additive Gaussian 

noise with standard deviation c, the SNR = Eofffa^. We assume that the nois

es in a VHM system present themselves as (a) constant background noise floor 

or (b) signal-dependent noise sources. The noise from category (a) may arise 

from detector noise and circuit thermal noise, while category (b) may include the 

inter-page cross talk owing to diffraction/ misalignment/ aberrations, and 

non-uniformity across the stored data page in the optical system. If we assume 

that all noise sources are statistically independent, we can have the single pixel 

SNR as: 

where To, r^, and Fj are abstracted system parameters for the two per page noise 

categories. Fj, describes per page noises that are additive in field, Fj describes 

per page noises that are additive in intensity, and F,, describes a fixed noise 

floor independent of M. As we store more pages in a VHM, the constant noise 

eventually dominates and the SNR becomes In between we may have an 

intermediate SNR ~  j  fM relation. Our complete VHM system model includes 

the IPI noise from the imaging optics and SNR scaling for different M, i.e., 

VHM system = imaging optics IPI + SNR scaling. (2.11) 

This model facilitates a first order analysis for page-wise accessed VHM systems 

without defining many of the system parameters such as storage material and/or 

doping types, material preparation, recording schedule, beam ratio, etc. This 

model is ecceptionally suitable for the purpose of our interest to study coding 

applications in VHMs and the establishment of an information-based capacity 
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bound since with the simplified model, we limit the VHM system parameter 

set to include only the number of pixels (N^) on a page, the number of pages 

stored in the memory (M), the point spread function of the optics for IPI, and 

a phenomenological system parameter 7. Detailed analyses for a specific system 

can be done following the same methodology used in this dissertation with an 

augmented system parameter set. For the rest of this chapter, we will use this 

simplified model to establish the storage capacity of page-wise accessed VHM 

systems. 

2.3.2 First Example 

We will first examine the effect of 1/M^ signal scaling on the VHM system by 

assuming perfect optics (i.e., no IPI) so that an analog channel model for a single 

pixel can be applied independently for all the pixels on a page. We consider 

two noise processes: Gaussian noise in electric field {e.g., inter-page crosstalk 

noise) and Gaussian intensity noise {e.g., thermal noise), which corresponds to 

the Fj and Fa terms in Equation 2.10 respectively. When the memory system 

is dominated by the Gaussian noise in field, we model the noise as a complex 

random variable whose real and imaginary parts are jointly Gaussian.'^® The 

resulting intensity noise in both the one (1) and zero (0) retrieved data levels can 

be described by a Rician density function as in Ref[60]: 

= /.(«), (2.12) 

where Iq is the zero order modified Bessel function of the first kind, the retrieved 

data bit is represented by the signal variable Sq/i that we allow to take on the 
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values of zero or one, and the term represents the variance of the real or 

imaginary part of the complex Gaussian field noise. In the case of high contrast, 

this expression reduces to an exponential density function for 5b/1 = 0. The 

variance of this Rician intensity random variable can be written as 

<7? = 4cr^(a^ + So/i), (2.13) 

and depends on the retrieved data bit value Sq/i resulting in an asjrmmetric chan

nel. In the alternate case that the intensity noise or post-detection electrical noise 

dominates (e.g., low optical power retrieval), we can utilize a simple Gaussian 

density function to describe the resulting intensity noise random variable as 

where is the variance in the Gaussian intensity random variable and all elec

trical noise sources have been referred to the intensity domain. In either of these 

two cases the per-bit capacity Bmaxt associated with the resulting analog channel 

can be computed as 

N f (iTOiffl) J —oo 

X loga  f  R/G 1 ̂  

+Tt r pf/^(/) 
J —oo 

where ttq and tti are the prior probabilities for the zero and one pixel values 

respectively. Only in this Section 2.3.2 we use the optimum prior probabilities 
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to calculate Umax while for the rest of the dissertation we assume equal prior 

probabilities (i.e., tto = tti = 0.5) for user data. The superscript R/G on a 

variable, labels the Gaussian and Rician dominated cases. This maximum mutual 

information is the channel capacity®^ which represents an upper bound on the 

rate at which information can be "communicated" over a memory channel whose 

noise is characterized by the probability density functions For every 

physical bit stored in the memory, no more than Rmax < 1 bits can be retrieved 

without error. This rate is equivalent to the maximum error correction code rate 

that could be used to achieve error free operation of the memory. In Figure 2.16 

the mutual information has been plotted for both the Gaussian and Rician cases 

as a function of noise standard deviation (i.e., <7^ or Cj.) Notice that (Tg represents 

standard deviation in the intensity domain and Or refers to the standard deviation 

in electric field. 

Mutual Information vs.cr 

V 

0.8 • 

I mix U 
0.7 • 
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0.1S 0.1 

®ror<yf 

Figure 2.16: Mutual information versus the noise standard deviation for an optical 
memory channel corrupted by Gaussian (iZ^) or Rician (iZ^) noises. 
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The capacity of a page oriented optical memory is often taken to be C = MiV^ 

where M is mmiber of stored pages and is the number of binary pixels per page. 

A more precise definition of capacity will include the information theoretic bound 

on mutual information per bit given the noise characteristics of the memory. 

Similar to Equation 2.5, we will therefore define the information theoretic bound 

to capacity as 

Cn/g = mn^r^ , (2.16) 

where in the terminology of error correction, the RmJa (< 1) term accounts for 

the bits that are associated with redundancy. It is important to notice that 

is a function of M and N since it is reasonable to expect that the noise magnitude 

associated with optical memory will vary with the page size and the number of 

pages. Taking the page size to be fixed as a. = 1000 x 1000 pixel array, we 

will use the well known scaling laws for both the field noise {SNRn = jr/M) 

and the electrical noise {SNRg = Jg/^^) to compute the capacity bound for 

holographic optical memories.®®'®® The constant jg, is chosen to represent a 

holographic retrieval system with a source power of IW, a readout page rate 

of IkHz with row-wise parallel access (i.e., 1000 parallel channels each with a 

data rate of IMHz), and a 15^m x 15|zm CCD detector with noise equivalent 

power 4.5 x lO'^^W/y/Wz operating at the thermal noise limit (i.e., T = 300A"). 

The RMS noise power becomes 2.61 x Since for M = 1, jc equals 

SNRg, this yields a. jg = 3.8 x 10^. The constant 7r is chosen to yield Cr 

values that are comparable to Cq values at page numbers of interest (i.e., for 

M = 3000, CR = Cg ^ = 5.4 x 10^). With the SNRr/g and Cr/g scaling 

laws, each variance along the horizontal axis in Figure 2.16 can be associated with 
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some number of stored pages and plots can be made of CR = MN^R^{M) 

and CG = versus M. Figure 2.17 shows the behavior of C, 

c=mf 

» 
as A 

3000 4000 5000 6000 tooo 2000 0 

Figure 2.17: Capacity versus the niunber of pages for noise-free (C), Gaussian-
dominated (CG), and Rician-dominated (CR) cases. 

CR, and CG, as a function of M for the parameters described above. For a 

small number of pages and the correspondingly low noise levels, the information 

theoretic capacity limit is essentially equal to the conventional capacity definition 

C. For a large number of pages the large noise results in a decrease in the mutual 

information and a corresponding loss in the capacity. We can see that the Rician 
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case demonstrates higher capacity at large M.  This is due to the weaker scaling 

of SNR with M; however, the raw bit error rates (BER) at these values of M 

are prohibitively large making system operation unrealistic in this range. From 

Figure 2.17 the existence of an optimum number of pages is apparent. For the 

parameters chosen here, this optimum occurs at approximately M = 3000 for the 

Rician case and M = 2440 for the Gaussian case. These peak values represent 

examples of the information theoretic bounds on page-wise accessed VHM storage 

capacity in the presence of additive field and intensity noises. 

2.3.3 VHM System Storage Capacity 

Prom Section 2.2.3 and Section 2.3.2 we have obtained some intuition of how 

the optics and storage medium affect the VHM system SBP and storage capacity. 

In this section we combine these two factors to identify the storage capacity of a 

VHM system. Considering the system setup shown in Figure 1.2 and Figure 2.11, 

we have a spatially varying point spread fimction for each individual pixel on a 

page. Using the design procedure in Section 2.2.3, the resulting 4F system uses 

two 20 cm cemented doublets to image a 512 x 512 pixel SLM onto a 512 x 512 

pixel CCD camera at A=514 nm wavelength. The pitches of both the CCD and 

SLM (i.e., ssr.m and sccd) axe 16.08 fjm. The SLM pixel size {dsim) is 12 fan 

resulting a 55.7% SLM area! fill factor, and the CCD camera has 100% fill factor. 

Following the discussion in Section 2.2.2.3, we can find the /(X, Y) and therefore 

the SB Pit of the system as a fimction of M. The VHM storage capacity becomes: 

Crr = MxSBPrr iM)  

=  M x N ^ x <i iX , Y \ M ) >  ,  (2.17) 
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where the < • > indicates the average value over all possible data pages. 
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Figure 2.18: VHM storage capacity (C) as a function of the number of pages 
(M) using iid pixel assumption (solid line), information-based ( o symbols), and 
conventional ( o symbols) optical design systems. 

For a Gaussian intensity noise dominated VHM system with 7 = 3.8 x 10^, we 

obtain the storage capacity C versus M plot shown in Figure 2.18. The solid line 

is the storage capacity assuming perfect optics, and the 0- and o-symbol curves are 

the results of the systems using the information-based and conventional optical 

designs respectively. The difference between the conventional and information-

based design is a 0.09 mm shift in CCD camera position. The fact that o-symbol 

curve falls on top of the solid curve indicates that the current optical system 

exhibits a small amount of aberrations compared with the additive Gaussian 

random noise. It would appear as if the current optical system is over-designed 

since according to the result in Section 2.2.3 we could increase the SBPIT of 

current system by using a larger page format. Because this same optical system 

is going to be used in Chapter 4, where systematic errors will be introduced, the 

current overly designed optical system is necessary to tolerate some extra errors. 
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2.4 Areal Storage Density of VHM Systems 

For conventional magnetic {e.g., tape, hard disk) and electronic {e.g., DRAM) 

memories, areal storage density is another important figure of merit for the sys

tem. Many of the holographic memory systems also use a disk type approach with 

very thick emulsion or polymer coating to record thick interference gratings.®^' 

In this section, we will study the areal storage density of VHM systems. 

As we have discussed in Section 2.2.2.2, most optical systems can be modeled 

as a low-pass channel inducing 2-D blur where and the low-pass bandwidth is 

determined by the limiting aperture size of the system. For the VHM storing 

Fourier holograms, the storage medium area {A?) in the x — y plane becomes 

the limiting aperture of the system, where the x — y coordinates are indicated 

in Figure 1.2 and aperture A is depicted in Figure 2.11. We can define the areal 

storage density {D) as the storage capacity {C) divided by A?, i.e., 

D = ^ .  ( 2 . 1 8 )  

As A decreases, not only the IPI blur due to low-pass filtering increase in severity 

but also more of the signal energy is lost so that the storage capacity C decreases 

accordingly. Since A also appeeirs in the denominator of Equation 2.18, we should 

have an optimum A that maximizes areal storage density D. 

Considering a Gaussian intensity noise dominated VHM system with 7 = 3.8 x 

10^ and 512 x 512 page format, we can obtain a figure similar to Figure 2.18 and 

identify both the optimum number of pages and the maximum storage capacity 

for a given A. We can collect all these optimiun capacities and plot them as 

a fimction of A as shown as the o-symbol line in Figure 2.19. The low-pass 
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Figure 2.19: Storage capacity (C) and areal storage density (D) as a function 
of low-pass bandwidth (A) for iid pixel and Gaussian intensity dominated VHM 
systems. The Fourier aperture is in the unit of f )..j s and for f = 20 em, ).. = 
0.5 J-Lm, and s = 20 J-Lm, this unit area corresponds to 0.25 cm2

. 

bandwidth (LPBW) is normalized with respect to the system Nyquist aperture 

used in Section 2.2.2.2. For the case of LPBW=1, only the main lobe of the 

sinc2 intensity diffraction pattern from a square SLM pixel is allowed to pass and 

the Fourier aperture has physical area of 0.25 cm2 assuming 20 em focal length, 

0.5 J-Lm wavelength, and 20 J-Lm pixel size. We can see that at LPBW=10 the 

storage capacity has dropped to 0.95 Gbits from 1 Gbits which is the maximum in 

Figure 2.18, and C continues to decrease for decreasing LPBW. In the same graph, 

we overlay the corresponding areal storage density D as the o-symbol curve, 

and we can see the maximum storage density is reached at LPBW ~ 0.4 which 

corresponds to 80% of the Nyquist aperture. 130 Remembering from Section 2.2.2.2 

that the low-pass blur is a reversible process, we see that information can still be 

extracted from a received blurry data page. In this section, we have shown that by 
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deliberately introducing low-pass blur, we can have a better area! storage density 

performance in a POM system. In Chapter 5 we will introduce an iterative soft 

detection scheme to retrieve information from severely blurred data pages. 

2.5 Summary 

We discussed the use of page-wise mutual information as a metric for the 

analysis and design of optical systems conveying binary-valued imagery. The op

tical system analysis examples include a discussion of FYesnel propagation and 

coherent imaging from an information theoretic viewpoint. Fresnel propagation 

was found to transfer image information from the amplitude-domain into the 

phase-domain. Coherent imaging was also discussed and an intuitive notion of 

information throughput was quantified through the definition of information-

based space-bandwidth product SBPrr- The SBPIT was analyzed in the presence 

of finite optical system resources and a tradeoff between number of pixels and 

numerical aperture was obtained. Insights gained through these analytical ex

amples were used to motivate a new merit function for use in information-based 

optical system design. The new radially weighted encircled energy merit func

tion was found to result in improved information throughput as compared with 

conventional design criteria. Dijflfraction, aberrations, and additive noise effects 

were all included in an example 4F imaging system design and 8% information 

throughput was gained through the use of the new merit function. 

Using the 1/M^ scaling law for the capacity analysis, we presume a page-wise 

optimization (accessing) for the VHM and a constant noise floor to store binary 

da t a  pages  w i th  equa l  p r i o r  p robab i l i t i e s .  The  in fo rma t ion  s t o r age  capac i t y  C 
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can be written as log(l + SNRm) where SNRM is inversely proportional 

to As we have shown in this chapter that an optimum number of 

pages exists for which the VHM capacity is optimized. Storage of more than 

this optimum number of pages results in a capacity loss due to a corresponding 

decrease in mutual information. Have we had the ability to access {e.g., to store 

and retrieve) all M pages in parallel, the corresponding SNR should scale as 

l /MN^ and the  resul t ing informat ion capaci ty  becomes 5MAr^log( l  +  SNRv)  

where SNRy is inversely proportional to MN^. For such a case, the larger the M 

the higher the capacity until signal dependent noise {e.g., inter page cross talk 

noise) becomes dominant, and we would require to consider coding across pages 

to approach this capacity. Similarly, the number of pixels on a page is bounded 

only if we include lens aberrations in the optical system. 

Except in Section 2.3.2, we assume equal priors for our binary data while 

calculating the VHM capacity. It has been shown by Brian King et al. that 

by including the erasure effect and field noise, the optimum prior probabilities 

become ttq 0.75 and tti 0.25, and there is about 25% more capacity than 

current prediction. 

By appljdng the information theory to optics, we offer an unified point of 

view for general opto-electronic system analysis and design. In the following 

three chapters we will discuss the use of error correction coding, interleaving, and 

page detection in volume holographic memory systems to achieve the information 

storage capacity bound. 

Notes The '^Information-based Optical Design for Binary-valued Imagerxj^ 

presented in this chapter is a joint work with Ruozhong Xuan under the 
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guidance of our adviser, and will be published in Applied Optics feature issue: 

the Information Theory in Optoelectronic Systems in the year 2000. The 

'^Information Theoretic Limits to the Capacity of Volume Holographic Optical 

Memorrf^ was published in Applied Optics, vol. 36, no. 2, 10 January 1997, pp 

514-517. 
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chapter 3 

bit-error rate and error-correction 

coding in vhm systems 

In the previous chapter we took an information theoretic perspective toward 

the analysis and design of general optical imaging and VHM systems. As with 

any information theoretic solution however, the results represent an upper bound 

on the capability of a system. Achieving this bound can require arbitrarily com

plex signal/image processing and coding/decoding procedures. In this chapter 

we will study the use of error-correction coding in VHM systems to approach 

this capacity bound. In the beginning of this chapter we will introduce error-

correction coding and a more practical system criterion: bit-error rate (BER) for 

optical/VHM systems that manipulate binary-valued data. A BER-based imag

ing system design and VHM recording schedule will be discussed to justify the use 

of the BER metric in VHM systems. The last part of this chapter discusses the 

application of Reed-Solomon error-correction codes in VHM systems to improve 

storage capacity for a given user BER requirement. 

3.1 ECC and BER Metric 

The storage capacity bound obtained in Chapter 2 is for error-free memory 

operation. It is very difficult to verify "error-free" data fidelity since it requires an 

infinite number of trials. A more practical system criterion will be the user bit-

error rate (BER) which not only can be measured but also serves as an important 
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figure of merit for a memory system. The storage capacity, data-transfer rate, 

and system design associated with VHMs need to be defined with respect to this 

BER metric. 

Knowing the probability density functions of received signals, we can calcu

late the BER given a detection scheme. The shaded area in Figure 2.2 depicts 

the channel BER using a hard thresholding scheme. For the case of a binary-

symmetr ic  channel  wi th  Gauss ian noise  we have BER=0.5 x  erfc(0 .5  y/SNR/2) ,  

where erfc(x) is defined as ^ e~'^ dt. A target user BER of less than 10"^^ is 

typical for VHM systems. Numerous methods have been studied in the context 

of meeting such a BER requirement and were discussed in Section 1.3. Due to 

the emphasis of error-correction coding (ECC) in this dissertation, we dedicate 

the rest of this section to a brief review of ECC while detailed ECC materials 

can be found in Ref[139] and [140]. 

ECC is a method of adding redundancy to the stored data to gain error correc

tion, thus achieving some output BER goal. In a more mathematical term, ECC 

is a mapping between user data and structured codewords. Using an (n,k,T,m) 

block code as an example, this ECC maps k m-bit user symbols onto n-symbol 

codewords using an extra n—fc redundant symbols per codeword, and can correct 

up to T symbol errors. The minimum Hanmiing distance between codewords is 

2T+1. While applying ECC in a page-oriented memory, the user data is encoded 

to form a pixel page comprising N^f[m'n) codewords (assuming iV^ is an in

teger multiple of 771* n). For the iid pixel case, the mapping of combining m pixels 

to form a symbol and n symbols to form a codeword is arbitrary. ^ Chapter 4 

we will introduce a 2-D interleaver governing the symbol and codeword mapping 



69 

in the presence of spatially correlated errors. There are three important figures 

of merit to consider while using ECC. 

Error-correction ability: An important system aspect of using ECC is to de

crease the system raw BER to satisfy the user BER requirement. Assvuning 

the bit-error rate of received codewords is BER(raw). We can relate this 

BER(raw) to the m-bit symbol-error rate SER(raw) by: 

1 — SER{raw) = [1 — BER{raw)Y^ > 

=> SER{ra'w) ~ m - BER{raw), (3.1) 

where the approximation holds for small BER(raw). For the (n,k,T) block 

ECC case, we can determine the decoded codeword-error rate (CER) as: 

t ^ 
cjeh = I-5^ 

i=0 
\ 

^  • SEW{raw) (1 - SER{raw))''-'. (3.2) 
I 

An ideal ECC decoding scheme is to decode the received data to the closest 

(Hamming distance) codeword. When a decoding error occurs, with high 

probability, the erroneous codeword will have 2T-i-l symbols in error, and 

the decoded SER becomes: 

2T-f-l 
SER{(mt) = —— X CER. (3.3) 

n 

Similar to Equation 3.1, we can find the output BER: 

(1 — BER{out)y^ = 1 — SER{(mt), 

BER{(mt) ~ . (3.4) 
m 
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By knowing the probability distribution of received signals the BER(raw) 

can be translated into a system SNR. The VHM model introduced in Sec

tion 2.3.1 can then be applied to study the applications of ECC in VHM 

systems to meet the user BER reqxiirements. 

Code rate: The overhead associated with ECC is characterized by the code rate 

Rbcc which is defined as the average ratio of user data to codeword length. 

For an (n,k,T,m) block code, it is: 

Recc = - . (3.5) 
n 

The Shannon coding theorem sets an upper bound on the code rates for 

a channel to have error-free data transmissions.®^'®® Usually a high rate 

ECC possesses less error-correction ability. To use the (n,k,T,m) Reed-

Solomon ECC as an example, the parameters are related as ra = 2"* — 1 

and T = For a fixed codeword length RS code, a larger T will result 

in a smaller code rate. Later in this chapter we will find out that in spite 

of coding overhead, properly use of ECC will actually increases the actual 

VHM storage capacity. 

Coding complexity: A practical concern of implementing ECC is the associ

ated encoding and decoding complexity. An encoding/ decoding process 

can be (A) a search in a look-up table or (B) for better structured codes, 

some algebraic calculations. Usually for a long code word high rate code, 

the look-up table approach becomes impractical. The system/hardware im

plementation concerns include the feasibility associated with finite system 
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resources in terms of power consumption, time delay, etc. Some of these 

issues will be addressed in Chapter 6. 

3.2 BER-based VHM System Design 

The BER becomes the appropriate figure of merit when we apply ECC in 

VHM systems. In the first part of this section we will re-visit the imaging system 

design issue &om the BER point of view, and the second part of this section 

introduces the BER-based VHM recording schedule. 

3.2.1 BER-based Optical Design 

An information theoretic design procedure for optical system optimization 

was presented in Section 2.2.3. The new radially weighted encircled energy mer

it function introduced in that section was seen to offer improved information 

throughput as compared with a conventional lens design merit fimction. Instead 

of using mutual mformation, a more practical design criterion for optical systems 

that manipulate binary-valued imagery might be the output bit-error-rate (BER). 

In this section we extend the optical design procedure described in Section 2.2.3 

to the case of an imaging system in which some maximum acceptable page aver

age bit error rate (<BER>) criterion must be met. This <BER> will serve as 

the BER(raw) for ECC studies. We use a simple threshold detection scheme to 

convert the received analog signal into a binary value. The shaded area under the 

conditional probability density fimctions in Figure 2.2 depicts such an example of 

the single pixel BER, and we average all such single-pixel quantities over a page 

to compute the average page BER. 
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Figure 3.1: < /(X;Y) > and < BER > as a function of detection plane z 
position. 

Because the information theoretic results of the previous chapter correspond 

to the maximum error-free transmission rate, we find that the new merit function 

described therein is also suitable for use in the optimization of optical systems 

under a fixed BER constraint. In order to elucidate the relationship between BER 

and I{X',Y), we begin with a simple example. Consider once again the system 

of Figure 2.11, m which only the defocus variable (z) is subject to optimization. 

Using the radially weighted encircled energy merit function we produce Figure 3.1 

showing a plot of <BER> (dashed curve) and < /(X;Y) > (solid curve) as 

a function of defocus. We can see that the minimum <BER> and maximum 

< /(X;Y) > are achieved for the same value of defocus z position, suggesting 

that both < /(X;Y) > and <BER> can be optimized using the new merit 

fimction. 
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Figure 3.2: SBPber^io-^ as a function of H (w)  for different merit functions. 

Knowing the inverse relation between <BER> and < /(X; Y) > is not suf

ficient to determine a real system design to yield a specific target BER require

ment. We have repeated the design procedure outlined in Section 2.2.3 using the 

same off-the-shelf doublets, this time requiring each design to achieve the goal of 

BER=10~®. In order to create a fair comparison among different designs, we first 

select appropriate combinations of field size H and pixel size w to achieve a nomi

nal SNR=10 at a fill factor of unity (FF = 1). We then reduce the pixel fill factor 

in order to study how BER varies with changes in iV(= Hf{w/FF)). We would 

like to emphasize that the role of FF here is very different from previous sections. 

Given H and w, a decreasing fill factor results in an increase in the pixel pitch 

and therefore a decrease in the number of pixels per page which in turn results 

in a decreasing <BER>. This is because a reduced fill factor corresponds to an 

increased IPI tolerance owing to the increased space between pixels. Figure 3.2 

plots the optimal SBP achieved under the constant BER constraint as a fimction 

36% gain 
r 

radially weighted 
encircled energy 

a' 

min. worst spot size 

BER =10® 
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of field size H (equivalently pixel size w).  The optimum FF along with other 

system parameters are determined by the ray-tracing analyses. The solid curve 

represents optimal designs based on the radially-weighted encircled energy merit 

function, and the dashed curve corresponds to the conventional merit function. 

The new merit function results in an additional 36% more pixels in the system 

while maintaining the same <BER> performance. The detailed optimum system 

parameters  for  th is  example  are :  to  =  16 /m,  ̂ "=9.142 mm, pixel  p i tch= 23f im 

(i.e., FF = 0.7), p=193.995 nun, 9=198.980 mm, and 2=0.002 mm. 

3.2.2 BER-based Recording in VHM 

We assumed all codeword bits are chosen iid in Section 3.1 so that only one 

BER(raw) value is necessary in Equation 3.1. From Section 2.2.2.2 and 3.2.1 

we know that an optical imaging system generally has a spatially varying point 

spread function and this makes our previous iid assumption among page pixels 

inaccurate. We will discuss the use of ECC under this condition later in Chap

ter 4. In this section, we will address a similar issue of the constant BER(raw) 

assumption among the multiplexed data pages recorded in a VHM system. 

3.2.2.1 Review of Constant-BER Recording 

Multiplexing techniques are used in VHM systems to record several hologram-

s (data pages) in one physical location to achieve high storage capacity perfor

mance. To record a single hologram in the memory, * the grating strength, A{t), 

'This sectioa only briefly reviews the recording in VHM. More details can be foiind in 
Rfif[55], [57], and [141]. 
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increases with recording time t: 

A{t)=Aoil-e- 'f^^)c^^t,  (3.6) 
"^r 

where Aq is the saturation amplitude of a hologram recorded for an infinite record

ing time, and Tr is the system recording time constant. Due to the finite dynamic 

range available of the recording medium, previously recorded data pages suf

fer erasure from later recorded holograms so that after storing M pages in the 

memory, the grating strength Am of the m"' page becomes: 

Am = /lo (1 - ^ , (3.7) 

where and U are the recording times for the and pages respectively, 

and Te is the system erasure time constant. The grating strength A^ can be 

measured as the square root of the Tn"* page diffiraction efficiency, 

_ Pm[0Ut) 
Vm = -p 

read 

= ̂ , (3.8) 

where Pm{out) is the diffiracted signal power of the m"* page from the read beam 

with power Pread- One may require a constant difiraction efficiency recording for 

all the M data pages (holograms). We can design such a constant-77 recording 

schedule by solving Equation 3.7 with the condition: rim = T/m+b Vm. Figure 3.3 

depicts the graphical solution. The dashed exponentially decaying curve describes 

the erasure effect, and the positive slope lines correspond to the recording of 

holograms (data pages). The sequence is the corresponding schedule to 

yield final equalized diffiraction efficiency t]m-
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Figure 3.3: The constant BER recording schedule 3delding the target BER. The 
interpolated recording time of the first (ti) and the last (txf) holograms together 
with total recording time tj^eaa are used to determine the modified erasure time 
constant 

Given such a schedule the total detected optical energy of the page is 

and we can relate this rim to a BER(out) using Equations 2.10, 2.11, and 3.1. 

It appears that constant-?; recording will result in constant BER(raw) for all 

M pages, but this is not the case in the real world. Granted that the page 

diffiraction efficiency is closely related to the pixel SNR and BER, but high rim 

does not guarantee good image fidelity, neither does the VHM model introduced 

in page 54 include material related IPI noises (e.g., non-uniform erasure from 

absorption efifects,'^''^ optical damages from exposure, and photovoltaic noise). 

Without introducing complicated material physical models into our discussion 

(3.9) 
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of coding applications in VHM systems, we will seek a constant-BER recording 

schedule was devised by Burr, et. ai, in Ref[143| to facilitate our coding analyses. 

From Equation 3.9 we can see that the diffracted power from a hologram is 

proportional to the readout time tread and the readout beam power. Assuming 

there is no signal dependent (scatter) noise, there is no difference in Em between 

a strong hologram (i.e., high rjjn) read by a weak readout beam (or short readout 

time) and a weak hologram (i.e., small r}m) reconstructed by a high-power readout 

beam ( or long readout time). With this assumption in mind and assuming the 

system is dominated by a fixed noise floor (i.e., in Equation 2.10 is negligible), 

for any recorded data page we can reduce the readout page BER by increasing the 

readout time. Since BER is closely related to SNR and therefore the diffiraction 

efficiency, we expect the constant BER recording schedule to be a modification 

from the constant rj recording schedule. By changing the readout time of the 

first and the last holograms recorded for ti and tM seconds using constant-;; 

schedule with a total of tmeaa recording time, we have two sequences of BER vs. 

readout time data, i.e., ({BER(l)},{iread(l)}) and ({BER(M)},{trea«i(-W')}). We 

can interpolate these two data sets to find out the corresponding readout time 

tread{^) and tread{M) necessaxy to meet the target raw BER. We can identify the 

ratio between these readout times and the normal readout time tread to determine 

what first (ti) and last (tia) recording exposure times would have been necessary 

to reach the target raw BER at the end of a total tmeaa recording schedule, i.e.. 

(3.10) 

(3.11) 
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where the square root is to convert the intensity domain readout time (Equa

tion 3.9) into the field domain recording time (Equation 3.6). For a total expo

sure of tmeas the ti and recording time cause the first and last holograms to 

meet the same raw BER target. To find the constant BER recording schedule, 

we fit the solid exponentially decaying curve in Figure 3.3 to have an equivalent 

erasure time constant such that 

where ri[ is the difi^action eflSciency of the first hologram after recorded for ti sec

onds. The ratio between the diffiraction efficiencies of the first and last holograms 

in constant BER recording becomes: 

Comparing the constant-ry and constant-BER schedules for the same exposure 

time (i.e., ttotai = tmeas), we have one of the following three possible results: 

1 T-BER _ rpjjg hologram will have both equal BER and 

diffiraction efficiency. 

2. > Tg: The recording time for the first hologram in constant-?; 

recording will be larger than ti, which is the case shown in Figure 3.3. We 

can record more pages in the memory using constant-BER than constant-77 

recording schedule. The first hologram in the constant-BER recording will 

have smaller diffiraction efficiency than the last hologram, which implies that 

the final hologram is more prone to error during the recording and requires 

a higher signal level (larger t^at) during the readout to have the same target 

(3.12) 

(3.13) 
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BER(raw). This is possibly because the optical damage from exposure or a 

photovoltaic field were built up during the recording procediure and reduced 

the image fidelity of the new holograms. 

3. < Te'. The will be smaller than ti, and the first hologram in 

constant-BER recording wiU have a larger diftaction efficiency. One cause 

of this can be non-uniform erasure from absorption effects that reduce the 

fidelity of earlier recorded holograms. 

3.2.2.2 Experimental Implementation 

The experimental verification of this procedure was performed on the IBM 

DEMON holographic demonstration platform.®^'As shown in Figure 3.4,^ 

Shutter 
fiber 
input CoNimatlon optics 

Obfectbeam 
V 

^ 

SLMi aperture at 
\  ̂plane 

• ( crystal 
I I rn 

\ / ' M : 

CCD camera 

galvo mirror 

Figure 3.4: The IBM DEMON demonstration platform. 
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holograms were stored in LiNbOa : Fe in the 90° geometry. The argon laser 

output is coupled into a fiber which directs the light into the system as indicated 

at the top-left comer of the figure. An input field of 320 x 240 pixels on a 

spatial light modulator (SLM) was pixel matched onto the CCD camera. The 

8-mm-thick LiNbOa crystal was located approximately 20 mm in firont of the 

Fourier transform plane, at which was placed a 9mm x 9rara aperture. The 

crystal was 0.015% Fe doped, cut for the 90° geometry (c axis in the reference-

object interaction plane, at 45° to the entrance faces). For recording, the object 

beam contained approximately 1.31 mW. Approximately 80% of this was in the 

central dc order of size 1,3mm x 1mm at the 15mm x 15mm crystal entrance. 

The 95 mW reference beam was 5 mm wide and 11 mm tall and covered the 

central three (vertical) diffiraction orders of the SLM pattern that pass through 

the Fourier transform aperture. The same reference beam power was used for 

readout. 

The readout time was controlled by an acousto-optic modulator (AOM) con

trolled by a Hewlett-Packard Model 5359 time synthesizer as a fast shutter. The 

AOM deflected the constant laser power into the system for the desired portion 

of the 16.66 msec camera-integration time {tread)- The resulting change in the 

diffiracted signal detected by the camera (in unites of camera counts, the 8-bit 

values returned by the EPIX frame grabber) was measured to be linear with the 

AOM deflection time. 

[Elecording the first page]: Before storing each hologram, the SLM pixel 

grid was X — y registered with respect to the CCD camera. The recording time 

^Figure 3.4 is the same as the Figure 1.1 in Ref[I44]. 
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Figure 3.5: The natural log diffraction efficiency of the first hologram (in units of 
CCD camera counts) versus erasure time. Three linear curves were fit to find the 
erasure time constant as twice the inverse of the slope during different stages 
of the experiment. 

was 30 seconds for the first (i'J hologram, and the diflfraction effidency was 

~ 1.7 X lO""*. The detectable signal level in the presence of detector noise was 

~ 2 X 10"® so that the first hologram could survive about 3re seconds of erasure 

assimiing fixed readout power and time. 

[Erasure]: Erasure of the first hologram was done by the recording of 20 holo

grams ( each at 10 sec exposure) within a small angle range that was spaced 

several degrees away. Due to laser power fluctuations during the experiment, we 

had variations in the erasure time constant Tg. Figure 3.5 plots the ln(7?) of the 

first hologram as a function of tmeaa (erasure time), and we determined three time 

constants at different stages of the experiment. 

[Readout the first hologram]: Before reconstructing the first hologram, the 
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time synthesizer was used to reduce readout energy until the reconstructed holo

gram no longer saturated the camera. The reference beam angle was scanned (by 

use of a galvomounted mirror) to locate the Bragg matching angle. The CCD 

camera was x-y registered with respect to the reconstructed hologram. Ten mea

surements of the hologram were taken over a range of readout energy controlled 

by the AOM deflection time ({ireaii(l)})- These values covered an order of mag

nitude in detected signal strength from a mean camera-count level of 100 in the 

ON pixels down to a mean of less that 10. The captured data pages were decod

ed off-line using DEMON'S BER extraction scheme to obtain the BER value. 

This erasure, re-Bragg matching, and measurement cycle was then repeated sev

eral times resulting in a set of data corresponding to a range of tmeas values. 

[Record and measure the last hologram]: The last hologram was recorded 

for = 8 sec , and a sequence of raw BER {{BERM{raw)Y) was measured 

using decreasing readout times [treadiM]}. A typical measurement of BER(raw) 

versus the readout time is shown in Figure 3.6, where different symbols corre

spond to the different "last" holograms recorded after the crystal was exposed 

for different tmeaa, and this figure confirms that the recording behavior is about 

the same throughout the recording/erasure process. 

Given a target raw BER, we extract corresponding ti and using Equation-

s 3.10 and 3.11 by interpolating [BERi{Taw)}, (ireodCl)} and {BERM{raw)}, 

{treorf(Af)} data, and find out that the modified erasure time constant is 

about 671 690 sec. The total nmnber of pages M is plotted as a function of 

imeas in the Unit of Te in Figure 3.7. For a given target BER(raw), as we increase 



83 

10'^ 

10* 

T 
RJ 

UJ 
CO 

10-« 

10"' 
40 50 60 70 80 

tread(|iS0C) 

Figure 3.6: After the crystal was exposed for tmeaa seconds, an 8 sec "last" 
hologram was recorded and its BER(raw) was measured using different readout 
times. For different tmeas (»-e-> 1208 and 2124 sec) we can observe similar BER 
behaviors between these two different "last" holograms. 

the total schedule, we can store more pages in the memory and the curve satu

rates around ~ 2.5re. For a given total exposure time, a larger target BER(raw) 

corresponds to a larger number of data pages stored in the memory. The solid-

symbol curves in Figure 3.8 shows M as a function of BER(raw) for different total 

exposure time tmeaa using constant-BER recording schedule. In order to compare 

the constant-BER and constant-77 recording schedules, we assimie the same total 

exposure time (i.e., ttotcd = imeaa) and recording time (tjvf) for the last hologram 

with erasure time constant to find out the number of pages could be recorded 

using the constant-77 schedule. The results obtained for constant-77 recording are 

shown as the open-symbol ciures in Figure 3.8. Both recording schedules had the 

same diffiraction efficiencies for the last hologram. For the cases of Tmeas — 

^O'A 

o1208 sec 

A 2124 sec 
\o 
A\ 
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Figure 3.7: Total number of pages (M) as a function of total recording time tmeas 
using constant-BER schedule. Different curves corresponds to different target 
BER(raw) ranging from 2.8 x 10"^ to 3.8 x 10"®. 

and 1.75re, the use of constant-BER recording results in more pages stored in 

the memory since > Tg. For the case of longer tmeaay perhaps the effect of 

non-uniform erasure finally dominates so that we can record fewer pages using a 

constant-BER schedule. This is the case 2 as discussed on page 78. ^ When we 

recorded for more than Sve, the BER of the first hologram became larger than 

2.8 X 10~® for the range of signal strength considered in the experiment. 

In order to have equalized output BER between different pages stored in the 

memory, we have developed a constant-BER recording schedule for VHM so that 

a single ECC is enough to convert the BER(raw) into the target user BER. The 

^Smaller beam power (Pre/erence=125 mW and Potject=500 ftW) were used in Ref [143] and 
resulted in longer recording schedule ~ 4re and higher capacity gain. 



85 

1500 

1250 

2 1000 

750 

500 

10® 10'® 10"'  10'^ 10"^ 
BERwCraw) 

Figure 3.8: Total number of pages (iVf) as a function of target BER(raw) for 
three different total exposure time tmeas using constant-BER (closed ssonbols) 
and constant-77 (open symbols) recording schedules. 

alternative will be to use a different ECC for each page appropriate for the dif

ferent BER(raw) yielding the same BER(out), however, the code implementation 

for such a scheme will be much more complicated. 

3.3 Applications of Reed-Solomon ECC in VHM Systems 

A constant BER schedule validates our assumption of constant BER(raw) 

between pages. ^ this section we analyze the performance of applying Reed-

Solomon ECC to this VHM system. 
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3.3.1 ECC Performance: Simple Case Study 

Error correction codes have been used in both conununication and memory 

systems to achieve acceptable BER in the presence of noise. As we mentioned 

in Section 3.1, ECC is a method of adding redundjuicy to the stored data to gain 

error correction ability, thus achieving some output BER goal, with an associated 

overhead given by the code rate Recc-

An alternate way to view ECC is as a method to relax the system raw BER 

requirement. In the context of VHM, allowing the raw BER to increase suggests 

that more data pages can be stored in the memory. As long as this increase in 

the number of pages results in a greater capacity gain than the associated ECC 

overhead cost, the use of ECC can actually increase the effective VHM storage 

capacity. 

Figure 3.9 is a plot of the VHM storage capacity as a function of the number of 

stored holographic pages. The solid curve in this figure represents the information 

theoretic capacity bound given the iid pixel assumption. In order to achieve a 

10"^^ output BER in the absence of ECC, only 4043 pages can be stored in the 

memory. This corresponds to the value of M for which the raw BER equals 

and yields a 1.06 Gbits capacity, which is only 58% of the maximum storage 

capacity. The remaining four curves in Figure 3.9 represent the storage capacity 

associated with applying Reed-Solomon (RS) ECC to this VHM system.^'*^-^'*® 

The ECC overhead cost is accounted for by calculating the storage capacity as 

the number of user bits stored in the memory: 

Cecc = mn^recc{m) , (3>14) 
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Figure 3.9: Storage capacity vs. number of stored pages using Reed-Solomon 
ECC to yield BER(out)=10~^^ assuming 7 = 2.304 x 10® and iid pixels. 

where there are pixels on a page and Recc{M) is the ECC code rate required 

for storing M pages in the system (i.e., for each choice of raw BER). Different 

curves correspond to different codeword lengths, n, and for each code, the number 

of bits per symbol, m, is related to code word length as n = 2"* — 1. The left

most point on a curve corresponds to one-symbol error correcting ability (T=l). 

As the number of correctable symbol errors (T) increases, the error correction 

ability of the code increases while the code rate Recc = {n—2T) f n (for RS codes) 

decreases. It is apparent from Figure 3.9 that the use of ECC facilitates storing 

more pages in the VHM (larger raw BER) while maintaining BER(out)=10~^^. 

A RS(n=31,k=27,T=2) code can be used to store Mgpt = 5067 pages resulting 

in a 1.16 Gbits user capacity. FYom Figure 3.9, we notice that longer codewords 
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produce capacities that are closer to the information theoretic capacity bound 

and that the optimum number of pages depends upon the choice of ECC7' For 

the n=127 case, the optimum number of page Mgpt =6033, and the optimum code 

rate = 0.87. The resulting maximum storage capacity is 1.38 Gbits which 

represents a 30% increase compared to not using ECC, and achieves 76% of the 

storage capacity bound. 
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Figure 3.10: Simulation result of storage capacity and areal density vs. system 
low-pass bandwidth (LPBW). The dashed curves are the information theoretic 
bounds and solid curves are the performance of RS(n=127) code. 

Following the procedure used in Section 2.4, we can study the areal storage 

density performance of appljring the RS ECC in VHM systems using different low-

pass Fourier aperture sizes. Figure 3.10 shows simulation results of the storage 

capacity and areal density as a function of the LPBW using n=127 RS ECC. 

The dashed curves correspond to the information theoretic bounds, and the solid 
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curves are the storage capacity (o symbol) and density (o symbol) performance of 

using n=127 RS codes. We observe similar trends between the solid and dashed 

curves though the ECC results are only 23% and 53% of the theoretic bounds for 

the storage density and capacity respectively. The optimum aperture size occurs 

around LPBW=0.7 (i.e., A = 0.7 x Affyguist) instead of 0.4 for the theoretic case. 

3.3.2 ECC Performance in DEMON 

Using the constant BER recording schedule, we can perform a similar anal

ysis to find the RS ECC performance in the DEMON platform. The system 

setup and parameters are the same as those in Section 3.2.2.2. The DEMON 

system use the 6:8 equal-weighted modiilation code which allows local thresh

olding and exhibits some error-correction ability.®® The ECC takes the output 

BER from a modulation decoded page and reduces it to meet the 10"^^ BER 

target. The acciraiulated coding overhead associated with ECC and modulation 

code is Rcode = RBCC x Rmod where the 6:8 modulation code rate {Rmod) is 0.75. 

Figure 3.11 plots the storage capacity result. The dashed line is the storage ca

pacity boimd and the solid line indicates the 6:8 modulation code overhead cost. 

Four codeword lengths of RS codes are studied, and the o- and o-symbol curves 

correspond to total recording time of 0.7re and 2.72re respectively. Similar trends 

can be observed between Figure 3.11 and Figure 3.9, where an optimum M and 

RBCC exist to have the maximum storage capacity, and a longer codeword length 

results in a larger storage capacity. 

To study the storage density performance of the IBM DEMON platform, we 

put different sizes of square aperture close to the Fourier plane. The Epson 
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Figure 3.11: Storage capacity vs, number of pages stored in DEMON system 
using 6:8 equal-weighted modulation code and RS ECC to jaeld 10"^^ user BER. 
The o- and o-symbol lines are for 0.7 and 2.72re total recording time, respectively. 

640 x 480 transmissive liquid crystal SLM has FF=0.64. The SLM is de-magnified 

using a custom 5-element zoom lens so that the pixel pitch is reduced from 48 /zm 

to 18 Using 514.5 nm wavelength and 89 mm Fourier transform lenses, the 

Nyquist aperture size is 2.54x2.52 mm^. Figure 3.12 shows the storage density 

of DEMON as a function of normalized aperture size (LPBW). Due to a smaller 

SLM fill factor, the DEMON storage density curve peaks around 0.9 LPBW 

rather than 0.7 LPBW as seen in Figure 3.10. 

The severe storage density penalty of using n=127 RS ECC at low LPBW 

seen both in simulation and DEMON platform can be attributed to: (1) The 

use of hard thresholding process throws away some channel information, which is 
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Figure 3.12: Storage density performance of the IBM DEMON platform using 
n=127 RS ECC yielding BER(out)=10"^^. 

analogous to the discussion in Section 2.2.2.1 where we eliminate the phase infor

mation during the intensity only detection, (2) At low LPBW, the 2-D channel 

becomes more spatially correlated. Blindly applying coding ignores such useful 

information. In Chapter 4 we use 2-D interleaving technique to deal with spa

tially correlated 2-D channels, and in Chapter 5 we use soft-decoding instead of 

a hard thresholding detection scheme. 

3.4 Summary 

In this chapter an extension of the information theoretic results to a more 

realistic case of fixed BER design was discussed. Upon applying the radially 

weighted encircled energy merit fimction to such an optical design problem, a 
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36% increase in number of image pixels was obtained. A constant BER recording 

schedule was developed to justify the use of BER as a design metric in VHM 

systems and was demonstrated experimentally in the IBM DEMON platform. 

The constant BER recording can result in a larger storage capacity than the use 

of constant diffraction efficiency schedule. We have observed ~ 10% capacity gain 

for a target BER(raw)=10"'' using a total of 1.75re exposure time. 

The information theoretic bounds studied in Chapter 2 have been compared 

with the performance achievable using Reed-Solomon ECCs. Although these 

practical codes cannot operate at the theoretic maximum page number the n=127 

RS code can still yield an overall capacity of 76% of the information capacity 

bound for the Gaussian intensity noise case. A similar analysis method has been 

applied to the DEMON system and the results exhibit similar trends as shown 

in the simulations. The areal storage density performance of applying ECC in 

low-pass blur channel was also studied. 

Notes The ''^Experimental Implementation of Constant-BER Recording in 

VHM^ presented in this chapter is resulted from Wu-chun's two-week visit to 

the IBM Almaden Research Center during May 1997. I would like to thank my 

advisor who arranged the trip. I am grateful to the guidance and help from Dr. 

Geoffirey Burr who devised the original procedure of constant BER recording. I 

had a good time working with him. Last but not least, I appreciated the 

hospitality from Dr. Hans Coufal and Dr. Maria Bemal during my visit. The 

complete BER-based recording study was pubUshed by Geoff and other authors: 

"Experimental Evaluation of User Capacity in Holographic Data-storage 

Systems" in Applied Optics, vol. 37, no. 23,10 August 1998, pp. 5431-5443. 
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chapter 4 

interleaving and ecc in vhm systems 

In this chapter systematic errors originated from optical aberrations and mis

alignments are integrated within our VHM system model to include spatially 

variant point spread functions. We use a two-dimensional interleaving technique 

in order to optimize the ECC performance. Both simulations and experimental 

results demonstrate memory storage capacity improvements while using appro

priate 2-D interleavers. 

4.1 Systematic Errors in VHM Systems 

4.1.1 Systematic Errors 

For the purpose of easier referencing the system shown in Fig 1.2 is plotted 

again as Figure 4.1. This system may have many error sources that can corrupt 

the ideal two-dimensional communication channel array between SLM and CCD 

pixels, degrade the received signal levels, and cause ambiguous data retrieval. 

We classify errors into two categories. The first category comprises systematic 

errors from, for example, inter-page interference, photovoltaic damage, optical 

system misalignment, lens aberrations, and manufacturing defects associated with 

the SLM, CCD, lenses, and storage materials. The systematic error sources are 

assumed to be fixed. This implies that for the same system and inputs, we 

measure exactly the same outputs; however, systematic errors can have a random 

component owing to the randomness of the stored data. Consider for example. 
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fi memory / 

Figure 4.1: Volume holographic memory system configiiration comprising a spa
tial light modulator (SLM), charge-couple device (CCD) camera, storage medium, 
and a pair of Fourier transformation lenses. 

a small magnification error in the 4F imaging system. In this case, the { i , j )  

CCD pixel output depends not only on the {i,j) SLM pixel input data but also 

on data associated with neighboring SLM pixels. Figure 4.2(a) shows such 

an example where four neighboring SLM pixels affect a comer CCD pixel on a 

512 X 512 pixel page with 100% CCD and SLM fill factors corrupted by 0.10% 

magnification error. Not only the SLM pixel image size increases by 0.10%, the 

accumulated magnification error also causes the image to shift by (^ x 0.10% =) 

25.6% in both lateral directions for the comer pixel and partitions the designated 

CCD pixel detection area into four smaller regions. The IPI intensity firom a 

neighboring SLM pixel depends on its corresponding overlapping area between 

the SLM pixel and the designated CCD pixel, which are 55%, 19% and 7% in this 

example. The resulting CCD pixel reading depends on the ON/OFF patterns of 

these four SLM pixels, and there are totally 2^ = 16 possible patterns while due 

to the sjrmmetry we only have 12 different readings as shown in Figure 4.2(b). 

Assuming infinite SLM contrast ratio to produce '0' and '1' symbols, 1 W total 

optical power input to the CCD camera, and 1 msec detector integration time, 
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Figure 4.2: (a) Images of SLM comer pixels on CCD plane given 0.10% magni
fication error partition a CCD pixel area into four regions (measured in %), and 
(b) probability density function (PDF) of the comer pixel with 0.10% magnifica
tion error, and (c) of a comer pixel storing 3000 pages, with 0.10% magnification 
error and circuit thermal noise. 
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the maxiinum signal energy of '1' symbol detected by a CCD pixel equals to 

(512)^12 ^ ^ introduced by magnification error, 

as depicted in Figure 4.2(b), the '0' and '1' signal levels split symmetrically into 

six finer levels, the average '1' sjrmbol level reduces from 3.81 nJ to 2.96 nJ, and 

the average '0' symbol level increases from 0 nJ to 0.85 nJ. 

4.1.2 Systematic Error Impacts on VHM Systems 

4.1.2.1 The Complete VHM Model 

Storing multiple pages in the VHM further degrades the retrieved signals. 

Using l/M"^ scaling law, if we now consider storing 3000 data pages in the previ

ously described system, the estimated '1' signal level becomes =) 0.33 fJ 

corresponding to about 844 photons at A=514 nm wavelength. This signal is 

comparable to the thermal noise associated with the CCD readout electronics 

which must now be included in the noise analysis. 

VHM performance is further corrupted by the second error category: non-

systematic or random error sources. The thermal noise associated with photo-

detectors and read-out electronics, photon shot noise, and coherent scattering 

or speckle noise are some examples of random error sources. In the presence of 

random error sources, repeated measurement of a particular CCD pixel yield-

s fluctuating results. Once again considering a page-wise parallel interface in 

which the 512x512 pixels are read out simultaneously within one clock cycle 

(i.e., 1 msec detector integration time), a detector noise equivalent power of 

NEP=5.25 X 10~^®W/y/^ produces an estimated additive thermal noise standard 
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deviation of about 0.0166 fJ. Combining this thermal noise with 0.1% magnifica

tion error in a VHM storing 3000 data pages, Figure 4.2(c) shows the retrieved 

CCD signal probability density function (PDF) from a comer pixel. Figure 4.2(c) 

demonstrates that there is no fixed threshold that can produce error-free data 

decisions for such a VHM. 

In order to simplify the analysis used to study error correction and two-

dimensional interleaving, we limit our study to a single random noise source 

combined with various systematic error sources. We select thermal noise because 

large SLM and CCD pixel arrays are desired to facilitate high data transfer rate, 

thus the read-out electronic circuits must operate over a wide bandwidth. The 

CCD signal PDFs in our study are non-Gaussian however, due to the inclusion of 

systematic error sources. These systematic errors include third order lens aberra

tions together with CCD shift errors in the x, y, and z directions, CCD rotation 

error in the x-y plane, and CCD tilt error out of the x-y plane (coordinates indi

cated in Figure 4.1). We also include magnification error between the SLM and 

CCD planes. 

Once the magnitudes of the systematic error and thermal noise have been de

termined, these are assumed to remain unchanged with M, and the SNR per pixel 

of the VHM system can be modeled using the SNR = j/M^ scaling law.®® With 

the system parameters of the above example and applying the same procedure 

used in Section 2.3.2 we find y = 2.304 x 10®.^^ Using this signal scaling relation 

together with a configuration of systematic error it is possible to determine the 

maximum number of pages that can be stored while maintaining some minimum 
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acceptable SNR. Given the non-Gaussian nature of the CCD signal PDFs how

ever, we prefer to utilize a maximum acceptable BER metric to determine the 

maximum number of stored pages for various coded and uncoded systems. 

The error behavior of a single pixel is characterized by its probability density 

function (PDF) such as the one shown in Figure 4.2(c). The pixel error rate can 

be calculated from such a PDF by setting a threshold. Given equal probabilities of 

storing '0' and '1' symbols, usually the BER is estimated using single fixed thresh

old {Thfixed = 0.0212/J) scheme from the shaded area {BER = 2.53 x 10"^) in 

Figure 4.2(c). In our study, to estimate the average BER for an entire page we 

use the optimum (potentially different) single threshold scheme for each pixel. 

This scheme takes advantage of exact IPI knowledge and chooses the optimum 

threshold accordingly. At the comer pixel, if we know that IS la pattern occurs, 

the optimum threshold is chosen to be Thrsia = 0.0277/J and the resulting 

pixel BER equals 1.94 x 10"^^ We notice a big BER difference between the 

use of these two single thresholding schemes. Our optimum single thresholding 

scheme provides a lower bound on the BER as compared with any other sin

gle thresholding scheme, and it can be approached with the use of other signal 

processing techniques, such as page-wise parallel detection, and/or modulation 

COdeS.59'60.82,83,149 

The following four points will sununarize the assumptions used in our VHM 

system study: (1) the read-out signal power from the VHM is inversely propor

tional to the square of the total number of pages stored in the memory. (2) 

we consider read-out circuit thermal noise as the only random noise in the sys

tem. (3) we include a spatially variant point spread function originating from 
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the third order lens aberrations associated with the 4F system designed using an 

approximate minimum BER metric. (4) other systematic errors are considered 

including CCD mis-alignments along all three axes, CCD in-plane rotation, CCD 

out-of-plane tilt, and magnification error. 

4.1.2.2 BER Impacts 

Our simulation procedure uses ray-tracing analysis through the 4F system for 

each pixel to identify the PDFs of the received CCD output signals. Using the 

optimum single threshold at each pixel, we compute the BER of each CCD pixel 

given some level of systematic error and some total number of pages stored in 

the memory. Figures 4.3(a) and 4.3(b) for example, show the PDFs of'0' and '1' 

symbols in the presence of 0.1% magnification error and 10% CCD x-shift error 

while storing 4800 pages in the VHM. Figure 4.3(a) depicts the PDF of a center 

pixel and Figure 4.3(b) shows a comer pixel PDF. The PDF in Figure 4.3(b) 

results in a larger BER as compared with the one from Figure 4.3(a). To illustrate 

the trend of pixel BER over the page, Figure 4.3(c) plots contours of constant 

BER for this case. The pixel BER increases from 4.16 x 10"^ at page center to 

2.63 X10"^ in the comer. The average page raw BER equals 1.11 x 10"''. Instead 

of a circularly symmetric pattern, the plot contains oval contours due to the 10% 

CCD pixel shift. 

Same methodology used in this chapter can be extended to include other noise 

sources arise from storage medium, SLM, scattering, etc. to have more accurate 

detailed numerical results. For &cample, given specific SLM type/model,^®® the 

associated low throughout and finite contrast ratio can both be translated into 
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Figure 4.3: (a) Probability density functions of a (a) center pixel and (b) a comer 
pixel with 0.10% magnification error, 10% shift error, and 4800 stored pages, and 
(c) raw BER contours plot on a 512x512 pixel page given 0.10% magnification 
error, 10% shift error, and 4800 stored pages. 
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an SNR cost which will in turn increase the BER and reduce the number of data 

pages stored in the VHM in a straightforward way. The presence of SLM dead 

pixels and data dependency (correlated errors) among SLM pixels represent other 

types of systematic errors which will reflect themselves in the BER contours map 

similar to the one shown in Figure 4.3(c). Later in this chapter, we will take 

advantage of this kind of prior knowledge (i.e., BER contours map) and apply 

two-dimensional interleaving and error-correction coding to reduce the average 

page BER down to 10"^^. The advantages of using 2-D interleaving together 

with RS ECC within a 4F imaging system will be measured in terms of BER 

performance as a function of systematic error. 

4.1.2.3 Capacity Impacts 

Figure 4.4 shows the information theoretic storage capacity bound as a func

tion of M for several configurations of systematic error. The storage capacity 

is calculated using Equation 2.17, and < /(X,Y) > is used to include effect 

of spatially varying point spread functions. The curve with the circle symbols 

in Figure 4.4 depicts the storage capacity corresponding to Equation 2.16. The 

square symbols in Figure 4.4 represent the case of 0.1% magnification error and 

the triangle symbols represent the case of 0.1% magnification combined with 10% 

CCD x-shift error. Both cases also include third order lens aberrations. We can 

observe the loss of capacity due to systematic errors. Also we notice the op

timum number of pages is reduced from Mopt = 7632 to Mgpt =7439 for 0.1% 

magnification error and to Mgpt =7076 when 10% shift error is included. The 

corresponding page-average mutual information per pixel for the three curves in 
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Figure 4.4: Information theoretic capacity vs. number of stored pages given no 
systematic error (circle), 0.1% magnification error (square), and 0.1% magnifica
tion plus 10% shift error (triangle). 

Figure 4.4 are 0.9076, 0.8857, and 0.8373, respectively, verifying the degradation 

of memory capacity arising from larger mis-alignment errors. 

4.2 The Use of ECC and 2-D Interleaving 

In the presence of spatially correlated errors such as those shown in Fig

ure 4.3(c), the VHM capacity associated with the use of ECC will depend not 

only on the power of the code, but also on how each codeword is spatially com

posed (i.e., the two-dimensional interleaving scheme). Interleaving and the use of 

non-binary symbols have long been utilized in communication and storage chan

nels for mitigating the effects of burst errors.^^'^®^'^®^ Figure 4.5 schematically 

demonstrates these two methods for the case of n=7 and m=3. By using 3-bit 
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symbols, a single 14 bit bmst error results in a six symbol burst, requiring ECC 

with T=6 if all erroneous symbols were to fall within a single codeword. This 

situation is depicted in Figure 4.5(a). The use of three-code-word interleaving is 

shown in Figure 4.5(b) in which we see that after de-interleaving, the six sym

bol errors are distributed equally among three different code words. In this case 

therefore, only a T—2 sjnnbol ECC is required to tolerate the same 14 bit burst. 

•"HiaUliq9l8|7|6|5|4|3T2rT 

(a) 7 symbols ECC with 3 bits/symbol 

#4 I »3 I #? I 
code word B I 

14 bits burst error in first 21 bits 

im 

code word A 

6 symbols burst error 

(b) 3 code words interleaving + 7 symbols ECC with 3 bits/symbol 

....rng I #4 I »3 I *3 

C B 
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code words 
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C B A c 
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#7 #7 #7 
#6 #6 

#5 #S #S 
#4 #4 #4 
#3 #3 

2 symbols enor/ code word 

Figure 4.5: Interleaving schematic for depicting a 14 bit burst error. ECC us
es n=7 symbols per codeword with m=3 bits/symbol: (a) serially transmitting 
codewords, (b) interleaving with three codewords. 

The highly correlated BER pattern shown in Figure 4.3(c) can be thought of as 

a mapping of spatial burst error probability in a two-dimensional communication 

channel. Within each contour region all pixels have similar raw BER with pixels 
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at the edge more likely to be in error than those at the center. Following the 

same interleaving idea that was used for the serial channel, we can design a two-

dimensional "matched interleaver" for spatial burst errors. Using a RS(n,iir,r) 

ECC we first divide the corrupted data page into n regions according to the raw 

BER contour plot, such that each region contains an equal number of pixels. 

Within each region, groups of m nearest-neighbor pixels are selected to form a 

symbol. Each codeword is composed of one such symbol drawn from each of the 

n regions. This procedure can be thought of geometrically as arranging symbols 

"parallel" to the error correlations and arranging codewords "orthogonal" to these 

correlations. The matched interleaver attempts to cause each bit in a symbol to 

have equal raw BER and each codeword to have equal average symbol error 

probability. The resulting interleaved data page looks very much like an ECC 

encoded page and the embedded mapping between symbol and codeword pixels is 

masked by the randomness of the stored data. Using such a matched interleaver 

we expect the decoded BER to be lower on average and more uniform across the 

page. 

In the next section, the matched interleaver performance is compared with 

a simple serial interleaving scheme in which the CCD data is sequentially read 

out and grouped into symbols and codewords according to a raster of the two-

dimensional data page. The comparisons are performed under various systematic 

and random error conditions for RS ECCs with different error correcting ability 

(RECC) and codeword length (n). 
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4.3 Performance of ECC and Two-dimensional Interleaving 

4.3.1 Output BER 

Figure 4.6(a) shows the page-average output BER performance of matched and 

serial interleavers using 5-bit symbol Reed-Solomon(n=31) error correction codes 

as a function of magnification error. In this example we use the VHM system 

parameters (i.e., 7 = 2.304 x 10®) from the previous section to store 4800 pages. 

The solid curves depict matched interleaver performance and the dashed curves 

represent those for serial interleavers. Four curves are shown corresponding to 

n=31 RS ECC with four different code rates. From this figure we can see that as 

magnification error increases, the average BER(out) of both matched and serial 

interleavers increases. For the same interleaver we observe that lower code rate 

(i.e., larger T) always yields lower average BER(out). To store 4800 pages and 

simultaneously comply with the requirement of BER(out)=10"^^, we must use at 

least two-s5rmbol error correction. When using a RS (31,23,4) code the system can 

tolerate up to 0.135% magnification error using matched interleaving as compared 

with 0.115% magnification error using a serial interleaver. This 0.135% optical 

magnification error corresponds not only to a 0.135% increase in spot size, but 

also to a 35% pixel shift at the edge of the SLM image relative to the target CCD 

pixel. 

Figure 4.6(b) plots the page-average BER(out) ratio between serial and matched 

interleavers. Curves with different symbols correspond to different values of T. 

Over a certain range of magnification error (0.06 to 0.16) the matched interleaver 
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Figure 4.6: (a) Output bit error rate performance of serial (dashed lines) and 
matched (soHd lines) interleavers for different magnification errors. A Reed-
Solomon n=:31 code is used to store 4800 pages, (b) Ratio of serial BER(out) 
to matched BER(out) vs. magnification error for 4 different RS n=31 codes, (c) 
Ratio of the standard deviation {a) BER(out) to the mean {fi) of BER(out) vs. 
magnification error for serial (dashed lines) and matched (solid lines) interleavers. 
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performs much better than the serial interleaver. For small values of magnifi

cation error (<0.G3%), there is not much error correlation over the page and 

the advantage of using matched interleaving is lost. As the magnification error 

increases beyond the error correcting capability of the codes, both interleaving 

schemes begin to fail. For T=2, 3 and 4 cases, the matched interleaver provides 

orders of magnitude BER(out) gain with respect to the serial interleaver. For the 

T=1 case with magnification error greater than 0.18%, the use of the matched 

interleaver actually worsens system performance because the error introduced is 

too large for such a high rate code. The matched interleaver causes every code

word to appear equally bad; while, the use of serial interleaving retains some 

decodable codewords. Figure 4.6(c) plots the ratio of the standard deviation (a) 

in BER(out) to average BER(out) (/x) as a function of magnification error. Larg

er values of this ratio imply larger BER(out) variation across the page. From 

Figure 4.6(c) we can see that the serial interleaver has a much larger variation of 

output BER than does the matched interleaver. 

4.3.2 Storage Capacity 

The BER gains depicted in Figure 4.6(b) can be also represented as gains in 

capacity as discussed in section 4.2. Figure 4.7(a) shows the storage capacity per

formance of using both ECC and two-dimensional interleaving. This plot is based 

on 0.1% magnification error and a required BER(out)=10~^^. The upper-most 

solid curve is the information theoretic capacity bound taken from Figure 4.4. 

If no ECC is used then BER(out)=10~^^ allows only 3471 pages (0.91 Gbits) 

to be stored in the memory. In Figure 4.7(a) there are four groups of curves 
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corresponding to four different codeword length RS codes. Similar to Figure 3.9, 

the left-most point on any curve represents the T=1 case. As T increases, the 

number of pages that can be stored in the memory increases while the ECC code 

rate (RECC) decreases. This trade-off produces the capacity peaks shown in the 

figure. Five different symbols correspond to five different interleavers. The circle 

symbols represent the matched interleaver performance and the square symbols 

are for the serial interleaver. The other three symbols will be discussed later in 

this section. 

We can see that the use of matched interleaving always yields higher storage 

capacity than that of serial interleaving. The optimimi number of stored pages is 

different for different interleavers and codeword lengths. For the case of n=127 

the optimum numbers of stored pages are Mopt =5765 and Mopt=5382 for matched 

and serial interleavers respectively. Furthermore, the use of different interleavers 

will affect the choice of the best code rate. For n=127 the optimum amount 

of error correction is T=8 for the matched interleaver and T=7 for the serial 

interleaver. The use of RS(127,111,8) ECC together with matched interleaving 

results in a 1.32 Gbits storage capacity which is 68% of the information theoretic 

bound. 

The design of a two-dimensional matched interleaver depends on the error 

correlation pattern over a page which can vary for changes in the character of 

the systematic error. A matched interleaver can be designed after the system 

has been deployed; however, systematic errors can change with time and after 

repeated use of the memory system. We would like to have a general interleaver 

that can accommodate some range of systematic errors and we have designed 
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Figure 4.7: (a) Storage capacity of matched, serial, center, and mag-shift inter
leavers using various Reed-Solomon ECCs. This plot is based on 0.1% magnifica
tion error and a required output BER of 10"^^. (b) Optimum storage capacity of 
serial, matched, and tilt interleavers using n=127 Reed-Solomon ECC and their 
associated capacity gains with respect to the use of serial interleaver for different 
magnification errors and a required output BER of 10"^^. 
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three such candidates. The "center" interleaver is based on an assumption that 

the BER correlations are circularly symmetric, the "mag-shift" interleaver is the 

matched interleaver for 0.1% magnification and 15% x-shift error, and the "tilt" 

interleaver is the matched interleaver for 0.03 rad out-of-plane CCD tilt error. The 

center, mag-shift, and tilt interleaver performances are represented by -H, x, and 

o symbols respectively in Figure 4.7(a). We can see that all three interleavers offer 

better performance than that of the serial interleaver. The center, mag-shift, and 

matched interleavers have almost the same performance while the tilt interleaver 

is slightly worse. This is because the error patterns due to magnification error 

are circularly synmietric and the center and mag-shift interleavers are based on 

similar error patterns; while, the tilt interleaver breaks this symmetry. 

The solid curves in Figure 4.7(b) depict the optimum capacity performance 

using n=127 Reed-Solomon ECC with matched, serial, and tilt interleavers for 

different magnification errors. We can see that with the use of a same interleaver 

the optimum capacity decreases for increasing error, ajid the use of matched 

interleaver results in higher storage capacity. Different magnification errors result 

in different optimum ECC code rates, and stronger ECCs (lower code rate and 

higher T) are reqxiired for larger errors. The capacity gain of using matched and 

tilt interleavers with respect to the use of serial interleaver is plotted as dashed 

curves against the secondary y axis. The capacity gain associated with using a 

specific interleaver increases as the degree of magnification error increases because 

a larger error corresponds to stronger correlations, for which the two-dimensional 

interleavers are well suited. 
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4.3.3 Systematic Error Summary-

Table 4.1 sununarizes the VHM storage capacity performance associated with 

using different RS ECCs and 2-D interleavers in the presence of magnification 

errors. The data in this table is based on a required BER{out) = 10"^^. The 

four sub-tables comprising Table 4.1 are (from top to bottom) the performance 

obtained using n=15, 31, 63, and 127 Reed-Solomon codes. The first column of 

each sub-table specifies the degree of magnification error. The second column 

shows the information theoretic storage capacity bound. We observe that this 

capacity decreases for increasing error and that this degradation in storage ca

pacity is faster than linear. The columns denoted by C, T, and gain represent 

respectively the optimum storage capacity (in Gbits), the values of T for the 

optimum RS code, and the capacity gain associated with using matched inter

leaving as compared with a serial interleaver. The numbers shown in the table are 

extracted from graphs similar to the one shown in Figure 4.7(b). For example, 

given 0.1% magnification error and using n=127 Reed-Solomon ECC with a serial 

interleaver, we obtain an optimum 1.28 Gbits storage capacity while using a T=6 

error correcting code. If we use the RS(127,111,8) code and a matched interleaver 

for this same 0.1% magnification error, the storage capacity becomes 1.32 Gbits, 

a 3.1% improvement over the serial interleaver. From Table 4.1 we can verify the 

increase in storage capacity obtained through the use of longer codeword length. 

Capacity improvements of 15% to 17% are possible for 0.2% magnification error. 

Given the same systematic error and ECC, the center interleaver always offers 

capacity comparable to the matched interleaver. As the magnification error in

creases a slight decline in capacity is observed for the mag-shift interleaver, and 
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Capacity (Gblts ser mat can mag-shift tlit 

n mao.(%) bound C T C T aain C T oaln C T aaln C T oain 

15 0.05 i.ao 1.07 1 1.07 1 0.0% 1.07 1 0.0% 1.07 1 0.0% 1.07 1 0.0% 

0.07 1.78 1.03 1 1.04 t 1.0% 1.04 1 1.0% 1.04 1 1.0% 1.04 1 1.0% 

0.10 1.71 0.98 1 1.00 1 4.2% 1.00 1 4.2% 1.00 1 4.2% 0.99 1 3.1% 

0.13 1.59 0.83 t 0.89 1 72% 0.89 I 7.2% 0.89 t 7.2% 0.87 1 4.8% 

0.15 1.48 0.78 1 0.82 1 5.1% 0.82 1 5.1% 0.82 1 5.1% 0.81 1 3.8% 

0.17 1.38 0.70 1 0.78 1 11.4% 0.78 1 11.4% 0.77 1 10.0% 0.74 1 5.7% 

0.20 1.17 0.58 1 0.68 1 17.2% 0.68 1 17.2% 0.67 1 15.5% 0.62 1 6.9% 

31 0.05 1.B0 1.15 2 1.15 2 0.0% 1.15 2 0.0% 1.15 2 0.0% 1.15 2 0.0% 

0.07 1.78 1.12 2 1.13 2 0.9% 1.13 2 0.9% 1.13 2 0.9% 1.13 2 0.9% 

0.10 1.71 1.04 2 1.07 2 2.9% 1.07 2 2.9% 1.08 2 3.8% 1.07 2 2.9% 

0.13 1.59 0.93 2 0.99 2 6.5% 0.99 2 6.5% 0.99 2 8.5% 0.97 2 4.3% 

0.15 1.48 0.84 2 0.91 3 8.3% 0.91 3 8.3% 0.91 3 8.3% 0.90 3 7.1% 

0.17 1.38 0.78 2 0.84 3 7.7% 0.84 3 7.7% 0.84 3 7.7% 0.82 3 5.1% 

0.20 1.17 0.64 2 0.75 3 172% 0.75 3 17.2% 0.74 3 15.6% 0.72 3 12.5% 

63 0.0S 1.S0 1.29 5 1.29 S 0.0% t.29 S 0.0% 1.29 5 0.0% 1.29 5 0.0% 

0.07 1.78 1.25 5 1.26 S 0.8% 1.26 5 0.8% 1.26 5 0.6% 1.26 5 0.8% 

0.10 1.71 1.18 5 1.19 5 2.6% 1.19 5 2.6% 1.19 5 2.6% 1.19 5 2.6% 

0.13 1.59 1.03 5 1.09 S 5.8% 1.09 5 5.8% 1.09 5 5.8% 1.08 5 4.9% 

0.15 148 0.94 8 1.02 6 8.5% 1.02 8 8.5% 1.02 6 8.5% 1.01 8 7.4% 

0.17 1.38 0.85 6 0.95 6 11.8% 0.95 8 11.8% 0.95 6 11.8% 0.93 6 9.4% 

0.20 1.17 0.72 6 0.82 7 13.9% 0.82 7 13.9% 0.82 7 13.9% 0.80 8 11.1% 

127 0.05 1.80 1.39 5 1.40 5 0.7% 1.40 5 0.7% 1.40 5 0.7% 1.40 5 0.7% 

0.07 1.78 1.36 6 1.38 6 1.5% 1.38 8 1.5% 1.38 6 1.5% 1.38 6 1.5% 

0.10 1.71 1.28 6 1.32 8 3.1% 1.32 8 3.1% 1.32 5 3.1% 1.32 8 3.1% 

0.13 1.59 1.15 8 1.23 11 7.0% 1.23 11 7.0% 1.23 10 7.0% 1.23 10 7.0% 

0.15 1.48 1.06 11 1.18 14 9.4% 1.18 14 9.4% 1.16 13 9.4% 1.16 12 9.4% 

0.17 1.38 0.98 11 1.07 17 9.2% 1.07 17 9.2% 1.07 16 9.2% 1.07 14 9.2% 

0.20 1.17 0.82 19 0.95 17 15.9% 0.9S 17 15.9% 0.95 17 15.9% 0.94 15 14.6% 

Table 4.1: Optimum storage capacities achievable for five different interleaver-
s and four RS codeword lengths given various degrees of magnification error. 
BER(out)=10-^2 
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the tilt interleaver begins this decline at an earlier stage. The optimum code rate 

for n=15 and n=31 codes is close to 0.87. For n=63 and n=127 the optimum 

rates vary in the ranges 0.84-+0.77 and 0.93->0.81 respectively. This data shows 

the potential of a generalized interleaver to overcome several diiferent system

atic errors. In the presence of in-plane CCD rotation error, the VHM capacity 

behaves in a manner almost identical to the case of magnification error. The 

set of rotation errors (Q.Oir, 0.029°, 0.040°, O.OSr, 0.074°, 0.086°, 0.097°, and 

0.115°) have a one-to-one capacity correspondence to the set of magnification 

errors studied here (0.03, 0.05, 0.07, 0.10, 0.13, 0.15, 0.17, and 0.20 in %). This 

implies that the radial-pixel-shift arising from magnification error dominates the 

ISI while the change of pixel size is nearly negligible. 

Capadtv (Gblts) ser mat can mag-shift tilt 

n ! mt (den) bound C T C T flain C T gain C T sain C T gain 

63 0.57 1.81 1.31 5 1.31 5 0.0% 1.31 5 0.0% 1.31 5 0.0% 1.31 5 0.0% 63 

1.15 1.80 1.29 5 1.29 5 0.0% 1.29 5 0.0% 1.29 5 0.0% 1.29 5 0.0% 

63 

1.72 1.78 1.25 5 1.26 5 0.8% 1.26 5 0.8% 1.26 5 0.8% 1.26 5 0.8% 

63 

2.29 1.75 1.21 S 1.22 5 0.8% 1.22 5 0.8% 1.23 5 1.7% 1.22 5 0.8% 

63 

2.86 1.70 1.15 5 1.16 6 0.9% 1.16 6 0.9% 1.18 6 2.6% 1.16 6 0.9% 

63 

4.01 1.59 1.04 5 1.05 6 1.0% 1.05 5 1.0% 1.06 6 1.9% 1.05 6 1.0% 

63 

5.16 1.46 0.91 6 0.93 6 2.2% 0.92 6 1.1% 0.93 6 ^2% 0.93 6 2.2% 

127 0.57 1.81 1.40 5 1.40 5 0.0% 1.40 5 0.0% 1.40 5 0.0% 1.40 S 0.0% 127 

1.15 1.80 1.39 5 1.40 5 0.7% 1.40 5 0.7% 1.40 5 0.7% 1.40 S 0.7% 

127 

1.72 1.78 1.37 6 1.38 6 0.7% 1.38 6 0.7% 1.38 6 0.7% 1.38 6 0.7% 

127 

2.29 1.75 1.33 8 1.34 7 0.8% 1.34 7 0.8% 1.35 7 1.5% 1.34 7 0.8% 

127 

^86 1.70 1.29 8 1.30 8 0.8% 1.30 8 0.8% 1.30 8 0.8% 1.30 8 0.8% 

127 

4.01 1.59 1.17 10 1.19 11 1.7% 1.19 It 1.7% 1.20 10 2.6% 1.19 11 1.7% 

127 

5.16 1.46 1.05 11 1.06 11 1.0% 1.07 n 1.9% 1.08 10 2.9% 1.06 11 1.0% 

Table 4.2: Optimimi storage capacities achievable for 5 different interleavers and 
2 RS codeword lengths given various degrees of tilt error. BER(out)=10~^^. 
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The formats of Table 4.2 and Table 4.3 are similar to that of Table 4.1, where 

we have only included the n=63 and n=127 Reed-Solomon codeword lengths. 

Table 4.2 represents the capacity performance of interleaved RS codes in the 

presence of tilt error and Table 4.3 presents the same information for the case 

of defocus error. The data in Table 4.4 represents the capacity performance 

Caoadty (Gbtis ser mat can mag-shift tilt 

n daf (mm) bound C T C T aaln C T qain C T aaln C T aain 

63 •0.09 1.76 1.26 5 1.26 5 0.0% 1.26 5 0.0% 1.27 5 0.8% 1.27 5 0.8% 

•0.03 1.81 1.30 5 1.30 5 0.0% 1.30 S 0.0% 1.30 5 0.0% 1.30 5 0.0% 

0.00 1.82 1.31 4 1.31 4 0.0% 1.31 4 0.0% 1.31 4 0.0% 1.31 4 0.0% 

0.03 1.81 1.31 S 1.31 S 0.0% 1.31 S 0.0% 1.31 5 0.0% 1.31 S 0.0% 

0.09 1.76 1.26 5 1.26 5 0.0% 1.26 5 0.0% 1.26 5 0.0% 1.26 5 0.0% 

0.15 1.63 1.17 5 1.18 5 0.9% 1.18 5 0.9% 1.18 5 0.9% 1.18 5 0.9% 

O.IS 1.54 1.11 5 1.12 6 0.9% 1.12 6 0.9% 1.12 5 0.9% 1.12 5 0.9% 

127 -0.09 1.76 1.37 5 1.37 5 0.0% 1.37 5 0.0% 1.37 5 0.0% 1.37 5 0.0% 

•0.03 1.81 1.40 5 1.40 5 0.0% 1.40 S 0.0% 1.40 5 0.0% 1.40 5 0.0% 

0.00 1.82 1.41 5 1.41 5 0.0% 1.41 5 0.0% 1.41 5 0.0% 1.41 5 0.0% 

0.03 1.81 1.40 S 1.41 5 0.7% 1.41 S 0.7% 1.41 5 0.7% 1.41 5 0.7% 

0.09 1.7S 1.36 S 1.37 6 0.7% 1.37 6 0.7% 1.37 6 0.7% 1.37 6 0.7% 

0.15 1.63 1.26 6 1.28 6 1.6% 1.28 6 1.6% 1.28 6 1.6% 1.28 6 1.6% 

0.18 1.54 1.20 5 1.22 6 1.7% 1.22 6 1.7% 1.22 6 1.7% 1.22 6 1.7% 

Table 4.3: Optimum storage capacities achievable for 5 different interleavers and 
2 RS codeword lengths given various degrees of defocus error. BER(out)=10~^^. 

obtained from using a RS n=63 ECC in the presence of a combination of x-shift 

and magnification errors. Each sub-table in Table 4.4 represents different degree 

of x-shift errors. Trends similar to those identified with respect to Table 4.1 

can be observed in Tables 4.2 to 4.4. bi the presence of these other sources 

of systematic error there are significant capacity gains derived from the use of 

interleaving and ECC. 
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Capacity (Gbits) ser mat can maa-shift tilt 

shift (%) maa{%) bound C T C T aaln C T Rain C T flain C T aain 

S 0.03 1.80 1.30 5 1.30 5 0.0% 1.30 5 0.0% 1.30 5 0.0% 1.30 5 0.0% 

O.OS 1.78 1.27 5 1.27 5 0.0% 1.27 5 0.0% 1.27 5 0.0% 1.27 5 0.0% 

0.07 1.74 1.21 4 1.23 4 1.7% 1.23 4 1.7% 1.23 4 1.7% 1.23 5 1.7% 

0.10 1.63 1.10 5 1.15 5 4.5% 1.15 5 4.5% 1.15 5 4.5% 1.15 6 4.5% 

0.15 1.36 0.89 7 0.97 5 9.0% 0.97 S 9.0% 0.97 5 9.0% 0.96 6 7.9% 

10 0.03 1.77 \27 5 1.27 5 0.0% 1.27 s 0.0% 1.27 5 0.0% 1.27 5 0.0% 

0.05 1.73 1.23 4 1.24 5 0.8% 1.24 s 0.8% 1.24 5 0.8% 1.24 5 0.8% 
1 

0.07 1.68 1.18 5 1.19 5 0.8% 1.19 5 0.8% 1.19 5 0.8% 1.20 5 1.7% 

0.10 1.55 1.06 5 1.10 4 3.8% 1.10 4 3.8% 1.10 4 3.8% 1.10 6 3.8% 

0.15 1.24 0.83 6 0.92 6 10.8% 0.92 6 10.8% 0.92 6 10.8% 0.91 7 9.6% 

15 0.03 1.71 1.24 4 1.24 5 0.0% 1.24 5 0.0% 1.24 5 0.0% 1.24 5 0.0% 

0.05 1.66 1.19 5 t.20 5 0.8% 1.20 5 0.8%| 1.20 5 0.8% 1.20 5 0.8% 

0.07 1.S8 1.12 4 1.14 6 1.8% 1.14 6 1.8% 1.14 6 1.8% 1.15 5 2.7% 

0.10 1.43 1.01 4 1.05 S 4.0% 1.05 5 4.0% 1.0S 5 4.0% 1.05 5 4.0% 

0.15 1.10 0.79 4 0.87 6 10.1% 0.87 6 10.1% 0.87 6 10.1% 0.86 8 8.9% 

20 0.03 1.62 1.19 4 1.20 5 0.8% 1.20 5 0.8% 1.20 5 0.8% 1.20 5 0.8% 

0.05 1.55 1.13 5 1.15 5 1.8% 1.15 5 1.8% 1.15 5 1.8% 1.15 5 1.8% 

0.07 1.46 1.07 5 1.09 5 1.9% 1.09 5 1.9% 1.09 5 1.9% 1.09 5 1.9% 

0.10 1.28 0.96 5 1.00 5 4.2% 1.00 5 4.2% 1.00 5 4.2% 1.00 6 4.2% 

0.15 0.97 0.72 6 0.80 4 11.1% 0.80 4 11.1% 0.80 4 11.1% 0.79 5 9.7% 

25 0.03 1.S0 1.14 5 1.14 5 0.0% 1.14 5 0.0% 
1 

1.141 5 0.0% 1.15 5 0.9% 

0.05 1.40 1.09 4 1.09 5 0.0% 1.09 5 0.0% 1.09 5 0.0%i 1.10 5 0.9% 

0.07 1.29 1.02 4 1.04 5 2.0% 1.04 5 2.0% 1.04 5 2.0% 1.04 5 2.0% 

0.10 1.11 0.89 5 0.94 5 5.6% 0.94 6 5.6% 0.94 5 5.6% 0.94 6 5.6% 

0.15 0.85 0.66 5 0.75 5 13.6% 0.75 5 13.6% 0.75 5 13.6% 0.74 5 12.1% 

Table 4.4: Optimum storage capacities achievable for five different interleavers 
and n=63 RS ECC given various combinations of shift and magnification error. 
BER(out)=10-^2 
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Table 4.1'^^ 44 not only sununarize our simulation results and demonstrate the 

trends of applying ECC and interleaving in the presence of different systematic 

errors, but may also serve as design look up tables to help system designers 

evaluate the use of ECC and interleavers in the presence of systematic errors. 

These tables also point out a fair way to compare the relative importance of 

the accuracy requirement for different system parameters. For example, we can 

find the values of systematic error due to magnification, tilt, defocus at which 

similar storage capacity performance results. With the use of n=63 Reed-Solomon 

ECC and to have 1 Gbits capacity, we can say that 0.15% magnification error is 

comparable to 4.01 degree tilt error, or more than 0.18 mm defocus error, and 

the system specifications should reflect this accuracy requirement. 

4.3.4 1024 X 1024 Pixel System 

The extensive capacity study represented by Tables 4.1 through 4.4 of the pre

vious section was possible in part because the IPX characteristics of the 512x512 

pixel system could be predicted via ray-trace simulation. This ray-trace must be 

repeated for each value of systematic error so that the detail of the space-variant 

IPI can be accurately captured. Mjiny VHM systems however, are designed with 

a larger 1024x1024 page size, requiring more complex optics and making the an

alytical burden of determining the space-varying ISI characteristics significantly 

greater. In this section we consider a more limited study of such a 1024x1024 

pixel system. We use the analjrtical tools described above to study a 4F opti

cal system that incorporates a 1024x1024 SLM with a 15.6 /zm pixel pitch and 

10.3 /zm pixel size. The CCD is assumed to have a 12.8 fjm pixel pitch and 
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11.1 /im pixel size. Due to the mismatch between SLM pitch and CCD pitch 

(0.8205 de-magnification) together with the larger field (page size) as compared 

with the previous example, we select two air-spaced triplets with focal lengths of 

203.57 mm and 167.06 mm as the Fourier transform lenses for this asymmetric 

4F system design. Using the procediure outlined in Section 2.2.2 we position 

I 35% 19% shift 

1 25% S 
8% shift ..-B 

i 20% « 

2 i RS(n=3l) 
1 2.0 r Q match 

15% A mag-shift 
O serial 

0.02 0.03 0.04 0.05 0.06 0.07 

magnification error(%) 
0.08 

Figure 4.8: Optimum storage capacity of serial, matched, and mag-shift inter-
leavers using n=31 Reed-Solomon ECC and their associated capacity gain with 
respect to the use of serial interleaver for combinations of different magnification 
and shift errors to have output BER of 10"'^. 

the CCD to minimize page-average BER, and study the storage capacity perfor

mance associated with serial, matched, and mag-shift interleavers. We limit this 

study to RS codes with n=31 and n=63 in the presence of several combinations 

of shift and magnification error. Instead of 2.304 x 10^ for the 512x512 page 

format case, the VHM system scaling constant 7 was 5.759 x 10^ reflecting the 

increased page size and data rate of this system throughout this study. 
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Caoadtv (Qblts; 

n 31 63 

Caoadtv (Qblts; ser mat mag-Shift ser mat mag*sNft 

shift (W mad (*) Ixiund C T C T oaln C T oaln C T C T flain C T gain 

5 0.02 5.82 3.28 2 3.56 2 s.s%\ 3.56 2 8.5% 3.72 6 3.96 5 6.5% 3.96 5 5.5% 5 

O.OS 4.99 2.52 2 2.92 3 15.9% ^g2 3 15.9% 2.84 5 3.20 6 12.7% 3.20 S 12.7% 

5 

0.08 3.S6 1.72 2 2.12 4 23.3% 2.12 4 23.3% 1.92 5 2.36 7 22.9% 2.36 7 22.9% 

12 0.02 5.52 3.12 2 3.36 2 7.7% 3.36 2 7.7% 3.44 6 3.72 5 8.1% 3.72 5 8.1% 12 

0.05 4.49 2.28 2 2.64 3 15.8% ^64 3 15.8%! 2.60 5 2.96 6 13.8%| 2.96 6 13.8% 

12 

0.08 3.14 1.48 2 1.88 3 27.0% 1.88 4 27.0% 1.68 5 2.08 7 23.8% 2.08 7 23.8% 

19 0.02 5.07 2.84 2 3.12 2 9.9% 3.12 2 9.9% 3.20 4 3.44 6 7.5% 3.44 6 7.5% 19 

0.05 3.82 2.04 2 2.36 3 15.7% 2.36 3 15.7% 2.28 5 2.64 6 15.8% 2.64 6 15.8% 

19 

0.08 2.63 1.12 5 1.56 3 39.3% 1.56 3 39.3% 1.40 6 1.84 7 31 4% 1.72 7 22.9% 

Table 4.5: Optimum storage capacities achievable for three different interleavers 
and two RS codeword lengths given various combinations of shift and magnifica
tion error. BER(out)=10~'^ for 1024x1024 pixels/page system. 

Figure 4.8 depicts the optimum capacity and capacity gain using n=31 Reed-

Solomon ECC with matched, serial, and mag-shift interleavers for the new system. 

We can see similar trends in Figure 4.8 as those discussed in Section 4.3.2 for 

Figure 4.7(b) only with more significant capacity gain. Table 4.5 has similar 

format as Table 4.4, and it summarizes the study for the 1024x1024 system, 

where two sub-tables lay side by side representing the optimum storage capacity 

with the use of n=31 and n=63 Reed-Solomon ECC. The 1024x1024 system has 

larger storage capacity than the previous 512x512 system due to its larger page 

format and has stronger correlated error patterns given the same degree of shift 

and magnification error. For 5% x-shift and 0.05% magnification error, the use 

of a n=31 RS code and the matched interleaver yields a 16% capacity gain while 

no gain was seen for the previous 512x512 pixel system. This system example 
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demonstrates the importance of two-dimensional interleaving and ECC. Up to 

40% capacity gain can be achieved through the use of proper 2-D interleaving. 

4.4 Experimental Demo 

In this section we experimentally demonstrate the algorithmic approach that 

has been described throughout the preceding sections. The advantages of us

ing 2D interleaving together with RS ECC within a 4F imaging system will be 

measured in terms of BER performance as a function of systematic errors. The 

experimental 4F system comprises a chrome-on-glass input image, two 20 cm dou

blets (Melles Griot part # 01 LA0225), and a computer controlled CCD camera 

(SpectraSource Instrument model # MCD600S). The input contains 384x256 

random pixels with 18 fim pixel size and pitch. The CCD camera has a 9 fim 

pixel pitch and nearly 100% fill factor. We elect to map one input pixel onto four 

CCD pixels and a local thresholding scheme is used for data detection. We deter

mine the page-average BER of the experimental system by counting the number 

of error pixels that occur within a sequence of images. 

Figure 4.9(a) and (b) are two examples of image frames captured by the CCD 

camera with 20 msec integration time for (a) a well-aligned system and (b) a 

system with 19.4% target pixel shift in the x direction, and the insert graphs 

are enlarged local pixels with re-normalized contrast levels. By adjusting the 

integration time of our CCD camera we can control the effective retrieved signal 

levels. This allows us to reproduce signal levels that are consistent with those that 

would be obtained from a VHM storing a large number of pages. We can see that 
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(a) 

(b) 

Figure 4.9: Image captured by CCD camera for (a) a well-aligned system. The 
insert graph is enlarged local pixels with re-normalized contrast levels, given (b) 
19.4% shift error. The insert graph is enlarged local pixels with re-normalized 
contrast levels. 
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the reduction of contrast between the ON and OFF pixels due to the shift error 

in Figure 4.9(b) in comparison with the well-aligned case (i.e., Figure 4.9(a)). 

300 

~ 200 
0, 
0 
t) 
:.c 

100 

• well-aligned system 
o 19.4% shift 

0 ~~~~----~--~~----~--~~==~~ 

4000 4500 5000 5500 
signal level 

Figure 4.10: Experimental output signal histograms: • symbol is for well aligned 
system and o symbol is for the system with 19.4% shift error. 

Some insight into the noise sources that dominate a simple 4F imaging system 

can be obtained by viewing a histogram of the output CCD pixel values. Fig

ure 4.10 shows the histograms of Figure 4.9(a) and (b). The • symbols represent 

the histogram for the well aligned system and the corresponding raw BER is mea

sured to be 1.018 x 10-4 . The widths of the "0" and "1" histogram components 

are mainly due to circuit noise for this case. We attribute the slight asymmetry 

between "0" and "1" components to the large amount of coherent speckle noise 

in our system. The o symbol curve is the histogram obtained from th'e system 

with 19.4% (or 3.5 J-lm) pixel shift error in the x direction. In the presence of this 
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shift; error, the "0" and "1" components each become bi-modal, and the corre

sponding page-average raw BER increases to 5.648 x 10~®. Figures 4.11(a) and 

4.11(b) are examples of the 2-D error patterns measured over an output data 

page, where the dots represent error pixels. Figure 4.11(a) is the error pattern 

measured from a well aligned system with a signal level approximately equal to 

the noise floor. Figure 4.11(b) is the error pattern measured in our experimental 

system with 0.045° in-plane CCD rotation error and the same signal level as in 

Figure 4.11(a). From this figure we can clearly see the circular symmetry of the 

error pattern. 

We utilize a PC-based software decoder to post-process a sequence of 30 im

ages. Pixel binning, image normalization, data detection, de-interleaving, and 

ECC decoding are all realized in software. Figure 4.12 shows a plot of the mea

sured output BER performance as a function of in-plane CCD rotation error. This 

plot is based on the use of a RS n=31 code together with serial (solid curves) and 

center (dashed curves) interleavers. The thick dashed curve is the page-average 

raw BER before decoding and the five symbols correspond to five different de

grees of error correcting ability (i.e., T=1 to T=5). We can see that the output 

BER increases as the CCD rotation error increases and that a larger T results 

in a smaller output BER. We also observe that the center interleaver always of

fers better BER performance than the serial interleaver. The left-most point on 

each curve represents the minimum rotation error for which any data errors were 

found. The absence of data errors suggests a decoded BER < 3.4 x 10"^. 

The use of chrome-on-glass target eliminates many errors that would be pro

duced when using a real SLM in the system.^®" The insertion of other components 
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Figure 4.11: (a) Pixel error pattern measured on a well aligned system. Black 
dots mark the pixels in error, (b) pixel error pattern measured on a system with 
0.045° in-plane CCD rotation error. Black dots mark the pixels in error 
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Figure 4.12: Experimental output BER performance measured using serial and 
center interleaving schemes with 5 different RS n=31 codes. 

such as storage medium, beam shaping elements, phase masks, etc., in the optical 

path will also introduce other error sources. This experiment demonstrates that 

even in the presence of potentially complicated real-world noise sources, 2-D in-

terleaving and ECC can offer significant improvements in BER and capacity. The 

data in Figure 4.12 indicates for example, that a RS(31,23,4) code can provide 

tolerance (i.e., error free performance) to 0.05° rotation error without interleaving 

while the same code with central interleaving provides 0.10° tolerance. We also 

observe that for 0.1 o rotation error this same code offers a BER gain of nearly 

100. 
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4.5 2-D Interleaver Implementation Concerns 

Throughout this chapter the cost of ECC has been expressed in terms of the 

ECC code rate, and the effect of code rate on user capacity has been included 

in all of the capacity results reported here. There is also a computational cost 

associated with the use of interleaving and ECC. This computational cost will 

manifest itself as (1) a time/latency cost, (2) a circuit complexity/area cost, and 

(3) a power dissipation cost. These costs have been quantified previously with 

respect to RS ECC and it was found that ID parallel pipelined VLSI decoder 

implementations are feasible for use in VHM systems.®®"^" Three examples will be 

given in Chapter 6 for the discussions of VLSI implementation issues. Hardware 

solutions for n=63 RS decoders fabricated in a l/zm CMOS process, can achieve 

decoding rates of 2.46 Gbits/sec with less than Icm^ area and less than IW 

power dissipation.^" The latency tas associated with these solutions scales with 

T as tns = 2T+3 row-wise clocks. The additional cost of utilizing 2D interleaving 

can be minimzil, requiring only one page of RAM and incurring a latency cost 

of one page-wise clock. In Chapter 6 we will demonstrate two VLSI design to 

realize two coding related functions, and the computational cost associated with 

coding will be discussed in more details. 

4.6 Summary 

In this chapter we have discussed a nimiber of issues related to the use of error 

correction and interleaving in VHM systems. First, we identified 2D correlated 

error patterns that arise from the space-variant point-spread-fimctions associated 
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with lens aberrations and systematic error. An information theoretic bomid on 

VHM storage capacity was derived that included the effects of these error cor

relations. This information theoretic analysis also facilitated an estimate of the 

capacity cost arising from misalignment errors in VHM systems. We found for 

example that 0.1% magnification error will reduce the theoretical VHM capacity 

by 5% in our example system. 

We have also described the design of 2D interleavers for use in the presence of 

various random and systematic error sources. These interleaver designs are based 

on the geometric notion of arranging ECC symbols in parallel with the 2D error 

correlations and arranging ECC codewords perpendicular to these correlations. 

The capacity advantages associated with using ECC together with 2D interleav

ing has been presented with respect to our analysis of the information theoretic 

bounds. For a 1024 x 1024 pixel page subjected to 0.08% magnification error and 

19% shift error we find that a 39% capacity gain can be achieved through the use 

of interleaving and that the resulting capacity is nearly 59% of the information 

theoretic bound. 

Notes The idea of using the 2-D interleaving technique for systematic errors 

was originated during the talk in an early morning drive with my advisor from 

Tucson to Phoenix to attend a HDSS workshop. The work presented in this 

chapter was published in Applied Optics, vol. 37, no. 29,10 October 1998, pp. 

6951-6968. 
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CHAPTER 5 

JOINT DETECTION SOFT-DECISION ARRAY 

CODES IN VHM SYSTEMS 

We demonstrated in Chapter 4 the advantage of using 2-D interleavers in 

VHM systems with 2-D error patterns. Some systematic errors, however, do not 

exhibit correlated error patterns. For example the low-pass filtering effect of an 

imaging system causes pixel blurs uniformly across the page. In this chapter we 

apply joint detection soft-decision array (JDSA) codes to recover data pages from 

VHM systems dominated by low-pass filtering IPI and additive Gaussian noise. 

Soft-decision methods can unify equalization and error decoding. The JDSA 

decoding algorithm is motivated by iterative turbo decoding method and 

is capable of incorporate a priori knowledge of the corrupting IPI channel into 

the decoding process. The performance of the JDSA decoder will be compared 

against the performance of the Reed-Solomon(n=127) and a hard RCDS decoder 

in conjunction with a Wiener filter. 

5.1 Soft vs. Hard Decision 

A received analog signal not only contains the original binary data but can 

also indicate the reliability of the communication channel. An immediate hard 

threshold decision made on this received analog data throws away the associated 

reliability information. For example, when we use a threshold of 0.5 in a channel 

transmitting 0- and 1-valued symbols, a decoded 0-symbol may result from a 
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received value of 0.1 or 0.48. If the correct answer should have been 1 and the 

received data value was 0.48, it will be relatively easy for a later signal processing 

stage to revert this wrong decision by knowing the original signal reliability. 

I-p 
data ̂   ̂ data 
input in' output 

 ̂  ̂ • I 
P(X=0)=P(X=l) ^ P 

Figure 5.1: Binary symmetric channel with transition probability p. 

The difference between hard- and soft- decisions can be quantified by calcu

lating the difference in the channel mutual information for these two detection 

schemes. Again we consider the system shown in Figure 2.1 for equal prior input-

s and a simple threshold, the system can be represented as a binary sjonmetric 

channel (BSC) shown in Figure 5.1. The BSC is characterized by the channel 

transition probability {p) which is the same as the channel BER under the equal 

prior assimiption. The mutual information of this BSC can be found as: 

I {X \  r) = 1 + plogap + (1 - p)  log2(l -  p)  . (5.1) 

Using this BSC model as the single pixel model used in VHM systems, we can 

follow the same analyses used in Sections 2.3 and 2.4 to determine the storage 

capacity and density of the VHM system. The dashed-curves in Figure 5.2 repre

sent the storage capacity and density performance of using hard-decision scheme 

as a fimction of the low-pass bandwidth (LPBW) in a VHM system. The solid 

curves correspond to the soft-decision results calculated in Sections 2.3 and 2.4. 

We can observe the 23% loss from the optimum storage density due to the use of 

hard-decision. The x symbol curves are the performance of using hard threshold 
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RS(n=127) ECC to meet 10"^^ user BER criteria. If instead we can incorporate 

a more sophisticated detection scheme with the ECC, we may further improve 

the ECC performances. 

Figure 5.2: The areal storage density and storage capacity performances while 
using soft-decision (solid curves) and hard-decision (dashed curves). The x-
symbol curves are the hard decision Reed-Solomon code performance. 

The penalty associated with using the soft-decision resides in practical imple

mentation issues. To take the previous example where we want to keep an analog 

value of 0.48, this corresponds to a 7-bit resolution requirement throughout the 

decoding process. If we were to have a VLSI RS decoder, we have to use 7 instead 

of a single line to represent a received pixel. Assimiing we can ignore the algorith

mic difference between hard- and soft-RS codes,'®®'to route 7 lines throughout 

a VLSI chip will result in a design with a much larger chip size, higher power 

consumption, and perhaps a slower clock speed as well. Consequently, just to be 

1.0 

0.1 10 

LPBW 
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realistic, we need a very simple code to trade the error-correction performance 

for soft dedsion advantages. 

5.2 Array Codes 

Array codes are parity check codes arranged in a 2-D format. Many geo

metrical ways of arranging information bits and forming parity check bits have 

been studied and simimarized in Ref[160]. Array codes were used to correct two-

dimensional burst errors/® and foimd their applications in VHM systems.®® 

A family of maximum distance separable array codes over GF{q) were studied 

and enumerated in Ref[ 164]. Since our goal is to find a very simple ECC, we 

consider the binary self-orthogonal array code which was first studied by R. J. 

G. Smith in 1977.^®® 

5.2.1 Array Code Basics 

Without lost of generality, we can map the binary values (Ar=0 and 1) into 

bipolar values (X=-i-l and -1) for the purpose of a more concise mathematical 

representation. Figure 5.3 depicts an example of the row-column-diagonal (RCD-

S) array codeword. The information bits are arranged asa.kx k matrix and the 

4 appended fc—bit colimms are the parity check bits. For these codes, A: is an odd 

number,  and the code ra te  is  The information bi t  a t  row i  and column j  

is denoted as x{i , j ) .  Each parity check bit depends on an unique group of infor

mation bits, and we use R, C, D, and S to denote row-, colunm-, (right-handed) 

diagonal-, and sinistral diagonal-parities, respectively. 



131 

info bits kM parity bits 
-

+di s2 
+ 

C4 
- + - + 

+ 
s2 dl 

+ 
c4 

- -
dl 

-

+ + +d. 

c4 

+ - + J"  
3 

+ 

r3 

+ 

r3 

+ 

r3 r3 c4 

s2^dl 

r3 

+ - -

+d. + -
w 

A-
+ 

c4 

+ -
I I I 

(ife = 5) /  \R C D S 

r, c, 

x(i.j) 

S(j-t-i)lk d(j.i)Ht 

Figure 5.3: The encoding for the haxd RCDS(5) array code. The R, C, D, and S 
indicate the row-, column-, diagonal-, and sinistral-diagonal parity columns. The 
four corresponding parity bits of x{i,j) are marked at the four comers. 

We can represent these parity dependencies in terms of sets: 

Wrw = {^{h j ) \ j  =  o> -M ^ -1}. 

Wco) = [x{hj) \ i  = 0,1,.., A; -1} , 

[x}du) = = 0,1,.., k -  I; J = {j  -  i)|A:)} , 

Ws(») = = = {j  + i)|fc)} , (5.2) 

where a|& is the modulo function, returning the least positive remainder of a 

divided by b. Using row-parity as an example, the following defines the notation 

we use to describe RCDS array codes: 
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R{i) : the bit in the row-parity column. 

Rx{ij) ' row-parity bit associated with x{i , j ) ,  the same bit as R{i) .  

{^}rW : row parity substitution set by replacing x{i , j )  in {a:}R(,) with R{i) .  

{i2} : {iE(z)|i = 0,1,fc—1}. 

{«}-«(') 

When there is no concern of ambiguity we can drop the indices for x( i , j )  and 

R(i) to represent the generic information and row-parity bits. Similar notations 

can be found for the other three parities by replacing R with C, D, or S. We 

also define two short hand notations for referring to parity types: 

1. R denotes any one of the other three parities but R. 

2. RCDS denotes any one of the four parity types. 

For example, {RCDS} means any one of the four parity columns, and {x}/^ 

denotes any one of the other three parity sets containing x but the row-parity 

set. The value of a parity bit is the cumulative sign of all the elements in its 

associated parity set, which is equivalent to the exclusive-OR for the binary-

valued bit case. We can find the z"' row-parity bit by using: 

j f e - i  

i=o 

= [{x}R(i)] . (5.3) 

By replacing R with corresponding parity letters (i.e., C, D,  or S) ,  we can define 

the parity bits in the same maimer for the other three parity colimms. Using 

Equation 5.3 we can encode kxk information bits into a fc x (A:+4)-bit codeword 

denoted as a RCDS(k) array codeword. 
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There are four parity bits associated with the information bit 

J 

— (^ ( j )  ) 

dx{ i j )  — d{{ j  — i)|A;) , 

S x i i j )  = S{{j  -^ i ) \k) .  (5.4) 

Only when k is an odd number, the RCDS array code possesses the self-orthogonal 

property, i.e., 

1, x  is the only common element between any pairs of the sets: {x}r, {x}ci 

{i}d, and {x}5 . 

5.2.2 Hard-Decision Array Decoding 

We can determine x from its associated row parity substitution set: 

where the sgn['] operation is performed over fc-element parity substitution set. 

The other three parity equations can be obtained by replacing R in Equation 5.5 

with C, D, and S. Since the parity of any parity columns is equal to the parity 

of all the information bits, we can have parity checks on parity bits from other 

parity columns by excluding R{i) from {R} and combining the sign from other 

parity columns, i.e., 

2. {x}R(i) =0 V i  and this is true for the other three parities. 

(5.5) 

R{i) = sgn [{iE} "W] . . (5.6) 
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The RCDS hard-decision decoding procedure is to (1) use thresholding to find 

one estimate of pixel x and (2) use Equation 5.5 to find four other estimates, then 

(3) take a majority vote to decode x. The minimum Hamming distance between 

RCDS codewords is 5 yielding a 2-bit random error-correction code. 

To determine the BER performance of a RCDS(k) hard-decision array decoder, 

we enumerate the probability for every possible dominant error patterns. Given 

BER(raw), the decoded BER of pixel x is: 

where n = k"^ + 4k is the size of a RCDS codeword and is the number of 

uncorrectable t-bit error patterns. When BER(raw) is small, we can approximate 

the decoded BER by considering only up to 6-bit error patterns in a codeword. 

Because we use the majority vote decoding scheme, three out of five x estimates 

must be in error to have a decoded error in x. By going through a combinatorial 

analysis to enumerate the uncorrectable error patterns, we can find the value of 

At. We show the details of finding .43 as an example. Assuming we have 3 error 

bits in the codeword after hard decision and want to know the probability of pixel 

X being in error, we have the following cases: 

(1) x  in error 

=» 2 out of 4 parity equations of x are in error 

n 
BERa(out) = At BER(raw)'[l - BER(raw)]'»-^, 

t=3 

6 

« 5^ At BER(raw)'[l - BER(raw)l"-', (5.7) 
t=3 

=6k^ ,  
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(2) X correct 

3 ouf of 4 parity equations of x are in error 
4 \  f  k  \  /  k \  ( k  

=4A:3. 

Because each parity equation has k elements, we have ^ ^ possible combi

nations to have one error in these k elements. The resulting Az is the sum of A'^ 

and ^3. The following is the list of At for the RCDS(k) hard decoder: 

^3= 6A:2 +ak^  ,  

A, = -6A:2 +7k^  +4k^  , 

As = lOk^ -fk^ -9 k^ -fifeS + 4A:® + 2k'^ , 

A6 = -m'^ +6k^ + f A:"-f fcS-f A:®+ |A:8 + . 

The ratio between At BER(raw)^[l — BER(raw)]"~' and Aj+i BER(raw)''^^ 

[1 — BER(raw)]"~'"^^ tells us whether {t + l)-error term can be neglected. For the 

case of raw BER around 10"^ ~ 10"^, we find the inclusion of A3 ~ A^ terms in 

Equation 5.7 is sufficient for the RCDS(A: < 501) array code performance analysis. 

The BER(raw) can be related to the system SNR given the channel model. 

Assuming AWGN channels, we plot the hard-decision BER as a function of SNR 

in Figure 5.4 for the cases of k=7 and k=71 RCDS array codes. The solid-

symbols are the Monte Carlo simulation results using the hard RCDS decoding 

algorithm. For the cases of Ar = 7 and fc = 71 we randomly generate 210 x 210 and 

213 X 213 information bits, respectively, and the encoded codewords are corrupted 

by Gaussian noise specified by the system SNR. The simulation stops when more 

than 10 decoded error pages are found. The decoded page is then compared with 
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Figure 5.4: The BER(out) vs. SNR performances of hard and soft RCDS codes. 
The symbols indicate Monte Carlo simulation data points, and the solid curves 
are the hard RCDS performance predicted using Equation 5.7 and 5.2.2. The 
dashed curves are the BER performance bound of the soft RCDS code. 

the original data to decide the decoded BER. The solid lines are the hard-decision 

decoding performances predicted by Equation 5.7. The Monte Carlo simulation 

result agrees well with the theoretic prediction. Also from the data in Figure 5.4 

we can see that the RCDS (71) code has worse BER(out) performance due to the 

scaling of ^4^ with fe. 

5.2.3 Soft-Decision Array Decoding 

5.2.3.1 Soft-Decision Review 

Recent studies in turbo decoding cause another breakthroug in finding many 

near optimum (close to Shannon limit) error-correction codes. We adopt a 
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similar iterative decoding scheme in our soft-decision RCDS array decoding algo

rithm. Instead of producing a specific output symbol the soft-decision methods 

estimate the probabilities associated with all possible symbols. The soft-decision 

based algorithms manipulate and compare these probabilities to find the most 

probable received symbol. For a channel transmitting m-ary symbols, we have 

m — 1 independent probability variables for each received pixel. In this disserta

tion we consider binary channels, so that only one independent analog variable 

(i.e., likelihood ratio) is sufficient to represent the relative possibility for trans

mitted symbols. We define the likelihood ratio (LR(X)) of a bipolar random 

variable X to be the ratio between the probabilities of X=-l-l and X=-l. Sim

ilar ly  we can def ine the condi t ional  LR of  X given the received analog s ignal  y 

and use Bayes' rule to rewrite LR(X|y) in terms of forward channel probability 

density functions and prior probabilities: 

where P{-)  denotes the probability measure. For the case of equal priors, {i .e . ,  

P{X = -f-1) = P{X = —1)), the likelihood ratio becomes the ratio of the two 

forward channel PDFs calculated at the point y. Figure 5.5 graphically depicts 

such a calculation for a Gaussian channel with equal priors. The LR(X|y) is the 

ratio of the two line segments found at point y. Using the PDFs in the calculation 

of LLRs is the first step for soft-decision algorithms to incorporate the channel 

knowledge. 

LR{X\y)  = 
_ P{X = +l\y)  
-  P{X = - l |y)  '  
_  P{y\X = H)P{X = +i)  

P{y\X = -1)P{X = -1) ' 
(5.8) 
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Figure 5.5: The calculation of likelihood ratio for a binary Gaussian channel. 

Because most of the probability manipulations involve multiplications of sev

eral probabilities, it will be convenient to define the log-likelihood ratio to convert 

the multiplications into addition operations. The log-likelihood ratio of X given 

y is defined as: 

The sign of LLR(-) is equivalent to the hard-decision result and the magnitude, 

|LLR(-)|, is the reliability associated with the hard-decision. The LLR(X) in 

Equation 5.9 is called the extrinsic information for the maximum a posteriori 

decoder. For a Gaussian channel with equal priors we can further simplify the 

previous equation as: 

where = 2/(7^ = 2 • SNR represents the reliability of the channel, and the 

LLR(X) becomes zero due to the equal priors assumption. 

LLR{X\y)  = \og{LRiX\y))  ,  

= LLR(y|A-)-hLLR(X) . (5.9) 

LLR(A:|y)=log 

(5.10) 
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We notice from Equation 5.5 that the cumulative sign operation plays an 

important role within the hard-decision RCDS array decoding. Applying the 

method used in Refs[155] and [166], we can translate this cumulative sign oper

ation into a LLR-based operation to have a soft-decision RCDS decoding algo

rithm. First we define the random variable Z=sgn[XiX2\ where Xi and X2 are 

statistically independent bipolar random variables, and compute 

p{z  = ±1) = p{x i  = -hl)P(X2 = ±1) -h p{x i  =  - l )p{x2  =  =Fl) . (5.11) 

Prom the definition of log-likelihood ratio we have: 

^LLR{X)  

~  ~  1 q±LLR(X)  •  

The log-likelihood ratio of random variable Z becomes: 

LLR(Z)^log^||^ 

i  ̂  gLLRCX,)gLLR(X2) 
~ eLLR(Xi) ^gLLRCXj) • (5-12) 

Without loss in generality we choose Xi such that |LLR(Xi)| < |LLR(X2)| and 

assuming the log-likelihood ratio of z can be simplified 

as: 

LLR(Z) « sgn[LLR(Xi)l • sgn[LLR(X2)l x lLLR(Xi)l , (5.13) 

and the sign calculation among a set of k statistically independent bipolar random 

variables {Xi\i = 1,2..., k} becomes: 

k~l  
LLR (sgn [ {Xi \ i  = 0,1,..., k — 1}]) « Jj55n[LLR(X,-)] x min [[LLR(A,-)1]. 

i=0 i=0,..,fc-l 

(5.14) 
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This equation indicates that the sign of the product ( Z )  of k  statistically in

dependent random variables (Xi) has the same sign as the product of all the 

individual LLR(Xi), and that its reliability is dominated by the most unreliable 

|LLR(X,)|^,„ among all X,-. 

5.2.3.2 Soft-Decision Array Decoding 

We can divide the calculation for LLR of a RCDS codeword (LLRword) into 

LLRin/o and LLRprty for information and parity bits, respectively. For each infor

mation bit X we have a total of five LLR estimates. The first one is based on the 

received value jjx of pixel x, i.e., LLR^iy^, where we use yx to denote the received 

value corresponding to pixel x whenever an ambiguity may occur. The other four 

LLR estimates are derived from the 4 parity equations associated with pixel x. 

For example, we can translate the row-parity equation (Equation 5.5) into 

JJs<;n[LLR(x')] X min ||LLR(a:')|] , (5.15) 

where LLR^ifl is the LLR estimate of x based on its row-parity equation. Similarly 

we can find LLRx|c, LLRiiij, and LLR^is using the other three parity equations. 

We also have five LLR estimates for each parity bit. To use the row-parity bit 

R{i) as an example, we have 

(1) LLRR(i)|yjjj^j , 

(2) LLRR(i)|{x}«(.. = n |LLR(a:')l . 

(3 — 5) LLRfl^jjift = n s^n[LLR(i')] X min |LLR(x')| . 
x'6{R}-«Wu{R} x'e{R}-«c.)u{fe} 
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For the AWGN case, the five conditional LLR estimates of each pixel are sta

tistically independent. We can simply sum up these five independent conditional 

LLR values to form a joint LLR estimate for each pixel, (i.e., LLRxja + LLRx|b 

= LLRx(a,b if A and B are independent). Since the pixels are coupled together 

through the RCDS codeword structure, an iterative update scheme can be used 

to produce LLR estimates that are consistent with the RCDS codeword con

straints. Figure 5.6 shows the block diagram of our soft-decision RCDS iterative 

array decoding algorithm. Assuming equal priors, we compute the initial value 

of LLRj(u = 0) as LLR^jj^^. For the case of information pixel {z = x), the 
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y. 

1 
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I decision I 
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RCDS 
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t ©P 
I (l-P) i 

LLR.(u)-»©-»© 

I ' 
u=u+I 

LLR,(u+l) 

I 
No Yes Cu<u, hard decode 

z 

Figure 5.6: The soft-decision RCDS iterative decoding algorithm for pixel z  with 
the iteration index u. Appropriate update rules are used when pixel z is an 
information or a parity bit. 

LLR update at iteration u is denoted as LLR^(ti), and is computed as 

LLR^(u) = LLRx(r(u) + LLRx(c(tt) + ILRx\d{u) + LLRa:|5(u). 

For the case of row-parity bit {z  = R{i)) ,  we have: 

= LLRR(j)|{xj.^j.j (li) + LLRR(i)|c(«) + LLRft(,)|D(tt) •+• LLRfl(,-)|5(«) . 
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Similar expressions are used for column (C) and diagonal {D,  S)  parity bits. At 

each iteration, a fraction of this update is added to the original LLR estimate, 

i.e., 

LLR^(w +1) = (1 - f i )LLR^{u)  + 0LLR^(u) ,  (5.16) 

where the parameter is used to filter the update process. While u < u^ax  the 

LLRs(u + 1) is inserted at the beginning of the decoding cycle. This feedback 

loop causes the LLRf {u) to serve as the extrinsic knowledge term in Equation 5.9 

for subsequent LLR estimates. This feedback procedure is the basic concept 

of turbo decoding.As decoding proceeds, the conditional LLR estimates 

of each single pixel become dependent. After Umax iterations, we decode the 

information pixel according to its converged log-likelihood ratio, i.e., 

{+1 LLR^>0 

-1 LLR^<0. 

5.2.3.3 Soft-Decision Array Code Performance 

The initial LLR update estimate for an information pixel x (LLR^(O)) depends 

on the received values of the 4^ pixels in its associated parity sets (Equation 5.15). 

For the next iteration LLR^(l) is determined by a larger set of pixels because 

those 4fc parity pixels have been updated in the same manner through their own 

parity pixels. The parameter P in the soft-decision RCDS decoding algorithm 

controls the amount of information exchange between pixels per iteration. Smaller 

0 increases the effective number of pixels that contribute to decoding a single pixel 

by rejecting abrupt changes during the updating process, and the algorithm has 
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a longer convergence time (more iterations). Figure 5.7 shows an example of 

the decoded BER performance in an additive Gaussian channel during the first 

10 iterations for the use of different values of ^ and SNR. We can observe the 

tradeoff between convergence speed and accuracy for different values of Similar 

results were obtained for different low-pass channels and we elect to use ^5=0.4 

and UMAX=7 for a balanced performance between different LPBW channels. 

Figure 5.7: The BER(out) performance of soft-decision RCDS(7) code converges 
with increasing iterations. Different symbols correspond to different values of ^ 
and the two groups of curves are for different SNR values. 

Due to the lack of a closed form representation of BER(out) for a given S-

NR, we use Monte Carlo simulations to probe the soft-decision RCDS decoder 

performance. The open symbols in Figure 5.4 are the Monte Carlo simulation 

data points. We can see that the soft-decision RCDS code outperforms its hard-

decision counterpart. In order to reach the 10"^^ user BER target, it is infeasible 

to continue the Monte Carlo method since more than 10^^ trials are necessary to 

2 3 4 5 6 7 8 9  1 0  

iteration 
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Figure 5.8: The coding gain between soft and hard RCDS codes for the cases of 
k = 7 and k = 71. 

have a 10"^^ BER estimation. The alternative is to bound the soft RCDS array 

code performance using a boimded coding gain. It takes a smaller SNR value 

for the soft-decision RCDS code to yield the same BER(out) than the use of the 

hard-decision RCDS code. This saving in SNR can be expressed as coding gain: 

J .  . SNR8oft(BER) i t :  ^ t \  
codmg gamBER = 10 log,. ' '''''' 

where SNRaoft(BER) and SNRhard(BER) are the SNR values required for the soft 

and hard RCDS codes to yield BER target. Figure 5.8 plots the coding gain 

between the soft- and hard-decision RCDS decoding algorithms as a fimction 

of BER(out) for different values of k. As BER(out) decreases, we can see that 

the coding gain increases accordingly. We can estimate the coding gain between 

the soft- and hard-decision RCDS codes at BER=10""® with less than 10® Monte 

Carlo trials. For the AWGN case, the BER vs. SNR curves have waterfall shapes. 

This is a manifestation of the fast decaying tail of Gaussian fimctions. From the 

O fc=7 

OJfc=7l 



145 

Monte Carlo data points shown in Figure 5.4 we can see the waterfall shapes 

for both soft- and hard-decision RCDS codes, and the SNR difference between 

two waterfall curves are always non-decreasing for decreasing BER values. We 

can assume that the coding gain at BER=10- 12 is no smaller than that of the 

BER=10-6 case. Because we have formulated the hard-decision RCDS code 

performance (i.e., Equation 5. 7), the SNR required for the soft-decision array 

decoding algorithm is bounded from above by subtracting the coding gain at 

BER=10-6 from the hard RCDS decoder SNR at BER=10-12 . 
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Figure 5.9: The storage capacity performance comparison between Reed-Solomon 
ECC, soft-, and hard-decision RCDS array codes. 

Figure 5.9 depicts the VHM storage capacity (C) as a function of total number 

of stored pages (M) for the use of different error-correction codes to yield a 

target user BER of 10-12
. Four curves in Figure 5.9 are indicated for the use of 
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Reed-Solomon codes with different codeword lengths, and the o- and •-symbol 

curves are the performance of using hard- and soft-decision RCDS array codes, 

respectively. Each point on the RCDS curves corresponds to a different value 

of RCDS code rate (i.e., k), and the optimum code rates are 0.962, 0.958, and 

0.811 for hard-, soft-decision RCDS codes, and RS(n=127) ECC, respectively. 

We can see that the soft-decision RCDS code not only out-performs the hard-

decision RCDS code but also exhibits a comparable performance with respect to 

the n=127 RS code which is regarded as a complicated ECC with strong error-

correction ability. 
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Figure 5.10: The coding gain between soft and hard RCDS array code as a func
tion of low-pass bandwidth (LPBW). Different symbols correspond to different 
codeword size ( k). 

We can also study the soft- and hard-decision RCDS array codes performance 

in the presence of low-pass filtering IPI noise. The coding gain between the soft-
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and hard-decision array codes given BER(out)=10~® is a function of the low-pass 

filter bandwidth (LPBW) as shown in Figure 5.10. Different symbols correspond 

to different codeword size k. The solid lines are the curve fits using the formula 

Adc exp{-log{LPBW)/BWdecay) where Adc and BW^ecay are the free parameters 

chosen to fit the Monte Carlo simulation data points in the minimum square error 

sense. For large LPBW, the coding gains (i4<fc) are approximately 2.5 dB. We can 

see that the coding gain increases exponentially as LPBW decreases, and the gain 

for A: = 3 and k = 7 cases are not as high as other cases with larger k. We attribute 

this effect to the extra gain of using soft-decision in the presence of correlated 

noises. Because low-pass blur results in a burst of errors, the sunomation over k 

pixels in a codeword during the soft-decision array decoding can actually average 

out some of the IPI noise. For small codeword sizes {e.g., k=3 and k=7 cases), 

this averaging effect is weaker resulting in less coding gain. For the cases with 

large codewords covering several IPI blur pixels, this averaging effect saturates 

and is similar between different cases. 

Figure 5.11 shows the storage capacity and density in the VHM while using soft 

and hard RCDS array codes. The dashed and solid curves represent the storage 

capacity and density performance, respectively. The optimum code rates of hard 

RCDS and RS(n=127) ECCs at a different LPBW are determined from similar 

figures as Figure 5.9 at a different low-pass channel. These optimum code rates 

decrease from 0.793 and 0.962 at LPBW=10 to 0.717 and 0.947 at LPBW=0.8 for 

RS(n=127) and hard-decision RCDS ECCs, respectively. The storage capacity 

and density curves corresponding to these two ECCs assume the optimum code 

rates in place for different values of LPBW. Due to the difficulty of estimating 
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Figure 5.11: The storage density and capacity performances as a function of 
LPBW for RS(n=127) ECC (x), 71-RCDS soft-decision (o), and optimum RCDS 
hard-decision (•) array codes. 

soft-decision RCDS decoding performance for arbitrary code rates, we use Monte 

Carlo simulation for the cases of A:=3, 7, 11, 21, 41, 71, and 211 soft-decision 

RCDS array codes. We found the soft-decision RCDS (71) code has the best 

performance for ail the LPBW cases studied. The soft array code curve plotted 

in Figure 5.11 is the performance for the fc=71 case. The soft decoding gives us 

about a 60% density gain over hard decoding. Comparing with the RS(n=127) 

ECC results, the soft-decision RCDS code performance has a 18% loss. Later 

in this chapter we will incorporate some detection schemes with RS(n=127) and 

RCDS ECCs to further improve the system capacity and density performances. 
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5.3 Likelihood-based 2-D Detectioa 

Many techniques can be used to mitigate IPI noise in a low-pass channel. The 

soft-decision RCDS array decoding algorithm in the previous section facilitates 

the integration of ECC and liJcelihood-based 2-D equalization. Di this section, 

we will introduce a page-wise likelihood-based detection scheme to recover data 

pages in the presence of IPI noise. We first review likelihood page detection 

discussed in Ref[85|, then we analyze the performance of the modified page-wise 

likelihood detection algorithm used in this dissertation. In Section 5.4 we will 

combine this detection scheme with the soft-decision RCDS ECC to form the 

joint detection soft-decision array decoding algorithm. 

5.3.1 Likelihood-based Detection Review 

Considering the setup depicted in Figure 2.7 again for an incoherent imaging 

system, the IPI strength firom neighbor pixel (I, m) with respect to the pixel of 

interest can be found using: 

/

A/2 /.A/2 
du j dv hi^mil^ + u,mA + v), (5.18) 

A/2 y-A/2 

where is the incoherent point spread fimction of the pixel centered 

at position { l , T n )  and A x A is the active pixel area. We can define the Q-

neighborhood {N^) of output pixel (i, j) to be the set of Q pixels contributing 

the largest crosstalk to pixel Figure 5.12 depicts an example of for 

a given point spread function. The crosstalk strengths associated with the four 

most adjacent pixels are also shown. 
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i 
neighlx^rhaod 

Figure 5.12: The shaded area represents a 16-neighborhood for pixel The 
IPI cross talk strengths for the four nearest neighbors are also shown. 

The received value y  of pixel x { i , j )  can be written as: 

y  » x(i, j )  • /(0,0) + x { i  - l , j -  m ) f { l ,  m )  +  w { i ,  j )  

=  x { i , j )  • /(0,0) + + w { i , j ) ,  (5.19) 

where the three terms corresponds to the signal, IPI noise, and the additive 

random noise at pixel We will drop the {i,j) indices for a more concise 

representation. Equation 5.19 only includes the IPI noise in x  from the pixels in its 

Q-neighborhood. The value of y^^ depends on the specific values of those pixels 

in iV". The notation n" represents a specific realization of neighborhood pixels 

around x. The ± values indicated in Figure 5.12 corresponds to such a state. 

The n" is a specific binary-valued Sl-tuple vector out of 2" possible such vector 

values. The impact of IPI noise from the neighborhood is a data dependent bias 

of each received x value by yjf,. Given the PDF, Pv,{w), of the additive random 

variable (w), the conventional maximum likelihood method search through all the 

2" possible neighborhood states to find the n" that maximizes the conditional 

(CO,l) 
fi-i,o) • (ri.o) 

nl-t] 

a=i6 
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probability density function of X = +1 given a received t/, i.e., 

P{X = +II2/) = {P (X = +l|j/, n^)} 

= max 
Vn? 

y-f{0,0)-y^^ )npM| (5.20) 
z'SnJ J 

Since the max operator is commutable with any monotonic function such as 

log, we can find the log-likelihood using: 

Because it is the difference between LL(X = +l|y) and LL{X = —l|y) that 

determines i, we can subtract a constant (YlweN? log[P(X = —1)]) from both 

LL{X = +l|y) and LL{X = —l|y) without affecting the final result, and we can 

save some calculation steps by only include the LLRs of a/ = +1 terms. This 

shifted new log-likelihood is defined as: 

LL(X = +lW = log[/>(X = +l|v)] 

(5.21) 

LL'[X = +1|!,) = LL(jr = +1|!,) log[P(i' = -1)1 
Vx'ew? 

= log[P„,(y-/(0,0)-yy^Jl-l-5^LLR(x') • , (5.22) 
x'en5^=+l ^ x'en5^=+l 

where the LLR is the log-likelihood ratio and is defined as: 

LLRCA") = LL(X = -i-1) - LLiX = -1) . (5.23) 



152 

Similaxly we have 

LL'(X = -lly) = 1 log[P^(t/ + /(0,0) - y^Jj] + ^LLR(x') (5.24) 

and notice that the neighborhood state maximizing LL'(x = +lly) is not neces

sarily the same state to maximize LL'(x = — l(y). 

There are two important differences between our algorithm and the one used 

in Ref[85]. (1) We establish our neighborhood according to the IPI crosstalk 

strength instead of nearest neighbors in order that non-circularly symmetric op

tical point spread functions can be handled within this frame work. (2) We use a 

pseudo-maximum likelihood search scheme instead of searching all the 2" possi

ble neighborhood states. This allows large Q (large blur) without the associated 

computer burden. We first obtain a candidate neighborhood (n"(C)) using a 

hard threshold, then we define the set, {n"}Q, to include the possible n" vectors 

within Hamming distance Q (or Q-bit flips) from the candidate neighborhood s-

tate n^{C). We search through this candidate set for the maximum log-likelihood 

(LL) value. Our likelihood-based 2-D detection algorithm becomes: 

LL'x=±iM = ^ log[P.(»=F/(0,0)-y£)l+5]LLIW{ii)l , (5.25) 
i'6ng,x'=+l ^ 

LLRj(u) = LL'^+i(u) - LL'^_i(ii). (5.26) 

Equation 5.26 describes an iterative updating scheme because of pixel x 

depends on the current LLR estimates in the iV" neighborhood. We use a similar 

LLR updating rule method as described in Equation 5.16 for the detection scheme 
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with an updating constant 6: 

LLRx(u) = (1 - 5)LLR,(u - 1) + 6LLB^(K) . (5.27) 
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rule 

Figure 5.13: The block diagram for the likelihood-based iterative detection al
gorithm with iteration index u. The channel knowledge is included in the soft-
decision and update rule boxes. 

Figure 5.13 shows the block diagram for the algorithm. Assuming equal priors, 

the initial condition, LLRx(O), is based on received pixel value y and its first 

pseudo-decision result n"(C), i.e., LLRx(O) = LLR(y|ar, n"(C)). The flow of 

the iterative detection algorithm is very similar to the one used for soft-decision 

RCDS decoding. 

5.3.2 2-D Detection BER Performance 

We use Monte Carlo simulation to estimate the BER performance of our 2-

D detection scheme. We consider low-pass IPI and additive Gaussian noise in 

our system. Data pages of 211 x 215 pixels are randomly generated and passed 



154 

through a low-pass optical imaging system with bandwidth LPBW. The optical 

system aperture is normalized to the SLM pixel size so that for the case of LPB-

W=1 the main lobe of the pixel diffraction pattern is allowed to go through the 

system. The c5 parameter in Equation 5.27 serves the same purpose as dose the {3 

parameter for the soft-decision RCDS array decoder. We elect to use c5 = 0.3 in 

order to balance calculation speed against accuracy for various low-pass channels. 

Figure 5.14 shows the output BER performance of our 2-D detection algorithm 
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Figure 5.14: BER( out) vs. iteration time using different numbers of flipped bits 
for 28 and 30 dB SNR when LPBW=0.35. 

for the case of LPBW =0.35 under two different SNR conditions. Different sym-

bois represent the convergence for different values of Q. For the Q=O case, our 

scheme is equivalent to the decision feedback algorithm modified to include the 

Ng neighborhood.82- 84 As we expect, for larger Q values, the BER converges to 

a smaller value. The Q=3 case gives us approximately the same performance as 
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the Q=8 case though the Q=8 case requires 2® times more calculation steps. Be

cause larger Q corresponds to searching over error patterns with larger Hamming 

weights from n"(C), the associated probability decreases rapidly with increasing 

Q. We also noticed that more iterations are needed for the high SNR case to 

converge. The SNR range considered in our VHM study (TVHM = 2.3 x 10®) is 

from 13 dB (M=3000) to 27 dB (M=700). Prom the data in Figure 5.14 we elect 

to use Q=3 and a total of 7 iterations for our iterative detection scheme. 

BER(mw) LPBW»0.6 

O Wiener 

A 2-0 detection 

LPBW-0.6 

LPBW>t 

BER(raw) LPBW.1 

30 35 25 20 
SNR(dB) 

Figure 5.15: BER(out) vs. SNR using page detection and Wiener filter. The 
dashed- and solid-curves are for LPBW=0.6 and 1 cases. 

Figure 5.15 compares the output BER performance of our likelihood-based 

2-D detection with the use of an optimal linear (Wiener) filter. The solid and 

dashed curves represent the raw BER performance for LPBW=0.6 and 1 cases, 

respectively. Different symbol and Une combinations correspond to different de

tection schemes at different LPBW values. For high SNR, the use of the iterative 

likelihood-based detection algorithm offers orders of magnitude improvements in 

BER as compared with the Wiener filter result. 
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5.4 Joint Detection Soft-decision Array Decoding 

5.4.1 Joint Detection Soft-decision Array Decoder 

The joint detection soft-decision array (JDSA) decoding algorithm combines 

the likelihood-based 2-D detection with the soft-decision RCDS array decoding 

to form an iterative joint detection/ECC decoding algorithm. Figure 5.16 is 

the block diagram for the JDSA decoding algorithm. A data page is tiled with 

RCDS array codewords then transmitted through a 2-D channel (or recalled from 

a VHM). The soft-decision RCDS and 2-D detection algorithms independently 

generate LLR updates at each iteration. The final LLR updating rule is: 

LLR,(u +1) = (1 - ̂  - (J)LLR,(u) -h 0LLR%cDsi^) + 5LLR%_o{u) , (5.28) 

where Equation 5.16 and 5.27 axe used to find LLR^ncDs(^) ^nd LLR^2-d(^) 

for pixel z. The choices of 0 and 5 parameters depend on the amount of IPI 

and AWGN noise. For LPBW > 0.35 and SNR = 13 to 27 dB, we elect to use 

^=0.4, (^=0.3, and umax=^ for a balance of convergence speed and accuracy 

performance. 

There is a different way to generate the LLR updates from a purely likelihood-

based point of view. For a RCDS encoded data page, a detected pixel value 

depends not only on its IPI neighboring pixels but also on the Ak pixels in its 

parity sets. We can find the pixel PDF conditioned on this larger set of pixels and 

exercise a similar likelihood-based decoding algorithm shown in Section 5.3.1 to 

decode a data page. One draw back of this scheme is the geometrically increasing 

complexity associated with larger Ar. For the k=71 case, we need to consider 
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Figure 5.16: The flow diagram of the joint detection soft-decision array decoding 
algorithm for pixel z with iteration index u. The updates are generated in parallel 
using RCDS and detection updating rules. 

flipping Q=3 out of 4x71-1-16 bits which is much more time consuming than our 

current JDSA decoding scheme. 

5.4.2 JDSA Decoder Performance 

First we compare the BER(out) vs. SNR performance between JDSA decoder 

using soft RCDS (71) code (denoted as JDSA(71)) and two composite decoder-

s combining a Wiener filter with RS(n=127,T=12) and hard RCDS(71) ECC 

decoders, respectively. Different symbols in Figure 5.17 correspond to the use 

of different decoders. The dashed- and solid-curves are for the cases of LPB-

W=1 and 0.6, respectively. We can see the similar BER performance between 

W-RS(n=127,T=12) and JDSA(71) for the LPBW=1 case, and at LPBW=0.6 

the JDSA(71) outperforms the other two decoders. 
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Figure 5.17: The output BER performance for the three decoders for different 
SNR. The three different symbols correspond to three different decoders. The 
dashed- and solid-curves are for LPBW = 1 and 0.6 cases, respectively. 

In order to identify the performance of the JDS A decoding algorithm, we as

sume the same coding gain bound introduced in Section 5.2.3.3. Figure 5.18 

shows the coding gain of the JDSA decoder with respect to a hard-decision R-

CDS array decoder cascaded with our likelihood-based 2-D detector. The soft-

decision outputs from the detector are hard thresholded before being sent into 

the hard-decision array decoder. For high LPBW, we have the same coding gain 

performance (~2.5 dB) as shown in Figure 5.8. While the exponential increase in 

coding gain for small LPBW in Figure 5.8 was attributed to the averaging effect 

for soft-decision array decoding to mitigate IPI noise, current soft- and hard-

decision decoders use the same detection scheme so that they have the same 

performance baseline regarding the IPI noise. Furthermore, the diminishing cod

ing gain indicates the soft-decision array decoder fails at a faster rate than the 

hard-decision decoder. For the severe IPX noise case (LPBW<0.45) when lots of 
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Figure 5.18: The coding gain between JDSA and hard RCDS + 2-D detection at 
BER(out)=10-6 . 

errors remained uncorrected during each iteration, the iterative decoding scheme 

feeds the wrong "extrinsic" knowledge back and exacerbates the problem. 

Due to the complexity of defining the performance, we choose the soft-decision 

RCDS(71) array code to be used in our JDSA decoding algorithm as a representa-

tive and compare it against two other non-iterative hard-decision based decoders. 

The first decoder (denoted as W-RS(n=127)) is composed of a Wiener filter and 

a hard-decision Reed-Solomon n=127 ECC decoder. To achieve the 10-12 BER 

target, the optimum RS(n=127) code rate maximizing storage capacity varies 

with different LPBW values. The optimum RS code rate decreases from 0.811 

(T=12) to 0. 780 (T=16) as LPBW changes from 50 to 0.35. The second decoder 

(denoted as W-hard RCDS) is a cascade of a Wiener filter and a hard-decision 
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RCDS decoder. The optimum RCDS code rate decreases from 0.962 (k=101) to 

0.947 (k=71) as LPBW changes from 50 to 0.35. The decreasing code rates are to 

accommodate the excess IPI noise for smaller LPBW values. For the performance 

analyses of these two decoders, we assume the optimum code rates are used for 

each LPBW values. 
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Figure 5.19: The storage capacity performance for the JDSA(71), and a Wiener 
filter with (1) a RS(n=127) decoder and (2) a hard-decision RCDS decoder. The 
output BER target is 10-12

. 

Given the 10-12 output BER target in VHMs, we can express the correspond

ing SNR in terms of the total number of pages stored in the memory. For 

'!'VHM = 2.3 x 108 and a 512 x 512 pixel page, Figure 5.19 plots the storage 

capacity as a function of LPBW using the three decoders. We first notice that 

the use of iterative 2-D detection and a Wiener filter both extend the capac

ity curves further to the lower LPBW region in comparison with Figure 5.11. 
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Secondly, for smaller bandwidth the JDSA decoder can be superior to the W

RS(127) decoder. These results demonstrate (1) the importance of including a 

priori knowledge of the corrupting IPI channel within the error correction decod-

ing engine and (2) the utility of likelihood-based methods in realizing efficient 

algorithms for accomplishing this task. 
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Figure 5.20: The storage density performances for the JDSA(71), W-RS(n=127), 
and W-hard RCDS decoders when the target output BER requirement is 10- 12

. 

One important trend reflected in the data of Figure 5.19 concerns the consis

tent loss in peak capacity as spatial bandwidth (LPBW) is decreased. This result 

suggests that large aperture are desirable; however, using Fourier transform do-

main storage , a larger aperture corresponds to a larger recording volume. The 

use of a large recording volume will have a negative impact on storage density. 

Because each value of LPBW can correspond to some Fourier-plane aperture, it is 
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possible to convert the peak capacity values from Figure 5.19 into optimum areal 

storage density values via D oc Copt/LPBW^ as defined in Section 2.4. For an op

tical system with 20 cm focal length, 0.5 fim wavelength, and 20 //m pixel pitch, 

the area corresponding to LPBW^ is 1 cm^. A plot of optimum VHM storage 

density versus LPBW is shown in Figure 5.20. Now we see that a larger aperture 

(i.e., large LPBW) exacts a significant cost in terms of the VHM storage density. 

Because very small apertures offer insufficient capacity we see that an optimum 

aperture exists for the maximization of VHM storage density. From this data we 

can also observe the density benefit that is obtained through the incorporation 

of channel knowledge via the use of joint detection soft-decision array decoding 

algorithm. 

5.5 Summary 

Combining page detection and error correction codes, in this chapter we com

pared three different decoders shown in Figure 5.21. The two conventional de

coders use a Wiener filter in concatenation with (1) a hard-decision Reed-Solomon 

n=127 ECC decoder and (2) a hard-decision RCDS array decoder. Our ap

proach is to form a general soft-decision iterative decoding algorithm. Residing 

in this formalism, we integrate turbo decoding,likelihood-based 2-D 

detection,®® and soft-decision RCDS array code to form our joint detection soft-

decision array decoding algorithm. Using this JDSA decoding scheme, all the 

pixels are decoded in parallel at each iteration. We use the coding gain bound 

to identify the storage capacity and areal density improvements while applying 
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the JDSA decoder in the VHM system subject to a 10"^^ user BER requiremen-

t. Close to 50% of the theoretic density bound is achieved with the use of the 

optimum aperture size (0.45'ANyquist)- The JDSA(71) decoder exhibits superior 

performance to the conventional non-iterative hard-decision based W-RS(n=127) 

decoder. The implementation complexity associated with the JDSA decoder will 

be addressed in the next chapter. 

m-[ RS(n=l27) Wiener filter 

hard RCDS Wiener filter 
received 

data 
page 

deccxled 
data 
page 

2-D detection + soft RCDS(71) 

Figure 5.21: Three decoders combining page detection and error correction codes. 
The top two three-stage-cascading decoders use the Reed-Solomon(n=127) and 
RCDS decoders after the hard threshold output from a Wiener filter. The bottom 
one is our JDSA decoder. 

Notes Part of the work shown in this chapter was presented in the Proceedings 

of SPIE's 1999 Annual Meeting, July 18-23,1999, Denver, Colorado. 
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CHAPTER 6 

THREE EXAMPLES OF OPTOELECTRONIC 

CIRCUITRY DESIGN 

6.1 Optoelectronic Circuitry and VHM Systems 

Although optical computing and processing promise great futme returns, cur

rent information processing techniques are predominantly electrical.®®' 

In the previous chapters, we used a CCD camera as the optical to electrical (0/E) 

interface to convert the VHM optical data pages into electrical signals for further 

processing which is presumed in the electrical domain. In order to keep up with 

the high data rate, the electronic design can be very challenging. We have shown 

in the previous three chapters the advantages of applying ECC, 2-D interleaving, 

and page detection techniques in VHM systems to improve storage capacity and 

density performance. This imposes further complexity on the electronic proces

sors. Instead of using a CCD camera, a better 0/E interface can include decoding 

elements on the same photon detecting device to reduce the decoding overhead, 

allowing the main processors to be fully devoted to user data. 

In addition to the theoretic coding and optical analyses of VHM systems p-

resented in the previous chapters, we also studied three more practical issues to 

facilitate the smart 0/E interface design. 

1. Unified optoelectronic simulation environment: 

A SPICE-based computer aided design (CAD) prototype was developed 

to facilitate modular-based optoelectronic system simulations. End-to-end 
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simulations from the optical source module (including laser diode driver and 

electrical packaging) through an imaging system (lens aberrations included) 

to a simple light detector have been demonstrated. This work is included 

in Appendix B for its remote relation with this dissertation title and for 

the complete record of my Ph.D. work. 

2. Optoelectronic test bench: 

We built a computer controlled optoelectronic test bench for 0/E circuitry 

testing. Vector files are automatically generated and can be input both 

optically and electrically to 0/E chips. The circuit readouts are verified 

against expected values. The details and operation of the tester is included 

in Appendix A as a reference for the chip testing results shown later in this 

chapter. 

3. 0/E VLSI circuit designs: 

We have designed and manufactured two coding related smart 0/E VLSI 

chips through the MOSIS^®^ foundry. The design processes and testing 

results will be discussed in detail in Sections 6.2 and 6.3. Based on the 

experiences gained from these two designs, a design for the smart array 

decoder is proposed in Section 6.4. 

6.2 Finite Field Fast Fourier Transform Chip 

6.2.1 F^T Chip and Reed-Solomon ECC Spectrum Decoder 

Reed-Solomon codes were used as examples for the ECC performance analyses 

in previous chapters. Among many good reasons for us to choose Reed-Solomon 
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codes, one particular reason was the expertise present in our OCPL research group 

after the demonstrations of two parallel RS(n=15) VLSI decoders for the use in 

page-oriented memories.®*'™ One of the OCPL RS decoders uses the spectrum 

domain RS decoding algorithm, and a key component in this decoder is a finite 

field Fourier transform engine to convert 15 received (optical or electrical) 4-bit 

symbol codewords into the spectrum domain for the decoder to process. In this 

section we will discuss this finite field Fourier transform (F''T) VLSI chip design. 

6.2.2 F^T Algorithms Review and Circuit Designs 

6.2.2.1 F'*T Algorithms Review 

A 9—element finite field is denoted as GF(q) (Galois field). Each element in 

the GF(q) has equivalent power and polynomial representations. Since the OC

PL RS(n=15) spectrum decoder works with GF(16), examples and discussions 

will be focused around GF(16) in this section. The sixteen elements in GF(16) 

are listed in Table 6.1 with p{x) = x"* + ar +1 as the primitive polynomial. The 

w and X represent the primitive field element in the power and the polynomi

al representations, respectively. The 4-tuple representation in Table 6.1 is the 

collection of binary coefficients from the polynomial representation so that each 

GF(16) element can be represented by a 4rbit sjonbol. Finite field multiplication 

and addition can be calculated easily using the power and polynomial represen

tations. For example, let qi,q2 S GF{q) each with and qi{x),q2{x) for 

their power and polynomial representations, respectively. The multiplication and 
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addition results are: 

9i • 92 = (w'' 1 

91+i;2 = «iW®9!W . 

(6.1) 

(6.2) 

where a\b denotes the modulo operation and 9l(x} 0 ̂ (x) represents bit-wise 

exclusive-OR operation between the coefficients of the two polynomials. More 

details about finite field algebra can be found in Ref[140]. 

Table 6.1: The power, polynomial, and 4-tuple representations for elements in 
GF(16). u is the primitive field element. We assimie p(x) = 2^ +1 to be the 
primitive polynomial to derive this polynomial representation. 

The finite field Fourier transform over GF(16) is defined between two 15 

GF(16)-eIement vectors: v and V in GF^®{16), 

V = (uo, Vi,..., Ut4), V = (Vq, Vi, Vu) V Vi, Vj € GF(16) 

power polynonxial 4-tupIe 
0 (0000) 
1 (0001) 

X (0010) 
(0100) 
(1000) 

X 1 (0011) 
x^ (0110) 
x2 (1100) 

I 1 (1011) 
1 (0101) 

X (1010) 
I 1 (0111) 

x^ X (1110) 
3^ X 1 (1111) 

1 (1101) 
1 (1001) 

(6.3) 
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One way to perform this 15-point Fourier transform over GF(16) is to use the 

exact Equation 6.3. It takes 15 x (15 — 1) = 210 finite field additions and 

15 X (15 — 2) = 195 multiplications to calculate V from v. Faster ways are 

available by grouping the 15-tenn summations in Equation 6.3 in specific orders 

to save many calculation steps. In the following we list three different finite field 

fast Fourier transform (FFT) algorithms. 

X '0 1 2 3 4 V "O 12 3 4 

0 0 1 2 3 4 0 0 3 6 9 12 

I 5 6 7 8 9 1 1 4 7 10 13 

2 10 11 12 13 14 2 2 5 8 11 14 

input shuffle output shuffle 

Figure 6.1: Input and output shuffles using Cooley-Tukey 15 point fast Fourier 
transform over GF(16). 

Cooley-Tukey 
Assuming n = n' n" and gcd{n\n") = 1, we can express the 1-D indices i and j 

of V and V as 2-D ordered pairs and where 

i= i' + n' i", i'= 0,1,..., n' — 1, i"= 0,1,..., n" — 1 ; 

j= n"f + j", j'= 0,1,..., n' - 1, /= 0,1,..., n" - 1. 

For the case of the 15-point GF(16) Fourier transform there are two allowed 

{n', n") combinations: 3 x 5 or 5 x 3. This 1-D to 2-D index shufltog can be 

visualized as a wrap-around 1-D sequence into a 2-D form depicted in Figure 6.1. 

Using this index shuffling, the Cooley-Tukey FFT becomes: 

n"-l 
i'i" »"f" 

t'=0 i"=0 
n'-t 

i'=0 
(6.4) 
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where j = 0 = w**", and Ai'j" is an element of the intermediate matrix 

A. For (n', n") = (3,5) case, to find the 15 elements for matrix A takes 3 x 20 

additions and 3 x 16+8 multiplications. Prom A we can determine V using 3 x 10 

additions and 2 x 10 multiplications. Totally it takes 90 finite field additions and 

76 multiplications to find V from v, which is more than a 50% saving in algebraic 

operations than the brute-force approach suggested by Equation 6.3. 

Good-Thomas FFT^^-^^a 

The Good-Thomas fast Fourier transform uses a different index shuffling tech

nique. Assuming n is a product of two relatively-prime integers, n' and n", and 

N'n' + N"n" = 1. The Good-Thomas 1-D to 2-D mapping becomes: 

i-> (i', i"), i'= i I n', i"— i \ n" , 

H  ( / , / ' ) .  / =  N " 3  \  N ' ,  / =  N ' i  1  N "  .  

This shuffling method is depicted in Figure 6.2. The Good-Thomas fast Fourier 

transform becomes; 

i'=0 
n'—I 

= ̂  , (6.3) 
i'=0 

where 7 = and P = Comparing Equations 6.4 and 6,5 we can 

see the index shuffling used in Good-Thomas method saves the " multiplica

tion term while finding matrix A. The total nimiber of finite field addition and 

multiplication operations for the 15-point GF(16) Good-Thomas FFT are 90 and 

68, respectively. 

Winograd FFT^^'^ 

E i"i" 7 ^ 
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X ' 0 1 2 3 4  ^  0 12 3 4 

0 0 6 12 3 9 0 0 3 6 9 12 

I 10 1 7 13 4 1 5 8 11 14 2 

2 5 11 2 8 14 2 10 13 1 4 7 

input shuffle output shuffle 

Figure 6.2: Input and output shuffles using Good-Thomas 15 point fast Fourier 
transform over GF(16). 

The 15-point Winograd FFT over GF(16) is more involved than the two previous 

algorithms. We only briefly summarize the important steps here and details can 

be found in Ref[170]. By decomposing n=15 into the product of two primes, 

i.e., 3 and 5, we first find the 3-point and 5-point Fourier transforms using the 

Winograd small FFT algorithm which utilizes the Rader prime algorithm 

and Winograd short convolution algorithm. Basically the Winograd small FFT 

algorithm expresses the Fourier transform into a product of matrices in the form 

of V = X B • C v, where matrix B is a diagonal square matrix with rank b 

and both matrices A and C are binary valued. The 3- and o-point Winograd 

small FFT matrix representations are shown in Figure 6.3. We can see the rank 

of the B matrices are 4 and 10 for the 3- and 5-point Winograd small FFT, 

respectively. The Winograd large FFT combines the two Winograd small FFT 

results to obtain the 15-point Fourier transform. The final A, B, and C matrices 

are the outer products of the corresponding matrices from the Winograd small 

FFT as shown in Figure 6.4. The same Good-Thomas shuffling is used here for 

the input and output vectors. The rank of B3 x B5 is 40. The total additions 

and multiplications used are 103 and 34, respectively. With 13 more additions, 

the Winograd FFT can reduce the multiplications by a factor of 2 with respect to 
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Figure 6.3: (a) 3-point and (b) 5-point Winograd small fast Fourier trjinsforma-
tion matrices. 

the other two FFT algorithms. In addition to the saving in calculation steps, the 

Winograd FFT is an ideal candidate for optical implementations since the 0 and 

1 multiplications for matrices A and C can be easily performed using two photo 

masks and a couple of cylindrical lenses, and the multiplication is simplified 

into a diagonalized matrix form. 

At this moment, the Winograd FFT is the best algorithm in theory. However, 

we will show the Cooley-Tukey is a better choice from the VLSI circuit design 

point of view. 
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Figure 6.4: 15-point Winograxl large fast Fourier transform over GF(16). 

6.2.2.2 F^T Algorithms and Circuit Designs 

In order to realize the finite field Fourier transform in a VLSI circuit, we need 

to determine the basic circuit building blocks. The FFT algorithms involve (1) 

finite field addition, (2) finite field multiplication, and (3) wiring. We use the 

4-tuple representation (4-bit symbol) listed in Table 6.1 to represent any GF(16) 

elements. From Equation 6.2 the finite field addition between two elements is just 

the bit-wise exclusive-OR result which can be done in circuits easily. However, 

the design for finite field multiplication between two arbitrary elements is quite 

complicated.^" For the case of Fourier transform we only need to perform multi

plications between one arbitrary 4-bit symbol with a fixed known 4rbit element. 

Let (03,02,01,00) represent an arbitrary 4-bit GF(16) element where Oi is either 

0 or 1. The output result of this 4-bit sjnnbol with the 15 non-zero elements 

in GF(16) can be represented in terms of o,-. Table 6.2 summarizes this result. 



173 

The first column lists all the non-zero multipliers in GF(16). The second colum-

n in the table is the 4-tuple product of (03,02,01,00) and the GF(16) element 

listed in the first column of the table. The last column indicates the number of 

exclusive-OR operations required for each multiplication case. 

GF(16) output 4-tuple XOR 

03 02 ai Oo 0 
0/1 02 Ol 00003 03 1 

Ol OO0O3 02003 02 2 

00003 02003 Oi0O2 Ol 3 

02003 O10O2 OO0O10O3 00003 4 

01002 00001003 00003 02003 5 
0/6 00001003 00002 O10O3 O10O2 4 

00002 O10O3 00002003 00001003 5 
a;8 01003 OO0O20O3 01002003 00002 4 
0/® 00002003 01002003 OO0O10O20O3 O10O3 5 

01002003 OO0O10O20O3 00001002 OO0O20O3 6 

00001002003 00001002 00001 O10O20O3 4 
0/12 00001002 00001 ao OO0O10O20O3 3 
0/13 00001 ao 03 OO0O10O2 2 
0/1" OQ 03 02 00001 1 

Table 6.2: The 4^tuple result of an arbitrary GF(16) element (03,02,01,00) mul
tiplied by the 15 non-zero elements in OF (16). 

Using Table 6.2 we can find out the total XOR operations required for the 

three FFT algorithms. Table 6.3 summarizes the three FFT algorithms in terms 

of XOR calculations, and we can see Winograd FFT uses the least amount of 

XOR gates. 

The third component in FFT VLSI design is the layout area cost of the 15 4-bit 

symbol wiring. This wiring area cost is dependent upon the fabrication process 

and design rules. We use the Orbit 2-/i7n n-well process supported by the MOSIS 

foundry. We choose the Tiny-chip format offering a 2.22 x 2.25 mm^ design area. 
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The TniTiiTTiiiTn featuie definition is 2 fim and available physical layers for wiring 

are two poly-Si and two metal layers. Since the F''T chip is a digital design using 

XOR gates, we can afford to use the first poly-Si layer for local connections. The 

first metal layer is always used for clock signal distribution and when the layout 

situation allowed, it is used for common signal connections. The second metal 

layer is used primary for chip power distribution. Using the Magic VLSI layout 

tool, the basic circuit building block, the XOR gate, uses 5 PMOS and 5 NMOS 

transistors with width-to-length ratios of 6//m/2/zm and 4/zm/2^m, respectively, 

occupies 40 x 31 htv?, and exhibits less than 1.5 nsec input/ output delay (SPICE 

level-2 simulation result). 

Figure 6.5 shows the layout plan for (n', n") = (5,3) Cooley-Tukey FFT de

sign. The two gray blocks denoted as matrix multiplier A and B are the circuit 

core. The matrix multiplier A consists of 15 groups of 5 fixed GF(16) multipliers 

denoted as w; where i=0,l,...,14. The 15 GF(16) symbols are input in parallel to 

the matrix multiplier A using 60 Metal-1 wires for the calculation of intermediate 

elements Ai'j". For example, the 6'^ input symbol is multiplied by wO, w4, w8, wl2, 

and wl simultaneously for the calculations of AlO, All, A12, A13, and A14. Each 

Af/j« element is the finite field sum of the products of 5 input sjonbols with each 

FFT multiplication addition XOR 
Coolejr-Tukey 74 go 649 
Good-Thomas 68 90 640 

Winograd 34 103 539 

Table 6.3: The comparison between the three FFT algorithms in terms of calcu
lation steps. 
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Figure 6.5: Floor plan for 15-point Cooley-Tukey fast Fourier transform over 
GF(16). 
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multiplier group. For example, the A12 results from (w2, w8, wl4, w5, wll) and 

(v5, v6, v7, v8,v9). Sinularly, from Ai'y and matrix multiplier B, we obtain the 

FFT outputs. The size of matrix multipliers are estimated to be 1523 x 733 

and 1226 x 512 /mi^. Our design requires a fully parallel solution where 60-bit 

input and output are processed and generated in parallel. Performing similar 

analyses, we can produce detail layout plans and can estimate the layout areas 

required for Good-Thomas and Winograd FFT algorithms. The estimated area 

of Good-Thomas FFT is very similar to the Cooley-Tukey result. For the case 

of Winograd FFT, because the B3 x B5 matrix has a rank of 40, instead of 

manipulating 60 wires (15 4-bit symbols), there are 160 wires to be connected. 

The resulting area used by the A, B, and C matrix multipliers are 1780x1116, 

1780x99, and 1780 x337 respectively. Table 6.4 summarizes the areal com

parisons for these three FFT algorithms. The first product in the table, {e.g., 

1.7 X 0.8), stands for the area (in the unit of mm^) of the two matrix multi

pliers, and the term 0.48^ is the cross-bar structure for input/ output shuffling. 

Though the Winograd FFT has the least XOR operations, it is wiring intensive. 

The Cooley-Tukey requires one less input symbol shuffling to save 0.48^ mm^ of 

area. We choose the 5 x 3 Cooley-Tukey fast Fourier transform (CTFFT) algo

rithm for our F^T chip design because it is the closest to the square chip size of 

2.22 X 2.25 mm^. 

CoolQT-Tiikey Good-Thomas Winograd 
(3,5) 1.7 X 0.8 +0.48^=1.67 1.7x1.3 + 0.48'' X 2=2.76 1.78x1.59 + 0.48=^x2 

=3.29 (5,3) 1.2 X 1.2 +0.48-'=1.70 1.3x1.2 + 0.48' X 2=2.04 
1.78x1.59 + 0.48=^x2 

=3.29 

Table 6.4: The layout size (mm^) comparisons between three FFT algorithms. 
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6.2.3 CTFFT Chip Design 

This section we will finalize our F''T design using the CTFFT algorithm. 

There are three general issues for VLSI designs in addition to specific functional 

requirements: (1) chip size, (2) circuit speed, and (3) power consimiption. Given 

several designs satisfying same functional specifications, we desire a small size chip 

with low power consumption operating at high speed. The final design includes 

detailed power line arrangement, clock distribution, input/output signal flow, and 

on-chip test circuitry. The preliminary layout area estimation for the circuit core 

(i.e., matrix multipliers A and B) were done in the previous section and suggests 

the feasibility of using Cooley-Tukey FFT algorithm assuming Orbit 2/zm n-well 

process with 2.22 x 2.25 mm^ design area. The intrinsic circuit speed is limited 

by the delay introduced in the most complicated circuit block: matrix multiplier 

A. The delay time can arise from (1) XOR gate operation and (2) charging time 

of long first metal layer (Metal-1) wires. Prom SPICE level-2 simulation results 

we know the XOR gate delay time is less than 1.5 nsec. The maximum number 

of serially connected XOR gates in the matrix multiplier A is less than 5 so that 

the total XOR delay is less than 7.5 nsec. The longest MetaH wire on chip 

is less than 1523 ^J,m (the length of matrix multiplier A). Using the minimum 

3 /xm width wire, the capacitance of 3 fim wide and 1500 fim long Metal-1 wire 

is 3 fna x 1500 fim x 63 aF//im^ = 284 fF. The current supplied by a XOR gate 

is 270 fiA so that the charging time for this long Metal-1 wire from 0 to 5 volts 

is 5.3 nsec. The total time delay in the matrix multiplier A is around 13 nsec. 

If we assume 20% of the clock cycle to be transient, the clock period becomes 

13x5 = 65 nsec which corresponds to 15 MHz clock speed. Without special 
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cooling mechanism, a VLSI chip can dissipate 1 ~ lOW/cm^ which translates 

to a 50 mW power consumption as an upper bound for our chip. The power 

consumption in a digital CMOS circuit is dominated by dynamic charging of on-

chip capacitances. Considering the worst case for our chip, we assume all 649 

XOR gates and 120 Metal-1 wires are charging at the same time yielding a total 

capacitance of 649 * CxoRgate +120 • Cwire = 43 pF. Assuming a 20 MHz clock 

speed, the dynamic power consumption is Pdynamic = C • • fdock = 21.5 mW 

which is well below the 50 mW limit. 

Vdd 

Reset 

Figure 6.6: Detector circuitry. The photo-generated charges are accumulated at 
the gate of transistor M3. When its gate voltage is larger than Th, the output 
becomes low. 

The CTFFT chip is meant to be a smart 0/E interface. We want to input in 

parallel the 15 symbols (i.e., 60 bits) optically, and we would like to be able to 

electronically perform functional tests. Because we only have 40 input/ output 

pins available for the standard 0.6 inch DIP package, we need to serialize the 

60-bit input and output signals although the design is intrinsically parallel. This 

is done by using the two 60-bit shift registers shown in Figure 6.5. The 60-bit 

input (or output) signals are divided into three 20-bit segments to be clocked into 
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the shift registers using 20 clock cycles. The detector array is used for optical 

input which can be parallel loaded into the input shift register within one clock 

cycle. The photo-detector circuit is shown in Figure 6.6. When Reset is low, 

the photo-generated carriers are accumulated at the gate of transistor M3. Yaut 

is determined by the voltage Th and the gate voltage of M3. To discharge the 

detector, we set Reset to high. 

Vdd 
Pad_2 

blank 

TstEn 

out x13_1 

outx14_3 

outx14_1 

out det_1 

out det_2 

out det_3 

in XOR 

GND 
Pad_2 

Output 
3 2 

Vdd in Vdd 
DL2 8 vo 0 A Ckl2 Ckl 1 

out GND Ck2 Ck1 out GND Reset 
XOR_1 XOR_2 B A14_1 v5_0 A 

Vdd 
Pad_1 

SL 

DL 

Input 1 

Input 2 

Input 3 

in v8_1 

out A14_3 

in A14 1 

Th 

GND 
Pad_1 

Figure 6. 7: Final layout for the CTFFT chip design using the MAGIC layout 
tool for MOSIS Orbit 2-J-Lm n-well process on a Tiny-chip (2.22x2.25 mm2 area). 
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Figures 6.7 and 6.8 show the final layout and picture of our CTFFT chip. The 

signal flow between the two matrix multipliers are regulated by 60-bit latches 

put in between the matrix multipliers. We use 4^phase clocking signals to control 

the shift registers (CkLl and CkL2) and latches (Ckl and Ck2). The DL2 signal 

controls the parallel loading of the 60-bit input/output shift registers. The inverse 

counterparts of the clock signals are generated on the chip. The Metal-1 clock 

wires are always routed in pairs to minimize clock skew. The serial load (SL) and 

parallel load (DL) switch the circuit between optical parallel and electrical serial 

inputs. Detailed signal diagrams will be shown in the test result section later. 

The test circuitry at the lower-left comer includes 10 serially connected XOR 

gates and 5 detector circuits for the measurement of XOR delay and detector 

characteristics. The in XOR pin is the input to the XOR test circuit and the 

out XOR_l and out XORJ2 are the outputs of the 5*^ and the last test XOR 

gates. We connect the output of the 2"^, 3'"'', and 4^'' detectors to pins: out detl, 

out det2, and out det3, respectively. These detector outputs can be used 

to characterize individual detector as well as to measure the cross talk noises 

between adjacent detectors. We keep separate Vdd and GND pins for the two 

matrix multipliers. Nine more pins are used to direct input and monitor voltages 

at different parts of the circuit. For example, when the test enable pin TstEn is 

set to high, the in v8_l pin bypasses the shift register circuit to directly drive 

the first bit of the 8'^ input symbol. The out A14-3 pin is used to monitor the 

intermediate j4i4^3 value in the FFT algorithm. 
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Figure 6.8: The picture of the CTFFT chip. 
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6.2.4 CTFFT Chip Testing Results 

6.2.4.1 Functional Tests 

Using the tester described in Appendix A, we first performed functional tests 

for our CTFFT chip. The DL, SL , and TstEn pins are set to 0, 1, and 0 to 

condition the chip for the electrical fimctional tests where 0 and 1 represent 0 

and 5 volt signals. Figure 6.9 depicts the clocking signal chart. Each clock cycle 

input/ output loading matrix calculation 

clock# 1 1 I 20 1 21 I 22 

CkLl loooooi ••• lioooooiooooooioooooo 

CkL2 001000 001000>000000>000000 

Ck1 000000 OOOOO'100000 

Ck2 000000; ••• |000000!0010001001000 

DL2 000000! •** !000000!000000!000000 

SL=0 DL=1 Test=0 

Figure 6.9: Control and clock signals for CTFFT chip. Same signal patterns 
are repeated from clock#l to clock#20. The highlighted bit corresponds to the 
beginning of actual matrix calculation steps. 

is numbered in the first row and consists of 6 signal steps for the 4-phase clocking 

signals. There are 22 clock cycles to complete a 15-point F'^T operation. The 

first 20 cycles are used for loading the input and output data, and the remaining 

two steps are calculation steps for the two matrix multipliers. The 20 loading 

clocks CkLl and CkL2 load the 60-bit input vector into the 3 20-bit input shift 

registers from the three input pins and clock out the FFT result for the previous 

input vector to the three output pins from the output shift registers. We should 

note that these 20 clocks are not necessary during the actual 0/E chip operation 

as the parallel VHM interface. It takes only 2 clocks for the CTFFT to finish 
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the calculation. The CkLl and CkL2 are set to 0 during the two calculation 

cycles to hold the data. The DL2 signal is set to 1 (highlighted in Figure 6.9) 

at the 21** clock to load the 60-bit input and 60-bit output in parallel to the 

corresponding shift registers to MXA and from MXB, respectively. Only two 

clock cycles (Ckl and Ck2) are necessary for MXA and MXB to finish the Fourier 

transform. 

We randomly generate input vectors and compare the chip outputs against 

the software simulator results. We observed no errors for 2.3 x 10^ trials at both 

0.8 and 4.2 MHz clocking speeds. As the clock speed increased to 8.3 MHz, the 

output error rate rose to 81%. To determine the cause of the failure at higher 

dock speed we measured segments of waveforms from Input-1 and Output-1 pins 

as a function of clock cycles. Figure 6.10 shows the waveforms for the case of 

(from top to bottom) 0.8, 4.2, and 8.3 MHz clocking speeds. We can see the 

degradation of input signals as the clocking speed increases while the output 

signals still maintains sufficient voltage swings from 0 to 5 Volts. FVom this 

figure we conclude that the failure of CTFFT chip testing at 8.3 MHz is due to 

the limitation of the tester. Further improvements of our 0/E tester is discussed 

in Appendix A. With the current tester set up, we can bound our CTFFT chip 

performance to have a failure rate of less than 10"^ at a clock speed of 4.2 MHz. 

6.2.4.2 Optical Detector 

Next step to test the CTFFT chip is to characterize the photo detector using 

the detector test circuits. The 0/E tester uses a 5 mW He-Ne laser at A=632 nm. 

We set the TstEn pin to 1 to enable the test circuitry. A 10 /xm pinhole is used 
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Figure 6.10: Diput and output signals of CTFFT chip as a function of clock cycles 
for three different clock speeds. 
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at the input image plane of 0/E tester representing the optical input symbol 

'1'. The optical input power onto the 8 x 12 detector area is 0.75 nW. 

Prom Figure 6.6 we can see the tum-on time (ton) of the detector is controlled 

using Vph for a given optical input power. Figure 6.11 shows three curves 

6 

> 5 
I * 
S 3 
S 2 

1 

0 

u 

" 0 
4 

> 3 

I 2 

Figure 6.11: From to to the bottom, the three curves correspond to the test 
detector output, laser-control signal and reset signal. The threshold voltage of 
the detector is set at 2.49 V. 

corresponding to the detector output, laser driving, and detector reset signals 

with Vrh=2.49 V. After the Reset signal discharge the M3 transistor (shown in 

Figure 6.6), the laser is turned on. We can see the 65 ^jsec time lag between the 

laser-on input and detector-on output signals. The inverse of ton sets the upper 

bound of chip clock speed for this laser power setting. We need to characterize 

the relation between Vth and ton to determine a proper chip clock speed. By 

changing Vta we can measure the different corresponding ton using the same 

setup. Figure 6.12 plots the relation between Vrh and ton- The symbols are 

the measured data point. When T^/i=2.5 V, the tum-on time is about 65 //sec. 

If we require the tqn to be 75% of the clock period, this corresponds to a 20 kHz 

dctector 
on 

dctcctor 
on 

laser on laser on 

10 15 25 30 35 5 20 
timeCmsec) 
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Figure 6.12: Detector threshold voltage as a function of detector tum-on time 
{ton)-

clock rate. With 0.75 nW optical power/ detector and 65 //sec integration time 

at 514 nm wavelength, we have 1,26x10® photons, Nph, falling on the detector. 

We can estimate the detector quantum efficiency, rj, using the following equation: 

Vrh = VQ-p— > (6-6) 

where e is the electron charge, Vrh = 2.5 V, and Cox = 1720 aF as the gate oxide 

capacitance of the transistor M3 in Figure 6.6. The quantum efficiency of our 

detector is 0.21. For the CTFFT chip to operate at 20 MHz clock speed, we need 

to increase the optical power/detector to 0.75 /zW. 

The next step of CTFFT chip testing should have been full chip functional 

test using optical inputs. However, because we used the CTFFT chip for the 

constructive study of our 0/E tester, and during the many trials and errors, we 

managed to destroy all four chip samples from MOSIS. Assessing ciurent testing 

results, we are pretty confident with the CTFFT chip design to pass the fiill 

optical chip test. 
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6.3 PDFE Chip 

The PDFE chip design was used to validate the hardware implementation 

of the pseudo-decision feedback equalization algorithm proposed by King et al. 

in Ref[84]. Similar to the likelihood-based detection studied in Section 5.3, the 

PDFE algorithm mitigates detection errors by incorporating the channel infor

mation. A brief description of the PDFE algorithm is included in the following 

section prior to the discussion of our PDFE chip. Our design analyses are mainly 

focused on the circuit scaling law study for different page sizes. Several design 

strategies are considered including; (1) comparisons of analog and digital based 

circuit designs and (2) tradeoff between circuit parallelism (layout area) and 

time multiplexing technique (clock speed). As a proof of concept, we fabricated 

a mixed signal Tiny chip using the MOSIS Orbit 2-fj.m n-well process with a 9x9 

CCD structure on-chip to realize a three-stage row-updating PDFE algorithm. 

6.3.1 PDFE Design Analyses 

The pseudo-decision feedback equalization (PDFE) algorithm is an iterative 

2-D detection scheme motivated by the classical decision-feedback equalization 

receiver.'®^ The Wiener filtered data page is compared with an iteratively updat

ed page estimation using the forward channel filter. Figure 6.13 depicts the PDFE 

algorithm as well as the channel model. The input binary data page {A{x, y)) is 

corrupted by the IPI {h{x, y)) and AWGN (n(i, y)). The output of the Wiener 

fi lter,  d{x,y),  is  thresholded to get  the init ial  binary page estimation,  A{x,y).  

The forward channel filter, g(x,y), is used to find the two estimations, do(x,y) 
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output 
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Figure 6.13: Wiener (w(x,y)) and forward channel (g(x,y)) filters are used in 
the PDFE algorithm with iteration index u. Binary input pages (A(x,y)) are 
corrupted by IPI (h(x,y)) and AWGN (n(x,y)). Distances between d(x,y) and 
do(x,y), di(x,y) determine Th update values. 

and di(x,y), for pixel (x,y) assuming A(x,y)=I and A(x,y)=0, respectively. The 

initial threshold (Th) of a pixel is set to 0.5 for incoherent channels with AWGN, 

and will be updated to 1 if |d(x, y) — do(x, y) p is smaller than |d(x, y) — di (x, y) p. 

The advantage of using the PDFE algorithm is that it makes a bit decision based 

on only that bit and its neighbors, and that every bit is updated in parallel using 

the same mechanism. More details about the PDFE algorithm and its compar

isons with other 2-D detection schemes can be found in Ref[84]. 

To implement the PDFE algorithm in a VLSI circuit, we need (1) an analog 

memory to preserve the detected analog pixel value rf(ar, y), (2) a multiplier and 

an adder to facilitate the linear filter operations, and (3) a comparator to update 

the threshold values. We use a three-phase CCD structure to preserve and trans

port optically detected analog pixel values.^™' Floating gate amplifiers (FGAs) 

are used to non-destructively couple out the light-induced charge signals. Fig

ure 6.14 depicts the CCD/FGA structure cross section. The n-well channel serves 
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Figure 6.14: Cross section ofourCCD/FGA structure design. Three phase signals 
(<^1, <^2, and ^3) transport the photo-generated electrons from detector area to 
the FGA. Vint and Vread control the detector integration time. 

as a pipeline for transporting photo-generated electrons. We inverse bias the n-

well region by and V^cd 'o deplete free carriers in the channel. Vtnt is 

set high and Vread is set low to accumulate photo-generated electrons under the 

exposed detector area. Metal-2 layer covers the rest of the channel to avoid car

riers induced by stray light. After a suitable integration time Tim, Vjnt is set 

low and Vread is set high to initiate the 3-phase CCD charge transporting mech

anism. Poly-1 and Poly-2 are used as the phase signal plates to pad the CCD 

channel. We use Poly-1 as the floating gate in the oxide layer and Poly-2 as the 

FGA voltage inducing plate. The mechanism of FGA operation is analogous to 

a dielectric capacitor with a conducting plate buried in the dielectric instilator. 

The charge-induced voltage (Vfga) on the floating gate is determined by the 

amount of electrons trapped in the CCD n-channel under the floating gate and 

the applied read voltage V^i fga- For the same V î fga voltage, Vfga is more 

positive when there are more electrons trapped under the gate. The number of 

photo-generated electrons, therefore, is related to Vfga-
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Figure 6.15: Block diagrams of digital (left) and analog (right) PDFE designs. 
Different parallelism in terms of numbers of analog-to-digital (A/D) converter 
(NA/D)) Wiener filters (Nw), and forward channel filter (NQ) can tradeoff with 
different clock rates. 

We consider both analog and digital options to realize the rest of the PDFE al

gorithm. For both designs, we can use (A) a single filter with a time-multiplexing 

technique or (B) N filters to process the N column data in one step. The tradeoff 

analysis between parallelism (chip area) and time-multiplexing (clock rate) for 

both digital and analog designs determines our final PDFE chip design. To per

form a reasonable comparison, we need to devise major circuit building blocks 

for each design to evaluate the chip size and clock speed scaling laws with respect 

to different choices of iV. Figure 6.15 compares the parallelism tradeoffs between 

the two designs for an N-column PDFE algorithm using kxk neighborhood feed

b a c k .  B o t h  d e s i g n s  u s e  k  r o w s  o f  d a t a  f r o m  t h e  N x N  C C D  a r r a y  t o  g e n e r a t e  k  

row estimations. 
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clock inTLrLTl̂  m-bit counter 

m-bi( output 

Figure 6.16: The schematic of single-slope analog-to-digital converter. A m-bit 
counter, a current mirror, and a comparator are used in the design to convert the 
input analog voltage (Vin) into m-bit binary data. 

The digital design uses Na/d analog-to-digital (A/D) converters to digitize 

the received pixel value into an m-bit digital signal. The Nw Wiener filters, Nq 

forward channel filters, and thresholding circuitry are all implemented in the dig

ital domain where a 2m-bit resolution is necessary for the Wiener filter output 

to keep the equivalent resolution in the product of two m-bit values. We use the 

single-slope analog-to-digital converter shown in Figure 6.16 in our design.'®^ A 

maximum of 2"" clock pulses are sent into the m-bit counter which outputs the 

binary representation of the pulse count into a row of m NMOS transistors. The 

width-to-length (W/L) ratios of these m NMOS transistors match their corre

sponding bit positions (i.e., W/L=2' for the bit). The current mirror circuit 

sums up the current drawn through these m transistors and converts the current 

signal into VR. The last stage is a simple comparator comparing the analog input 

voltage Vfn with Vr. A signal flag is sent to the m-bit counter when a match 

is found, and the counter outputs the corresponding m-bit binary data. We can 

use NA/D such A/Ds or use a single A/D operated at a rate NA/D times faster 
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to convert the N-column analog signals into digitized data. A similar parallelism 

and time-multiplexing tradeoff occurs while considering different ways to realize 

the multiplication and addition operations. These two algebraic calculations can 

be done in one clock cycle using a more complicated m-bit parallel combination 

circuit, or we can use a time-multiplexed simpler bit-wise addition/ multiplica-

tion circuit. Figure 6.17 depicts the number of transistor and clock rate scaling 

laws of our PDFE designs. The o- and 0-symbol curves represent the case of 

NA/D = Nw = N8 = N and NA/D = Nw = NG = 1 4-bit digital designs, respec

tively. The open and filled symbols distinguish the m-bit serial and parallel 

digital cases. We can see that higher parallelism shows an advantage in clock 

rate while requiring more transistors (layout area). 

10' 1010 

.......,__analog NxN parallel ----.k- analog NxN and N parallel 

~analog N-row pal'l!llel --e- digital 4-bitparallel, N units 
--e- digiml 4-btparallel, N unilll 

10' 
-e- digilal4-bit&Brial, N uni1& 

107 -e- digiml 4-btserial , N units process ----- digilal4-bitparalle1, 1 unit 
----- digiml 4-btparallel,1 unit -a- digilal4-bitsarial , 1 unit 
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Figure 6.17: The scaling laws of PDFE designs of (a) number of transistors and 
(b) clock rate to yield 1 kHz page rate. 
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Figure 6.18: Schematic of the analog multiplier (AMUX) circuit. The W/L ratios 
are specified along with the transistors. 

For the PDFE analog design, first we need an analog multiplier. Figure 6.18 

shows the circuit schematic with corresponding W/L denoted along with each 

transistor. The four cross connected NMOS transistors form a double MOS active 

resistor. The effective resistance between node A and ground is controlled by the 

difference between voltages applied at nodes 2 and 3 {V2 and V3), and is equal to 

{LfW)/{K'ff{\V2—Vz\) where K'lf is the transconductance of the NMOS transistor. 

The voltage at node A is the product of this resistance with current Ia regulated 

by the voltage at node 1. For a fixed Vbjas voltage at node 3, Va reflects the 

product of Vi and V2. This Va in turn controls the amount of current drawn 

through the transistor Mgut- We denote this circuit as AMUX with input nodes 

1, 2, 3 and output node 4 shown in Figure 6.18. 

Combining the AMUX multiplier with an analog summing circuit (THD), the 

analog 3x3 Wiener filter design is shown in Figure 6.19(a). The products between 

the filter coefficients (Wl, W2, and W3) and corresponding pixel values (i.e., 

Vpga) are done by using the 9 AMUXs. The output nodes of these 9 AMUXs are 

connected to the input node 1 of the THD circuit shown in Figure 6.19(b). The 

THD circuit is a current mirror followed by a simple comparator and a inverter 
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Figure 6.19: (a) Analog 3x3 Wiener filter design. The filter coefficients are Wl, 
W2, and W3. (b) Schematic for the current mirror summing circuitry (THD) 
used in the analog Wiener filter design. 

circuit. The current mirror simis up total current drawn by each AMUX, and 

the voltage at node d in Figure 6.19(b) corresponds to the value of d(x,y) in 

Figure 6.13. From SPICE level-2 simulation results, the voltage at node d can 

vary from 1.6 to 2.1 V. This voltage is compared with the analog Th input voltage 

at node 2. The operating point of Th signal should be around 2.3 to 3.3 V. The 

output from THD is the binary pixel estimation a(x,y). 

Figure 6.20(a) shows the schematic of the analog forward channel drcuitry. 

Similar to the Wiener filter design, the products between filter coefficients (Gl, 

G2, and 03) and binary pixel estimates (a) are done using the AMUX multipli

ers. The THD-G and GMUX circuits are used to compare the original d(x,y) 

signal with two estimates: do(x,y) and di(x,y). We can simplified the two com

parisons into one by comparing < d(x, y) > = (do(x, y) + di(x, y))/2 with d(x,y). 
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Figure 6.20: (a) Schematic for analog 3x3 forward channel filter design. Filter 
coefficients are Gl, G2, and G3. (b) The comparator circuit used in the analog 
forward channel filter design. 

Changing the W/L of Mout transistor in the AMUX circuit to 3/72, the resulting 

current drawn from node 1 in the THD-G circuit in Figure 6.20(a) correspond-

s to < d(x,y) >. The THD-G circuit shown in Figure 6.20(b) is a three-stage 

comparator. The input at node 1 of THD-G circuit is compared with the voltage 

applied at node 2 (i.e., signal d in Figure 6.20(a)). The output (Th) of THD-G 

in the forward channel circuit corresponds to the updated Th. 

A three iteration row-updating PDFE algorithm is realized by appending three 

FGA stages at the end of CCD structure. Figure 6.21 shows the inter connection 

between pixels (x,l) and (x,2) in the first two FGA stages. The 9 analog pixel 

values (VFGA) and 9 estimates (a) are fed into the Wiener-filter node d and 

G-filter node a, respectively. The initial threshold (Thfnit) is used for the first 

stage (iteration) while the updated threshold (Th) from G-filter output is used 
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Figure 6.21: Schematic for two consecutive analogy PDFE units. Only the control 
and feedback signals are shown. The wiring for filter coefficients, pixel values, 
and pixel estimations are omitted. 

for succeeding stages (iterations). The pass gates, inverters, and NAND gates 

together with the control signals Ck, CkLl, CkL2, EnOut, and Vreset are used to 

control the signal flow. Ck is the gating clock for the iterative algorithm to feed 

the a signals down the FGA stages. EnOut, CkLl, and CkL2 are used to clock 

out a row of data. Vreset is used to reset the threshold. 

To have a fair comparison with its digital counter part, we need to know the 

resolution of the PDFE analog design. We consider the resolution limited by 

process variations. Four sets of SPICE level-2 parameters extracted from past 

MOSIS runs were used to simulate the W-filter and G-filter lumped circuit. The 

CCD structure is not included in SPICE and the Vfga voltages are assumed 

as controlled voltage sources varying from 1 to 2.6 V. Assuming 1% variation 
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in W/L of the transistors, the voltage variation at node d of the W-filter stays 

within 5% indicating a 4-bit resolution design. The triangle symbol curves in 

Figure 6.17 represent the number of transistors and clock rate for our analog 

PDFE design. The figures show that the N-parallel analog design is the best 

choice while considering both the transistor count and clock rate. The two dashed 

lines in the figure corresponds to the ability of the MOSIS Orbit 2-//m n-well 

process and a competitive commercial fabrication process. Up to 200 columns of 

single stage 3x3 PDFE analog design (excluding the CCD structure) could be 

put on a MOSIS Tiny chip (2.22x 2.25 mm^ design area). 

6.3.2 PDFE Chip Design 

As a proof of concept, we fabricated a 3-stage row-updating analog PDFE 

chip with 9x9 CCD input pixels and 3x3 Wiener and forward channel filters. 

The layout and picture of the chip are shown in Figures 6.22 and 6.23. The chip 

consists of two major components: a 9 x 9 CCD array and a 3 x 9 FG A array, each 

with its own Vdd and GND connections. Standard non-buffered analog I/O pads 

are used for analog input/output signals offering static charge protection. Nine 

pins: 01CCD, (^2CCD, 03CCD, (^IFGA, <^2FGA, 03FGA, Vread, Vint, 

and Vfga reset are used for clocking and conditioning CCD/FGA structures. 

The pins Wl, W2, and W3 are used to input the Wiener filter coefficients, and 

Gl, G2, and G3 are for the forward channel filter. We assume a symmetric 

optical point spread fimction so that a total of three coefficients are sufficient for 

each of the filters. 
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Figure 6.22: Circuit layout of our analog PDFE design using MAGIC layout tool 
for Orbit 2-J..Lm n-well process on a Tiny chip (2.22x2.25 mm2 area). 
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Figure 6.23: The picture of the PDFE chip. 
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Functions of the Ck, CkLl, CkL2, EnOut, and Vreset pins are used for 

controlling signal flow and were discussed in Section 6.3.1. The output latch 

consists of 3 rows of 9 serially connected shift registers to serially output a row of 

detected pixels through the outl, out2, and out3 pins for each PDFE detection 

stage. Test circuitry for the CCD/FGA and AMUX circuit characterization are 

on the top of the chip. Three pins: Vbias in, AMUX out, and AMUX Vin, 

are used for the AMUX test circuit and are connected to the nodes 3, A, and 2 

in Figure 6.18, respectively. The CCD+FGA test circuit uses the same clocking 

signals as the rest of the CCD and FGA structure, and three pins, tstl out, tst2 

out, and tst3 out, are used for the three test FGA output. These FGA output 

pins will be buffered by unit gain amplifiers for measuring the corresponding 

Vfga voltages. 

6.3.3 PDFE Chip Testing 

The AMUX and CCD/FGA structure are the two major building blocks in our 

PDFE analog design. The first step to test our PDFE chip is to characterize the 

AMUX circuitry. Figure 6.24(a) shows the measured I-V curves for the double 

MOS active resistor with 1.75 V bias voltage. By changing Vmux value, we can 

adjust the resistance of the device. We can see these I-V curves are reasonably 

linear over a small range of Va. Figure 6.24(b) plots Ia as a function of Vmux 

to yield different terminal voltage Va. Figure 6.24(c) depicts the resistance of 

double MOS active resistor circuit as a function of Va- Despite such a non-linear 

behavior, we can still use this design as an analog multiplier as long as we adjust 

our filter coefficients accordin^y. 
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Figure 6.24: Testing results of the double MOS active resistor with 1. 75 V bias. 
(a) lA vs. VA for different Ymux and (b) lA vs. Ymux for different VA· (c) R vs. 
VA for different V mux 
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We built an external driver for the CCD/FGA circuit. Knowing the limitation 

of our 0/E tester, we not only buffered all the binary signals from the tester 

before input to the chip, but we also used 6 external operational amplifiers with 

negative feedback to have independently adjustable output voltage control over 

the CCD/FGA clocking signals. Later on, however, a layout mistake was found 

for the current design that left no Metal-2 opening for the CCD detector area. 

Current PDFE chip testing is suspended until our modified re-submission returns 

from MOSIS. 

6.4 Joint Detection Soft-Decision Array Decoder Design 

In this section we will discuss the VLSI design for the joint detection soft-

decision array (JDSA) decoding algorithm introduced in Chapter 5. Unlike the 

CTFFT and PDFE designs for which detailed transistor level circuits are done 

to estimate the layout area, power consumption, and clock speed, in this section 

we will only devise major circuit fimctional blocks to elucidate the feasibility of 

the JDSA decoder, and leave the final design as one of the future works of this 

dissertation. One important characteristic of the smart array decoding algorithm 

is that it allows each pixel to have a very similar processing unit and to be updated 

in parallel. We want to reflect this feature in our design so that the 2-D data 

page is decoded simultaneously through aggregative calculations among all pixels. 

Similar to the JDSA decoding algorithm, the JDSA decoder design consists of 

two parts: the soft-decision RCDS decoder and the likelihood 2-D detector. 
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6.4.1 Soft RCDS Decoder Design 

In this section we discuss the VLSI design for the soft-decision array decoding 

algorithm depicted in Figure 5.6. The soft-decision RCDS decoder contains two 

major components: the RCDS pixel and the parity min LLR cell for each of the 4 

parities in a RCDS codeword. The RCDS pixel consists of the detector unit, the 

updating kernel, and 4 parity units corresponding to the row, column, diagonal, 

and sinistral diagonal parities. The parity min LLR cell is used to determine 

and store the two smallest {LLR| values in a parity set for the LLR updates. 

In Figure 6.25 we use the column parity as an illustrative example to show the 

connections between the RCDS pixel and the C-parity min LLR cell. Only the 

C-parity unit is shown in the RCDS pixel and the other three parity units are 

the same and connected to their corresponding parity bus lines. 

The legend of Figure 6.25 shows the non-standard circuit symbols used in the 

block diagram. The detector unit is similar to the one used in the CTFFT chip. 

The photo-generated charges are accimiulated at the gate of the M3 transistor and 

the signal is amplified by cascading the M3 transistor with a double MOS active 

resistor. The operation and characterization of the double MOS active resistor 

were included in the PDFE design section. By adjusting the control and bias 

voltages of the active resistor, the input voltage of the A/D converter is scaled 

to represent the initial pixel LLR value {i.e., Lc - y in Equation 5.10) assuming 

an AWGN channel. The digitized m-bit value is stored in the LLR memory. 

The thick and thin lines used in Figure 6.25 represent an m-bit bus and a single 

wire, respectively. The input and output of the A/D converter and the LLR 

memory are regulated by pass gates D and C, respectively. The updating kernel 
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Figure 6.25: The circuit block diagram of the soft-decision RCDS array decoder 
consists of the RCDS pixel and the parity min LLR cell. 

is used to realize the feed forward updating algorithm of the JDS A decoder. The 

current LLR value is scaled by l-P and added with ^ • LLRq to form the next 

LLR estimation. The C-parity unit, C-parity bus, and C-parity min LLR cell are 

used to find the column parity LLR update (i.e., LLR^). The C-parity bus line 

connects all the k RCDS pixels in the column parity set with the coluirm parity 

pixel. From Equations 5.15 and 5.16 we know that the magnitude of updating 

LLR for a pixel is determined by the minimum [LLR| values in the corresponding 
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Figure 6.26: The diagram of pass gate control signals for the soft-decision RCDS 
decoder design. 

parity set of the pixel. Without lost of generality, let the pixel v be the pixel 

having the minimum |LLR| value among the fc + I pixels in the column parity, 

the LLR update for the other k pixels is the |LLR| value of the pixel v while 

for the pixel v the update value is the second minimum |LLR| in the set. The 

two smallest |LLR( values among these A: +1 pixels are found by comparing each 

|LLR| value with current minimum [LLR] in the min LLR cell. If a smaller jLLRj 

is found, the current content in LLRmtn memory is shifted to LLRmin-i and 

replaced by the smaller |LLR| value. The sign of the update is the product of 

all the signs in the A: +1 pixel set and is stored in the ± memory location. This 

comparison sequence in the min LLR cell is controlled by pass gates Ax and 

Ac, where A*, (x = 0,1,..., k) is for the z"* RCDS pixel. Figure 6.26 shows the 

control signal as a fimction of time for the pass gates. When the signal is high, 
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the pass gate is on, otherwise it is off. We can see that following the detector 

control signals (t.e., Reset and D) during the first Ar + 1 cycles the A* pass 

gates are sequentially tumed-on to search through the A: +1 RCDS pixels for 

the smallest and the second smallest [LLRj values, and the searching results are 

stored in the LLRmin and LLRmin-i  memory cel ls .  During the second k + l  

cycles. Be is set to high and the Bx pass gates are turned on to load the LLRmin 

updates into the LLR^ memory cel ls  of  RCDS pixels .  During the third k-\- l  

cycles, B'c is set to high for up-loading LLR^jn-i data. The complement C pass 

gate pair is set to high to finish the final update of the LLR memory. It will 

take Tint+TAiD seconds plus Umax x [3(fc -h 1) + 1] clock cycles to complete the 

soft-decision RCDS(k) decoding with Umax iterations. The pass gate control 

signals are generated locally at each pixel to reduce wiring traffic. 

6.4.2 Likelihood-based 2-D Detector Design 

The likelihood-based 2-D detection circuit was previously studied in Ref[85] 

considering an 8 neighboring pixels maximum-likelihood detection. In this section 

we consider the Q-bit flip approach in the circuit design. As shown in Figure 6.27 

our likelihood 2-D detection design consists of the detector unit, the update 

kernel, and the 2-D estimation unit. 

The detector unit and the update kernel are the same as the ones used in 

the soft-decision RCDS design. The a"(Q) unit is the design core for the Q-bit 

flipping mechanism. The m-bit bus lines from fi neighborhood are connected to 

the select unit. Depends on the size of the neighborhood and the value of Q, the 

n"(Q) unit outputs control signals to this select unit to select corresponding LLR 
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Figure 6.27: The circuit block diagram for the likelihood 2-D detection design 
consists of the detector unit, the update kernel, and the 2-D estimation unit. 

estimates from the neighboring pixels. The select unit performs the pseudo-hard 

decision based on the neighbor LLR values. For the case of n^®(2), a sequence 
/ 16 \ / 16 \ / 16 \ 

of n'°(2) = I Q I + I I ) + ( 2 ] ~ control signals are sent into 

the select unit to choose up to 2 out of the 16 neighboring pixel-flips from the 

current pseudo-hard decision result to be added into the ̂  LLR' memory. The 

flipped pseudo-hard decision result from the select unit is also used by the coeff 

unit where the channel coe£Scients (i.e., f(l,m) in Equation 5.18) are stored. The 



208 

Reset _n 
D SJU't 
E n}L o 1 -fin P n°(Q) cycles 

C  TL 

Figure 6.28: The diagram of pass gate control signals for the likelihood 2-D 
detection design. 

sum of the coeff output is stored in the memory. Since the output of the 

A/D converter is a scaled version of the received optical signal, y, we need a 1/Lc 

scaler unit before the is subtracted from the A/D converter output. After 

the addition and subtraction of the f(0,0), we have the arguments ready for the 

inputs of the log[P(-)] unit. The log[P(-)] unit calculates the log value of the 

chaimel probability density function. For the AWGN channel, the log[P(-)l unit 

corresponds to a scaled square calculation. The maximum log-likelihood values 

(i.e., LL'(X=-(-l) and LL'(X=-1)) are found by using the condition-comparing 

circuits regulated by pass gates F and the results are stored in the corresponding 

memory cell as shown in Figure 6.27. The pass gate F is used to update the LLR^ 

memory, and the complement pass gate pair C controls the updating kernel. The 

pass gate control controls the pass gates operation and Figure 6.28 shows the 

signal diagram. It takes Tint+T/1/D seconds plus Umax X (^"(Q) +2) clock cycles 

to finish Umax iterations of the 2-D detection algorithm. 

6.4.3 Discussions 

The complete JDSA array decoder design consists of the A/D detector unit, 

the updating kernel combining both the p and the s loops, four parity units 
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from the soft-decision RCDS decoder, and the 2-D estimation unit from the 2-D 

detector. The following lists several remarks of the JDS A array decoder design. 

1. The pass gate control units can be realized using finite state machines. Each 

pixel will have a different finite state machine which is toggled by a global 

clocking signal. 

2. The control signals required for the design include: 

(a) a global clocking signal to toggle local pass gate control units, 

(b) bias signals controlling (1) double MOS active resistors to adjust the 

Lc value, (2) the 1-p, 5, 1 — 5, and 1/Lc scalers, and (3) the scaler 

in the log[P(-)] unit. 

(c) reset signals for the detector, memory cells, and pass gate controls, 

(d) the loading circuitry for the coeff unit. 

3. Using the current soft-dedsion RCDS design, the wiring complexity does 

not depend on the codeword size because there are always four parity bus 

lines. The choice of the neighboring pixel Q determines the wiring com

plexity of the 2-D detector design. 

4. The clock speed of the JDSA array decoder is determined by the choices 

of RCDS codeword size, k, and Q-bit flipped neighborhood, n"(Q). For 

the A: = 71 case, it takes 3(A: +1) = 216 clock cycles to complete one it

eration of the RCDS decoding. For the Q = 16 and Q=2 case, it takes 

n'®(2) -t- 2 = 139 cycles to finish one iteration of the 2-D detection algorith-

m. 
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5. The impact of the resolution of the A/D converter, m, are yet to be de

termined by including the finite m-bit resolution effect in the simulations 

performed in Chapter 5. 

6. The inclusion of pixel-wise processing units in the detector decreases the fill 

factor of the 2-D detector array. A remedy could be the use of the flip-chip 

bonding technique (discussed in Appendix B). The separated 2-D detector 

array with a high fill factor can be flip-chip bounded on the 2-D processing 

unit base. 

7. The use of an individual coeflF memory unit at each pixel allows the po

tential to include spatially dependent point spread functions into our 2-D 

detection algorithm. Due to the limited I/O pins of a chip, time multiplex

ing is necessary to load the coeff memory cells. 

8. A self-calibrating design for the 2-D detector is possible by using fiducial 

patterns. The additional circuitry will calculate the channel coefficients 

based on the measured neighborhood LLR values for the given fiducial 

patterns. 

6.5 Summary 

In this chapter we have shown three opto-electronic VLSI designs for coding 

related functions. These three designs are used to show some of the realistic 

implementation aspects for the coding applications in VHM systems. The first 

design is the CTFFT chip. We studied and compared three fast Fourier transform 

algorithms: Cooly-Tukey, Good-Thomas, and Winograd, from both algebraic 
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and VLSI design points of view. Due to the wiring impacts on the layout area 

constraint, we chose to use the Cooly-Tukey FFT algorithm and fabricated a 

Tiny chip using the MOSIS Orbit 2-//m n-well process. The CTFFT chip was 

tested and considered to be a successful design. 

The second design is the PDFE chip. We compared the digital and analogy 

designs for the tradeoffs between the time multiplexing and the design paral

lelism. The design complexity comparisons are done in terms of the number of 

transistors required for each design, and the clock speed performance is studied to 

include the time multiplexing impact. The final design is a mixed signal chip with 

a 9x9 CCD array and a 3x9 FDA array facilitating a three-stage row-updating 

PDFE algorithm. The electrical computational components have been success

fully tested while the optical components have not due to a layout mistake. We 

have fixed the problem in a recent chip fabrication submission, and final testings 

will be finished once the new chips are back. 

The third design is for the smart array decoding algorithm introduced in Chap

ter 5. The smart array decoder design is a fully parallel decoder. The 2-D data 

page is decoded simultaneously through aggregative calculations among all pix

els. Based on the experiences firom designing the CTFFT and PDFE chips, we 

finished a detailed design functional schematic. The future work would be to 

finish the transistor level design for each functional block, and to fabricate the 

chip. 

Notes The CTFFT chip was fabricated in the September of 1995. I would like 

to thank Satish Sridharan, a former OCPL student, who showed me the digital 

circuit design basics and Magic. I would also like to thank Matt Brown, a senior 
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student who chose to do his senior project with us. Matt built the versatile 

board and chip mount in our 0/E test bench, and documented the CTFFT 

testing process. The PDFE chip was fabricated in the July of 1997. Special 

thanks should go to Brian King who devised the original PDFE algorithm. 
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

In this dissertation we have discussed several coding related issues in VHM 

systems. Our research results as well as many background materials and refer

ences are included, and by doing so we hope to offer a complete picture in this 

research area. To emphasize our contributions, the following is a summary of our 

work. 

1. By applying the information theory to optics, we offer an unified point 

of view for general opto-electronic system analysis and design. The Fres-

nel propagation, depth-of-focus, and space-bandwidth product are studied 

from the information perspective. We study the optical imaging system 

design (optimization) from both the information and BER point of views 

and identified the radially weighted encircled energy merit function to be 

used in commercially available optical design software. Up to 8% and 36% 

increase in the SBP have been shown for the information and BER designs, 

respectively. 

2. Using the 1/M^ signal scaling law for VHM systems, we establish an in

formation theoretic storage capacity and density bounds for VHM systems. 

The AWGN, 3'"'' order lens aberrations, systematic alignment errors, and 

low-pass filter inter pixel interference are included as case studies to com

pare different coding techniques. 
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3. Both in the simulation and experiment we demonstrate that the use of 

Reed-Solomon codes can result in storage capacity and density gains while 

storing the optimum number of pages in the memory. 

4. We show that the use of 2-D interleaver in a VHM system with spatial

ly correlated systematic errors can improve the R5 code capacity perfor

mance. Magnification, rotation, tile, and de-focus alignment errors in com

bination with 3'"'' order aberrations are included in the VHM models. For 

a 1024x1024 pixel page subjected to 0.08% magnification error and 19% 

shift error we find that a 39% capacity gain can be achieved through the 

use of 2-D interleaving. Five tables summarize the case studies and can be 

used as guidelines for alignment tolerance analyses. Our experiment data 

also confirmed the BER advantage of using the 2-D interleaver. 

5. Combining the likelihood-based 2-D equalization and array error correction 

codes, our smart array decoding algorithm shows a 15% higher storage 

density in a VHM system than the use of the Wiener filter and the Reed-

Solomon(n=127) ECC. 

Limited by the finite time firame of a Ph.D. student, a few topics covered in 

this dissertation remained to be further studied/ completed: 

1. As we have shown in Chapter 3 the optimum number of pages stored in a 

VHM system is difierent for different choice of RS ECCs. We expect the use 

of different coding techniques can result in a different set of optimum system 

parameters. In this dissertation the system design and coding analyses are 
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performed separately. The fully optimized BER-based and information-

based 0/E system designs should include the signal detection/processing 

and coding/decoding procedures. 

2. Spatially dependent point spread functions can be included in the likelihood-

based 2-D detection scheme by using the spatially dependent f(l,m) coeffi

cients on the page. 

3. Our current array codes use a binary pixel as the basic decoding unit. The 

natural extension would be the use of symbol which could be a group of m 

pixels or a gray scale pixel. In the mean time, we can also generalize the 

likelihood-based page detection scheme to use sjmabols. 

4. The underlying iterative soft-decoding algorithm developed along with our 

smart array decoder is a very general formalism to merge channel equal

ization and error correction coding. It is also a formalism facilitating high

ly parallel decoding potential. Direct applications can be found in other 

memory systems, such as optical disk memories and spectral-hole burning 

memories, to improve the storage density performances. 

5. The smart array decoder design outlined in Chapter 6 serves as a possible 

design solution with functional descriptions of major circuit components. 

The final smart array decoder design remains to be finished as well as the 

testing of our next PDFE chip. 
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Appendix A 

OPTOELECTRONIC TEST BENCH 

A.l Test Bench Setup 

Our opto-electronic test bench is a computer controlled test station designed 

for opto-electronic VLSI circuitry testing. This 0/E test station integrates a 

conventional electronic tester (LA-4000) with custom-designed optics mounted on 

a single rail system. Electronic and optical test vectors can be used for the 0/E 

chip testing, and the 0/E chip outputs are compared against the chip simulator 

outputs in the computer. Figure A.l shows the tester schematic, and Table A.l 

lists the major hardware components used in the test bench. 
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Figure A.l: The schematic of our opto-electronic test bench integrating a con
ventional digital tester (LA-4000) with a custom-designed optical system. 
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part manufacturer model 
LA-4000 tester Link Instruments LA-4000 
laser NEC GLG5261 
spatial filter Newport 900 
acousto optic modulator NEC 0D-8813A 
microscope Bauch and Lomb Stereo Zoom 3 
translation stage New Focus 8082 
translation stage driver New Focus 8732 
polarized beam-splitter Edmonds Scientific E514-633 
detector Thor Labs 201 
coUimating lens Newport KPX217 fclOOmm 
lens A Newport PAC073 f=100mm 
lens B Newport KPX193 f=150mm 
lens C Newport KPX178 f=100mm 

Table A.l: The list of major components used in the 0/E test bench. 

FVom the right to the left, the major components in the test bench are: (A) 

the 5 mW He-Ne A=632.8 nm laser as the light source, (B) the acousto-optic 

cell and driver as a computer-controlled high speed shutter, (C) beam shaping 

components to collimate the laser beam, (D) photo mask + translation stage 

facilitating pseudo-random optical input patterns, (E) the major 4F imaging sys

tem consisting of two chromatic 100 mm focal length lenses (lens A) to image 

photo mask on to the 0/E chip (on 3-axis alignment mount), (F) the detector 

arm stemmed from the optical axis for monitoring optical input power, (G) the 

alignment arm containing the lens B and the microscope facilitating visual man

ual alignment between the OE chip and the photo mask image patterns, and (H) 

the LA-4000 tester control loop. The 0/E test bench is controlled by the PC 

through the LA-4000 tester interface. The LA-4000 tester has 80 digital output 

and input channels (total of 160 channels) each with 128K bytes of memory &-

toring output/input data. The versatile bread board is connected between the 
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LA-4000 tester and 0/E chip mount through ribbon cables offering additional 

signal processing/conditioning abilities. The oscilloscope is used to monitor ana

log signals from the 0/E chip and the photo detector. TTL signals are sent from 

the LA-4000 tester to the translation stage and AO cell drivers for a synchronized 

control with the chip testing. The detailed PC software routines and the LA-4000 

special programming language can be found in Refs[188] and [189]. 

A.2 Application Remarks 

(A) Optical setup 

There are three remarks for the optical setup: (1) The spatial resolution of the 

major 4F imaging system is around 10 /xm, which is limited by the aperture size 

of the lens A. (2) An extra spherical or cylindrical lens can be put into the 

system (the dashed lens shown in Figure A.l) to have a single point or a line 

source. (3) A quarter wave plate can be inserted between the chip mount and 

the second lens A to increase the reflection light from the chip to pass through 

the polarized beam splitter for easier visual alignment. 

(B) LA-4000 tester 

Several difficulties regarding the use of the LA-4000 tester have been discussed in 

Ref[189]. Special cautions should be paid to the intrinsic inter channel cross talk 

noise of the LA-4000 tester, especially for high speed testing (>10 MHz). For a 

channel outputting a sequence of "0" bits, we can observe the cross talk ringing 

noise at each clock transition. Though the exact causes of this ringing noise are 

not clear, we can use the Schottky logic buffer as a remedy. 
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Appendix B 

SPICE-BASED OPTOELECTRONIC SYSTEM 

SIMULATION 

B.l OE Simulation Tool Introduction 

Recent progress in many optical and optoelectronic device technologies has 

made possible the insertion of these advanced devices into high performance sys

tems. Such insertion will ideally demonstrate both performance and cost benefits 

in some critical application area of commercial interest. A significant impediment 

to the insertion of optics into commercial systems relates to the relative immatu

rity of optical technologies and the associated prohibitively high cost as compared 

with competing electronic solutions. It is expected that this cost will continue 

to decline with advances in manufacturing and packaging techniques; however, 

another significant limitation to the insertion of optical technologies will remain. 

This limitation is related to the lack of a unified simulation environment for hy

brid optical and electronic systems, and to the relative lack of familiarity the 

electrical system designer has with optical and optoelectronic components. 

While there are a variety of sophisticated electrical design and simulation en

gines as well as a wide variety of optical computer-aided-design (CAD) packages, 

no integrated, hybrid optoelectronic CAD tool yet exists.^®®"''® In this paper we 

describe the use of the widely utilized SPICE electrical simulation engine, to fa

cilitate the design and analysis of systems containing both optical and electrical 

elements.^®® 
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A feature common to all near-term commercial optoelectronic (OE) insertions 

is the need for each optical sub-system to operate within an overall system of 

electrical components. The need to model such hybrid systems and to make both 

electrical and optical components available to the system engineer at an early 

stage of the overall design is clear. Owing in part to the popularity of SPICE 

as an electrical simulation tool, we have chosen to create optical and optoelec

tronic capabilities within the SPICE environment. There are three major reasons 

that SPICE can offer a natural framework within which to create such a hybrid 

OE simulation tool. (1) SPICE is a mature electrical simulation engine that is 

familiar to many electrical and system engineers. This characteristic will facil

itate its use as an OE tool and makes possible end-to-end system design and 

simulation for hybrid OE systems. (2) A number of OE interface component 

models have already been developed within the SPICE framework. Laser diodes, 

multiple-quantum-well modulators, and p-i-n detectors are among those elements 

whose SPICE models have already been reported elsewhere.^®"^°® (3) The un

derlying matrix-based recursive simulation procedures of SPICE are well suited 

to characterizing both the time- and space-domain physics inherent in any OE 

system. 

The methodology used to cast optical and OE components into the SPICE 

environment involves producing models for these components that utilize cur

rents and voltages to play the roles of all necessary time and space variables. 

SPICE is used as both a physical modeling engine as well as a ray-trace simu

lation engine. In this paper we describe a methodology for realizing optical and 

OE components in SPICE. These novel components appear as modules that can 
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be easily integrated with each other and with electrical circuit elements. The 

accuracy of SPICE based component simulations are established via comparison 

with results obtained from commercial ray-trace optical design software. In or

der to demonstrate the utility of the SPICE environment in carrying out hybrid 

optical/electrical system analysis, we demonstrate a simple multi-channel optical 

interconnect system simulation. This hybrid system incorporates electrical laser 

drivers and the associated electrical package, laser diodes, multichannel free space 

propagation, lenses, gratings, apertures, and detectors. 

B.2 Optical Component Models 

Electrical circuits are conveniently described using instantaneous representa

tions of the currents and voltages present at various circuit nodes. An arbitrary 

circuit will be characterized by some set of differential equations that can be 

iteratively solved to yield the desired node currents and voltages. Within such 

a framework it is difficult to characterize space-domain phenomena such as the 

evolution of electric and magnetic fields at any cross-section of a transmission 

line. This type of problem has become important within the electrical pack

aging community and there now exist methods for analyzing such space- and 

time-domain structures to yield effective lumped circuit models for use within 

conventional circuit simulators.^^"^® We have recently used such an approach 

to study the effects of electrical packaging technologies on the performance of 

laser diode based source modules within an optical interconnect environment.^^" 

It was possible to model laser diode driver circuits, the detailed laser diode carri

er and photon dynamics, photo-diode OE conversion, and the associated receiver 
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circuits using SPICE. This previous work was made easier by the serial nature 

of the OE components studied. The challenge remains to utilize the essentially 

serial simulation engine of SPICE to represent the three dimensional space and 

time behavior of the broader class of OE components; therefore, a methodology 

is required for representing the space-domain physics of optical beam propaga

tion in the time-domain simulation environment of SPICE. Since the wavelength 

dependence of optical elements together with the time dependent wavelength 

characteristic of directly modulated laser diodes effectively couples the time and 

space domains, separate time and space simulations are not suited to this appli

cation. We have chosen therefore to utilize SPICE as a time-domain ray-trace 

simulator for optical components. A dual-time-scale technique has been utilized 

to embed the space-domain within each iteration of the time-based simulation. 

An alternate formulation in which the time-domain behavior is embedded within 

each space-domain iteration (i.e., for each ray) can also be used; however, some 

post-processing is required in this case to fuse the resulting data arrays. 

An arbitrary optical component within our simulation paradigm can be rep

resented by an input-output relationship for each of the six variables: optical 

power (P), ray position {x,y,z), ray angle (9) and wavelength A. All of these 

variables are carried by the simulator as functions of time along with a simple 

binary variable indicating the presence or absence of a ray (ON = I or 0). The 

efforts described in this paper utilize only two of the three spatial dimensions. 

The variable y is used to represent position in the transverse plane and z indicates 

position along the direction of propagation. Additional optical and optoelectronic 
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Figure B.l: Generic SPICE OE component model comprising five components: 
input, output, control, calculation and ray-trace. 

components can be easily defined and added by the user according to the inter

face standards defined here. It is important to create OE component models that 

are modular so that these may be easily inserted within existing electrical or OE 

system simulations. For our SPICE based OE models each component comprises 

five simulation elements labeled input, control, calculation, output, and ray-trace 

as shown in Figure B.l. Such a model utilizes physical parameters (control in

puts) to specify the device configuration and operates on the input vector {Rin) 

within the calculation unit to produce an output vector {Rout) that is a function 

of time. The additional ray-trace unit is responsible for producing output data 

for visualization purposes. 

We have described what is essentially a ray-trace simulator in which a par

ticular ray can carry power and wavelength as instantaneous functions of time 

so that loss, dispersion, nonlinearity, etc,, can be included within the simulated 

system behavior. The extension to an additional spatial dimension (i.e., x in 
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the transverse plane) and the inclusion of polarization state to the input vector 

Rin, will facilitate the realization of additional simulation capabilities such as 

birefringence, optical activity, astigmatism, etc. An example of a simple SPICE 

model for free-space propagation is shown in Figure B.2. Figure B.2(a) shows 

the physical model for the free-space module with thickness d, input aperture 

A, centered at position yc for free space propagation. All variables remain un

changed between Rou.t and Rm, except the (y,z) positions which are related by 

the equations shown in the figure. The corresponding SPICE model is shown in 

Figure B.2(b). The control element has three dc voltage sources to represent the 

three input parameters defining a free-space module. In order to support fan-in 

and fan-out between serially or parallel connected modules, the output element 

consists of six voltage-controlled current sources while the input element has six 

voltage-controlled voltage sources. Owing to the ray-sequential nature of the s-

pace domain simulation, only one out of many parallel connected modules can 

output current at any one time. Therefore, we can easily fan-in output currents 

from many modules into any single module. These output currents are converted 

into voltages by using unit input resistors. Then these voltages are referred within 

the module circuit. The six current sources are controlled by a corresponding Rmn 

vector multiplied with the variable ONout, which insures that only one module 

outputs current at a time. The calculation element has three major components 

in this case. The two nonlinear voltage-controlled voltage sources at the top are 

used to realized the two equations describing the input-output (y,z) positions. 

This is where the actual physical model is computed. Switch sw7 is used to 

realized the input aperture. Voltages at the input nodes e and / of switch sw7 
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are the maxiinum (Vy^^) and minimum y values allowed into the aper

ture. If the voltage at node g falls between these two values then node c is 

connected with node a to let the input ONin value pass to ONout as depicted in 

the schematic shown in Figure B.2(c); otherwise node c is connected to node b 

and ONout becomes zero (Figure B.2(d)). The ray-trace element has two switches 

(sw9). Node c of switch sw9 represents the ray position at the input plane. If 

ONin, the voltage at node / is larger than the voltage at node g then node a 

is connected with node c to allow the input position to pass through; otherwise, 

node c is connected to a global node which records the terminal position of the 

ray. This is a fairly complicated mechanism in order to realize simple free-space 

propagation. However, with a few simple modifications to the calculations of Pout 

and 9out, we can also realize the Gaussian or Lambertian beam propagation. 

Another important optical component for use within our simulation environ

ment is the spherical surface model. Figure B.3(a) is the physical model of a 

spherical surface between two media with refractive indices ni and na- The 

spherical surface has curvature R, thickness d, aperture A, and is centered at 

position yc. These characteristics are used as control element inputs and appear 

as dc voltage sources in the SPICE model shown in Figiure B.3(b). The input, 

output, and ray-tracing elements are the same as those used in the free-space 

module. The functional calculation component is more complicated. First, the 

intersection of the incident ray and the spherical surface is calculated 

using two nonlinear voltage-controlled voltage sources (vsl and vs2): 

yk = ycSin%n + yinC0S%n + ysm(2 Bin) - sgn{RBin)<s/lA|sm20,-„ , 
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The A value is found using voltage source vs3, where A > 0 indicates that the 

incident ray intersects the surface. The switch sit; 1 is a modification of switch sw7 

used in the free-space module to include A as a control node. When falls into 

the aperture and A > 0, node a is connected with node c. Snell's law is used to 

relate the incident (a) and output {P) angles at the spherical surface which are 

calculated by voltage sources t;s4 and vs5. 

a = 

p = ^tn + o:. 

Switches {sw5) at the top row are used to test whether the input value of node o 

is between 4-1 (node c) and -1 (node rf). If so, node b is connected to node a to 

ensure a proper input to the sin(>) fiinction. Switch sw3 is used as a domain test 

for the tan(-) function. Switch swA is used to test the sign of node a. If node a 

has value larger than node g, then node d is connected to node b; otherwise, 

node d is connected to node c. 0out, aJid yout calculated using voltage 

sources t;s6, vs7, and vsS respectively: 

0(mt{vs6) = a + 7 • sgn{P), 

^out(vs7) = A{„—, 
712 

yout(vs8) = yin + ton0;„(rf -h . 

whose outputs are then connected to node a of switch awl. 
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Figure B.4: Results of SPICE based optical ray-trace for singlet lens: (a) colli
mating performance and (b) focusing performance. 
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This spherical surface component is an important element for OE system sim

ulation since two such elements in combination with a simple free-space element 

can be used to construct a thick singlet lens. This capability points to the impor

tance of creating modular OE component models. Figure B.4 presents the results 

of a SPICE-based optical ray-trace utilizing a thick singlet lens that was formed 

as indicated above. Figure B.4(a) depicts the coUimating performance and Fig

ure B.4(b) shows the lens acting as a focusing element. The specific lens used in 

this simulation is biconvex with a radius (i?c) of 0.5 mm, an aperture of 0.25 mm, 

and a thickness of 0.15 mm. The figure clearly demonstrates the large spherical 

aberration associated with such an optical element. The calculated paraxial focal 

point using the lens maker's equation is at z=0.6219 mm which agrees very well 

with the simulation result shown in the graph. The size of the circle of least 

confusion is 0.00569 mm and is located at 0.011 mm after the marginal focus and 

0.033 mm before the paraxial focus as predicted. The off-axis performance of 

this lens has also been simulated in SPICE and is shown in Figure B.5. Large 

amounts of coma and field curvature are clearly present. Since we include only 

y and z axes, only tangential curvature is included. For a 25.5 degree incident 

angle, the paraxial focus is 0.11 mm from the back focal plane which agrees very 

well with the prediction made using the ZEMAX lens design program. 

The SPICE singlet models can be further combined to form SPICE doublet 

models. Such doublets demonstrate the expected reduction in aberration when 

analyzed with our SPICE simulation engine and a representation of this improve

ment is shown in Figure B.6. This doublet has a 0.25 mm aperture, refractive 

indices of 1.560 and 1.708, a thickness of 0.15-1-0.05 mm, and surface radii of 
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Figure B.5: Results of SPICE based optical ray-trace for singlet lens off-axis 
performance. 

0.3232, -0.2266, and -0.6965 mm. The paraxial focal point is at 1.0986 mm and 

the marginal focal length is 1.0822 mm while they are predicted as 1.0978 mm 

and 1.0828 mm, respectively, by the ZEMAX lens design program reflecting a 

small 0.2% difference. 

Although these individual component simulations capture no time dependence, 

they do represent the detailed optical ray-trace capability required to represent 

the aberration limited performance of many optical systems. Additional compo-

nent models have been produced in order to create a SPICE library of optical 

and OE elements. Table B.l presents a complete list of these SPICE models. 

Whenever possible lumped circuit models of OE elements were used, and these 

were frequently taken from the literature to insure consistency with other sim-

ulation efforts. For example, the laser diode components found in our library 

include Tucker's model200, 201 while the multiple-quantu·m-well modulator model 

has been previously described by Lentine, et.al. 202 It is to our knowledge however, 
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Figure B.6: Results of SPICE based optical ray-trace for doublet lens: (a) colli-
mating performance and (b) focusing performance. 
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Element Control parameters 
stop (A,yc) 
aperture U .yc) 
thin transparency (A,yc,paftem(.)) 
&ee space {A,yc,d) 
Gaussian beam (A,ye,d,w) 
Lambertian beam iA,yc,d) 
laser diode detail®^" 
light modulator detail^"® 
spherical surface {A,yc,d,R,jii,n2) 
ideal lens (A,yd) 
singlet {A,yc,d,Ri,R2,ni,n2,n3) 
doublet (A, ye, d, Ri,R2, R3,ni,n2,n3,ni) 
grating iA,yc,\) 
beam splitter iAyc,9) 
detector {A,yc) 

Table B.l: List of SPICE optical element models. 

the first time lumped circuit representations for lenses, gratings, etc., have been 

developed and placed in a unified SPICE simulation environment 

B.3 Interconnect System Simulation 

It is straightforward to combine various of the components listed in Table B.l 

to form arbitrary optical system models. In this section we will describe the re

sults of a simple multichannel optical interconnect system simulated in SPICE. 

The results from these simulations are not intended to represent novel intercon

nect system architecture or performance, but rather are intended to exemplify the 

type of system level analysis that is facilitated using the SPICE OE component 

models. A simple two channel point-to-point optical interconnect architectiure is 

shown in Figure B.7. This schematic is intended to represent two channels 

in a potentially highly parallel point-to-point scheme. The interconnect system 
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Figure B.7: Two channel point-to-point optical interconnect architecture simu
lated in SPICE with source module comprising driver, diode and package. 

comprises three major elements: a source module that is responsible for signal 

conditioning and EO conversion, an interconnect module that is responsible for 

optical routing, and a detector module that is responsible for OE conversion 

and logic level production. Figure B.8 shows schematically, the netlist of such a 

system modeled using our SPICE OE tool. The electrical, optical, and optoelec

tronic components are included within such a system level simulation. Similar 

to their electrical counterparts, the optical and optoelectronic components are 

connected between nodes as modules to form an optoelectronic "circuit" in the 

SPICE simulation environment. 

It should be pointed out that the source module is often a Si-GaAs hybrid s-

ince the electrical driving signals are frequently obtained from conventional silicon 

VLSI circuits while the EO conversion itself (i.e. via laser diodes or modulators) 

must be realized in some alternate technology. Early in the evolution of the 

SPICE OE simulation paradigm described here, it became obvious that the high 
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Figure B.8: Netlist of the two channel point-to-point optical interconnect archi
tecture using SPICE OE simulation tool. 

current requirements of commercial laser diode arrays will introduced important 

electrical-package-limited effects within such hybrid implementations. These ef

fects have been detailed elsewhere and are summarized here for completeness.^^" 

As shown in Figure B.7 and Figure B.8, the source module comprises a CMOS 

driver in Si, a laser diode array in GaAs, and an electrical package. We considered 

two driver circuits, two laser diodes, and three electrical package types. Push-

pull and current sink drivers were used to study driver switching noise. Two laser 

diodes whose characteristics were taken from the literature and modeled using 

Tucker's model are used to study impacts of low (Ld#l) and high (Ld#2) laser 

diode threshold currents.^^"®'^"^ RLC lumped circuit models extracted from trans

mission line analysis are used to simulate distortion, loss, and crosstalk effects 

of printed wiring board (PWB), tape automated bonding (TAB), and flip-chip 
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bonding (C4) packages. In particular, we constrain the dimensions of the pack

ages in order to facilitate the presumed size of an eight element 250 fim pitch 

laser diode array and associated 1 mm pitch signal generating driver circuit ar

ray. The PWB package uses 381 /xm FR-4 Laminate substrate and wire bonding. 

The TAB technique not only eliminates the wire bonds but also uses thinner 

50 /j,m polymer as the substrate material. For PWB and TAB packages, the 

distance between GaAs based laser diode array module and Si based driver cir

cuit is 5 mm while C4 bonding case assumes al wiring on driver chip. C4 gives 

us the highest performance and most compact design among the three package 

methods. Three adjacent channels are simulated in each package to include n-

earest neighbor interference effects. Each of one driver type, one laser diode 

type, and one package type are substituted into the netlist to form the source 

module. Performance metrics for power dissipation, signal latency, wavelength 

chirp, and signal fidelity are used. SPICE is used to determine the effects of 

laser diode threshold current, bias condition, and driving current level with re

spect to these metrics. Examples of simulated source module output are shown 

in Figure B.9. As shown in Figure B.9 (a), we send the data sequence 101 to 

the laser diode through the middle channel using a retum-to-zero scheme. The 

data sequence 110 with a quarter period delay is sent through the two adjacent 

channels. Different delay time (0.31 nsec and 0.24 nsec) comprising laser tum-on 

delay and package parasitic delay manifest themselves under different operating 

conditions. Laser ringing noise is observed after the transition from low to high 

state, which also causes wavelength chirping resulting &om the band-gap filling 

effect. Within all the five graphs in Figure B.9, different amounts of cross-talk 
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Figure B.9: Optical output power waveforms for various source module configu
rations operated at 500MHz data rate and two bias conditions (bias above and 
below threshold are indicated as bias=l and bias=0 respectively) (a) current-
sink driver, PWB package, Ld#2, (b) current-sink driver, TAB package, Ld#l, 
(c) push-pull driver, TAB package, Ld#l, (d) current-sink driver, TAB package, 
Ld#2, (e) push-pull driver, TAB package, Ld#2. 
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noise are observed in the zero state for different operating conditions and source 

module configurations. The bias below threshold scheme has no cross-talk noise 

though it suffers from longer tum-on delay. Laser ringing noise is more obvi

ous for Ld#l than Ld#2 because Ld#l has a longer photon lifetime. Since we 

delay the adjacent channel 110 signals for a quarter period, switching noise is 

observed in Figure B.9 (d) around 2.5 nsec. While the other channels are switch

ing, larger currents are drawn from the current sink driver so that less current is 

available for the middle channel. Therefore, the middle channel laser diode has 

lower optical output power. Push-pull drivers eliminate this switching noise by 

maintaining constant current through the laser diodes while the cross-talk noise 

become dominant as shown in Figure B.9 (e) which appears as a dip in the first 

high state. Signal distortion due to package parasitics is observed in the second 

high state of Figure B.9 (d) and (e). Table B.2 summarizes the source module 

study and shows the acceptable optical output power ranges for different source 

module configurations under two bias current of the laser diode, four operating 

speeds of the driver, and two low-pass filtered cases to simulate finite frequency 

response of the optical detector. We use signal to error ratio (SER) to 

measure the signal fidelity: 

where is the signal to error ratio, and Pideai(t) are actual and ideal 

optical output powers respectively, and t is the data period. From Table B.2, 

it is found that under appropriate operating conditions, FWB can achieve ac

ceptable noise (SER>3), power dissipation (< IW/chip), and latency (<0.25T) 

(B.1) 
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PoutimW) range Operating Condition 

(•RoiujPhisfc) Bias=0 Bias= =High 

Configuration 250M 500M 800M IG 250M 500M 800M IG 
Simple C4 y/ >2 x^ x=» y >0.7 >1.7 >2.5 
MOS TAB s! >1.7 x^ x^ yj >2 x^ x^ 
Driver PWB >2.3 x^ x^ >1.9 >3.1 x^ x^ 

Ld#l Push- C4 y/ > 1.9 x^ x^ yj >1.2 >1.7 >3.3 
Pull TAB V > 1.8 x^ x^ > 1.2 >2.2 x^ x^ 
Driver PWB yj >2.1 x^ x^* > 1.8 x^ x» x^* 
Simple C4 <15 6,15 13,15 ^lora <12 <12 5,12 6,12 
MOS TAB <15 8,13 x'"" Xior^ <11 ^lora x-» x-" 
Driver PWB 3^12 x-' Xi.^ X"" 5,9 x"" x"" 

Ld#2 Push- C4 x*^ x^ x*^ X^ xi X' x^ xi 

Pull TAB X' x^ x' X»» x' X' x^ xi,a 

Driver PWB x^ x^ XOH XOIl x^ X*^ x^ Xi.:4 

Note 1. Pout testing range for Ld#l: 0.7-3.5 mW 
Pout testing range for Ld#2: 2-25 mW 

Note 2. y/: cases fulfill corresponding requirement over wliole testing rfuige 
x': cases fail to fulfill corresponding requirement over whole testing range 
i=l,2 and 3: fail for the power, latency and SER requirements respectively 

Table B.2: Summary of source module study: the required filtered optical output 
power range (Pout) to fulfill 1 W/chip, 0.25 latency, and filtered SER=3 require
ments for different source module configurations and operating conditions. 

performance for data rates up to 500MHz while flip-chip bonding is required to 

exceed data rates of 800MHz for the cases studied. More information could be 

found in reference [21], here it is important that SPICE-based source module 

simulation produces time varying power and wavelength for use in over all OE 

system simulation. 

The source module described above produces two voltage signals representing 

the instantaneous optical power {P{t)) and wavelength {X{t)) associated with the 

output of the driver/package/diode combination. The interconnect modiile must 

therefore begin with a beam forming element that converts the time-domain laser 

output into a space/time-domain representation. We have designed a number of 
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beam-forming components (see Table B.l), each of which can produce a time-

multiplexed set of rays carrying the appropriate angular distribution of optical 

power. The total optical power is in turn time-varying in accordance with the 

laser output signal P{t). For the simulations described below, a Gaussian beam 

power distribution is used over a user specified finite aperture. The output of the 

beam forming element serves as the input to a free space element that in turn 

provides input to the collimating lens as shown in Figure B.7. The collimated 

signal is once again propagated through free space and is directed by the gratings 

shown, so as to arrive at the appropriate destination lenslets. These collection 

lenses focus the received ray bundle onto a simple detector element. In these 

simulations the detected light is used directly without any receiver electronics to 

measure the signal and noise powers at the optical interconnect outputs. 

This simple interconnect system can suffer from inter-channel crosstalk. A 

number of phenomena including imperfect collimation, misalignment, wavelength 

shift, etc., can cause light intended for one detector to be incident on the other, 

thus representing a source of loss and noise. The strength of both the signal and 

the crosstalk noise depend on many optical system variables including the inter

connect distance (d), the detector size (it/), and the detector spacing (s). The 

results shown in Figure B.ll demonstrate how the SPICE based OE simulation 

engine can be used to conduct a system level study over these variables. These re

sults were produced for an interconnect system utilizing the simple singlet lenses 

described in Section B.2 with an aperture of 0.2 mm. The detector spacing was 

fixed in our simulations to be equal to the lens spacing (s = 0.25 mm) and only 

the top channel (channel 1) in Figure B.7 is activated and uses the source module 
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Figure B.IO: Ray-trace result from SPICE simulation of optical interconnect 
system at detector optics. 

with push-pull driver, flip-chip bonding, and Ld#l biased above threshold with 

1 mW on state output power operated at 250 MHz to include all relevant time, 

space, power, and wavelength phenomenon. As shown in Figiure B.IO, the light 

originating from channel I spreads out at the detector plane giving rise to signal 

loss and inter-channel crosstalk. Summing up the total power of rays falling on 

each of the two detectors, we obtain the total signal (channel 1) and noise (chan

nel 2) powers shown in Figure B.ll(a). Prom the graph of Figure B.ll(b) we can 
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see that as interconnect distance increases, lower SNR results. This is because 

both decreased signal and increased crosstalk noise result from an increase in d. 

We can also see that a small detector aperture is effective at reducing crosstalk 

noise for small d\ however, for large d the associated loss in signal becomes pro

hibitive. The poor collimating performance of simple singlet lenses was shown 

in Figure B.4, and this limitation is responsible for the very large crosstalk sig

nals represented by the data in Figure B.ll. When the interconnect system of 

Figure B.7 is implemented using the doublet lenses described in Section B.2, the 

improvement in collimation is sufficient to yield essentially zero crosstalk over the 

range of distances studied. 

B.4 Grating Spectrometer 

A significant characteristic of the SPICE OE simulation paradigm is its abil

ity to represent both the time- and space-domain behavior of complete hybrid 

optical/electrical systems. This characteristic is especially important when the 

time-domain behavior is coupled to the space-domain behavior. Such a case arises 

within the optical interconnect system described in the previous section owing to 

the wavelength chirp that is characteristic of driving semiconductor laser diodes 

with large current pulses. This wavelength chirp was depicted in Section B.3 and 

has a relatively small value. Because the magnitude of the chirp was small and 

the distance scale of the optical interconnect remained below a few centimeters, 

the wavelength dependent diffraction angle did not manifest itself in the result-

s of the previous section. In this section we have constructed a simple SPICE 

simulation of a grating spectrometer with a long enough baseline to make these 
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effects measurable. Both the time varying power and wavelength are included in 

this simulation. 

Figure B.12: Grating spectrometer using long focal length to elucidate time vary
ing wavelength behavior of laser diode source. 

Figure B.4 shows a schematic drawing of the simple grating spectrometer sim

ulated here. The laser diode (Ld#l) is collimated using an ideal lens and the 

collimated ray bundle is incident on a grating shown. The grating is a sinusoidal 

thin amplitude grating with 1 iim period (A = 1 jxm) arranged normal to the 

incident light. This collimated beam has time-varying power and wavelength 

((JA « 0.1 nm) as derived from the source module simulations described in Sec

tion B.3. The source module includes Ld#l, C4 bonding, and current sink driver 

with zero bias current (i.e. luaa = 0)- The light diffracted from the grating is fo

cused to an observation screen in the back focal plane of another ideal lens whose 

focal length is 50 cm (/ = 50 cm). The instantaneous position and intensity of 

the observed spot therefore, represent the time-varying power and wavelength of 

the laser diode source. Figure B.13(a) shows the instantaneous power obtained 

at the detector for two different optical output power levels, which preserves the 

ringing characteristics of the directly modulated laser diode described in Sec

tion B.3. Though we don't show the instantaneous wavelength of the laser diode 

chiiped input 

grating lens 
f detection plane 
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here, the laser wavelength mimics the intensity plot due to the laser diode band 

filling effect. The resulting position of the focus spot is shown in Figure B.13(b) 

where the variation in position 8y is predicted as f sin~^{5\fA.). For the 
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Figure B.13: Results of SPICE simulation of grating spectrometer: (a) power vs. 
time, (b) position vs. time. 

high laser power case, we observe about 45 {5y) maximum variation in posi

tion (solid curve in Figure B.13(b)) while the laser is turned on, and it is about 

35 fim maximum position variation for the lower laser power case (dashed curve 

in Figure B.13(b)). If we were using 50 cm free space optical interconnect (i.e. 

d=50 cm in Figure B.7), the wavelength chirping will introduce different levels of 

cross talk noise given detector size and source module operation condition (e.g. 

optical output power). This example shows that the SPICE OE tool is capable 

of simulating such intimate connections among optical and electronic variables 

and further optical/electronic design trade-off can be studied within this unified 

CAD environment. 
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B.5 Discussions and Conclusions 

An ideal optoelectronic CAD tool should possess the following characteris

tics: (I) an nnified OE simulation ability that is suited to complicated hybrid 

OE systems, (2) the use of modular components, (3) the easy incorporation of 

new models with varying levels of complexity, (4) a user-friendly interface, and 

(5) user-selectable complexity to trade-off between simulation accuracy and/or 

simulation speed. Our SPICE OE tool is capable of simulating the sophisti

cated interaction between optical and electronic elements and complies with the 

modular component requirement listed above. This facilitates the simulation of 

OE system level performance. The scaling of the proposed OE simulation com

plexity is no different than that of typical SPICE-based VLSI circuit simulations 

because we model optical elements as if they were electrical components. This 

scaling can of course, prove to be an unacceptable computational burden in the 

case of large system simulations and several options are available to combat this 

growth in complexity. These methods allow the construction of SPICE model-

s with user-selectable simulation speed and accuracy. For example, equivalent 

lumped circuit models were used in this paper to simulate the complex electro

magnetic interactions associated with electric packaging effects. This method 

uses off-line simulation of the relevant physics to produce a passive electrical ap

proximation (i.e., RLC), that is accurate within a certain range of input variables. 

A similar procedure could be used with OE components. This method fuses nat

urally with the original SPICE engine; however, the resulting system netlist can 
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become long for complicated multichannel systems. Alternately, the model cre

ation ability found in a number of SPICE simulation engines allows user-defined 

models by incorporating auxiliary C-program subroutines. Such a facility can 

simplify the resulting netlist and improve simulation speed. Table-based SPICE 

simulation using component performance look-up tables is yet another option fa

cilitating the incorporation of complicated physical models. A natural extension 

of the SPICE OE tools described here will involve completing the generic SPICE 

OE component model shown in Figure B.l with the addition of the third spatial 

dimension, a polarization input/output variable, and an optional feedback port to 

include the effects of reflecting and scattered light. The model library should also 

be expanded to include additional optical elements with user-defined complexity 

levels. 

The integration of optical ray-tracing techniques into the SPICE simulation 

environment will offer the system engineer a new set of design tools with which 

to conceive hybrid optical/electronic systems. A modular approach has been de

scribed in which familiar electrical components can be integrated with optical and 

OE components in a hybrid optical/electrical simulation. The power and famil

iarity of the SPICE simulation tool are important motivations for the inclusion 

of optical modeling capabilities since a significant deterrent to the use of optics 

in many applications is the relative lack of familiarity tradition electrical system-

s designers have with optical components and their capabilities/limitations. In 

addition to serving as an accelerator to technology insertion, such an integrated 

optical/electrical simulation environment may facilitate the hybrid optimization 

of optical and electrical variables in sophisticated optoelectronic systems. Such a 
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capability will ultimately yield improved performance and reduced cost for many 

OE solutions. 

Notes The work presented in this chapter was an extension of my master 

thesis: "Electrical Packaging Impact on Source Components in Optical 

Interconnects," 1994, University of Arizona. The result was presented in OSA 

Annual Meeting, Portland, Oregon, 10-15 September, 1995, and was published 

in Applied Optics, vol. 37, no. 26,10 September 1998, pp. 6093-6104. 



249 

references 

[1] H. Coufal, "Solid information," Mature, vol. 393, pp. 628-629, June 1998. 

[2] D. Psaltis and G. W. Burr, "Holographic data storage," Computer, pp. 52-
60, February 1998. 

[3] D. Psaltis and F. Mok, "Holographic memories," Scientific American, p-
p. 70-76, November 1995. 

[4] J. F. Heanue, M. C. Bashaw, and L. Hesselink, "Volume holographic storage 
and retrieval of digital data," Science, vol. 265, pp. 749-752, August 1994. 

[5] PC Magazine, "web site http://www.pcmag.com," May 1999. 

[6] Kingston Technology, "web site http://www.kingston.com," May 1999. 

[7] P. J. van Heerden, "A new optical method of storing and retrieving infor
mation," Applied Optics, vol. 2, pp. 387-392, April 1963. 

[8] P. J. van Heerden, "Theory of optical information storage in solids," Applied 
Optics, vol. 2, pp. 393-400, April 1963. 

[9] Y. N. Denisyuk, "Photographic reconstruction of the optical properties of 
an object in its own scattered radiation field," Soviet Physics- Doklady, 
vol. 7, no. 6, pp. 543-545,1962. 

[10] H. Kogelnik, "Coupled wave theory for thick hologram gratings," Bell Sys
tem Technical Journal, vol. 48, pp. 2909-2947,1969. 

[11] L. Solymar and D. J. Cooke, Volume Holography and Volume Gratings. 
Academic Press, 1981. 

[12] P. S. J. Russell, "Optical voliune holography," Physics Reports, vol. 71, 
no. 4, pp. 209-312, 1981. 

[13] P. Hariharan, Optical Holography. Cambridge University Press, 1984. 

http://www.pcmag.com
http://www.kingston.com


250 

[14] G. Saxby, Practical Holography. Cambridge University Press, second ed., 
1994. 

[15] C. C. Davis, Lasers and Electro-Optics: Fundamentals and Engineering. 
Cambridge University Press, 1996. 

[16] P. Yeh, Introduction to Photorefractive Nonlinear Optics. John Wiley & 
Sons, Inc., 1993. 

[17] K. Buse, A. Adibi, and D. Psaltis, "Non-volatile holographic storage in 
doubly doped lithium niobate crystals," Nature, vol. 393, pp. 665-668, June 
1998. 

[18] K. Buse, "Light-induced charge transport processes in photorefractive crys
tals I: Models and experimental methods," Applied Physics B, vol. 64, p-
p. 273-291, 1997. 

[19] K. Buse, "Light-induced charge transport processes in photorefractive crys
tals II: Materials," Applied Physics B, vol. 64, pp. 391-407, 1997. 

[20] H. Guenther, G. Wittmann, R. M. Macfarlane, and R. R. Neurgaonkar, 
"Intensity dependence and white-light gating of two-color photorefractive 
gratings in LiNbO^," Optics Letters, vol. 22, no. 17, pp. 1305-1307,1997. 

[21] P. Giinter, "Holography, coherent light amplification and optical phase con
jugation with photorefractive materials," Physics Reports, vol. 93, no. 4, 
pp. 199-299, 1982. 

[22] M. M. Wang, S. C. Esener, F. B. McCormick, I. Qokgor, A. S. Dvomikov, 
and P. M. Rentzepis, "Experimental characterization of a two-photon mem
ory," Optics Letters, vol. 22, pp. 558-560, April 1997. 

[23] L. Dhar, A. Hale, H. E. Katz, M. L. Schilling, M. G. Schnoes, and F. C. 
Schilling, "Recording media that exhibit high dynamic range for digital 
holographic data storage," Optics Letters, vol. 24, pp. 487-489, April 1999. 

[24] W. E. Moemer, A. Gnmnet-Jepsen, C. L. Thompson, M. S. Bratcher, and 
R. J. Twieg, "Recent advances in photorefractive polymer materials," in 



251 

Nonlinear Optical Properties of Organic Materials X (M. G. Kuzyk, ed.), 
vol. 3147, pp. 84-94, SPIE, 30 July-1 August 1997. 

[25] J. D. Downie, D. A. TimuQin, D. T. Smithey, and M. Crew, "Long holo
graphic lifetimes in bacteriorhodopsin films," Optics Letters, vol. 23, p-
p. 730-732, May 1998. 

[26] J. H. Hong, I. McMichael, T. Y. Chang, W. Christian, and E. G. Paek, 
"Volume holographic memory systems: Techniques and architectures," Ap
plied Optics, vol. 34, pp. 2193-2203, August 1995. 

[27] F. H. Mok, "Angle-multiplexed storage of 5000 holograms in lithium nio-
bate," Optics Letters, vol. 18, pp. 915-917, June 1993. 

[28] D. Psaltis, M. Levene, A. Pu, and G. Barbastathis, "Holographic storage 
using shift multiplexing," Optics Letters, vol. 20, pp. 782-784, April 1995. 

[29] V. Markov, J. Millerd, J. Trolinger, M. Norrie, J. Downie, and D. Timucin, 
"Multilayer volume holographic optical memory," Optics Letters, vol. 24, 
pp. 265-267, February 1999. 

[30] K. Curtis, A. Pu, and D. Psaltis, "Method for holographic storage using 
peristrophic multiplexing," Optics Letters, vol. 19, pp. 993-994, July 1994. 

[31] G. A. Rakuljic, V. Lesrva, and A. Yariv, "Optical data storage by us
ing orthogonal wavelength-multiplexed volume holograms," Optics Letters, 
vol. 17, pp. 1471-1473, October 1992. 

[32] J. T. LaMacchia and D. L. White, "Coded multiple exposure holograms," 
Applied Optics, vol. 7, pp. 91-94, January 1968. 

[33] T. F. Krile, M. 0. Hagler, W. D. Redus, and J. F. Walkup, "Multi
plex holography with chirp-modulated binary phase-coded reference-beam 
masks," Applied Optics, vol. 18, pp. 52-56, January 1979. 

[34] C. Denz, G. Pauliat, and G. Roosen, "Volume hologram multiplexing using 
a deterministic phase encoding method," Optics Communications, vol. 85, 
pp. 171-176, September 1991. 



252 

[35] C. Denz, G. Pauliat, G. Roosen, and T. Tschudi, "Potentialities and limi
tations of hologram multiplexing by using the phase-encoding technique," 
Applied Optics, voL 31, pp. 5700-5705, September 1992. 

[36] I. Lorgere, F. Grelet, M. Ratsep, M. Tian, and J. L. L. Gouet, "Spectral 
phase encoding for data storage and addressing," Journal of the Optical 
Society of America B: Optical Physics, vol. 13, pp. 2229-2234, October 
1996. 

[37] K. Kamra, A. Kumar, and K. Singh, "Novel optical photorefractive storage-
retrieval system using speckle coding technique in beam-fanning geometry," 
Journal of Modem Optics, vol. 43, pp. 365-371, February 1996. 

[38] C. Denz, K.-O. Miiller, T. Heimann, and T. Tschudi, "Volume holographic 
storage demonstrator based on phased-coded multiplexing," IEEE Journal 
of Selected Topics in Quantum Electronics, vol. 4, pp. 832-839, September 
1998. 

[39] S. Tao, Z. H. Song, D. R. Selviah, and J. E. Midwinter, "Spatioangular-
multiplexing scheme for dense holographic storage," Applied Optics, vol. 34, 
pp. 6729-6737, October 1995. 

[40] G. W. Burr, F. H. Mok, and D. Psaltis, "Angle and space multiplexed holo
graphic storage using the 90° geometry," Optics Communications, vol. 117, 
pp. 49-55, May 1995. 

[41] S. Campbell, X. Yi, and P. Yeh, "Hybrid sparse-wavelength angle-
multiplexed optical data storage system," Optics Letters, vol. 19, pp. 2161-
2163, December 1994. 

[42] L. d'Auria, J. P. Huignard, C. Slezak, and E. Spitz, "Experimental holo
graphic read-write memory using 3-d storage," Applied Optics, vol. 13, p-
p. 808-818, April 1974. 

[43] H. J. Eichler, P. Kuemmel, S. Orlic, and A. Wappdt, "High-density disk 
storage by multiplexed microholograms," IEEE Journal of Selected Topics 
in Quantum Electronics, vol. 4, pp. 840-848, September 1998. 



253 

[44] L. Dhar, K. Curtis, M. Taddtt, M. Schilling, S. Campbell, W. Wilson, 
A. Hill, C. Boyd, N. Levinos, and A. Harris, "Holographic storage of multi
ple high-capacity digital data pages in thick photopolymer systems," Optics 
Letters, vol. 23, pp. 1710-1712, November 1998. 

[45] R. M. Shelby, J. A. Hof&iagle, G. W. Burr, C. M. Jefferson, M.-P. Bemal, 
H. Coufal, R. K. Grygier, H. Giinther, R. M. Macfarlane, and G. T. Sincer-
box, "Pixel-matched holographic data storage with megabit pages," Optics 
Letters, vol. 22, pp. 1509-1511, October 1997. 

[46] D. Lande, S. S. Orlov, A. Akella, L. Hesselink, and R. R. Neurgaonkar, 
"Digital holographic storage system incorporating optical fixing," Optics 
Letters, vol. 22, pp. 1722-1724, November 1997. 

[47] J.-J. P. Drolet, E. Chuang, G. Barbastathis, and D. Psaltis, "Compact, 
integrated dynamic holographic memory with refreshed holograms," Optics 
Letters, vol. 22, pp. 552-554, April 1997. 

[48] M.-P. Beraal, H. Coufal, R. K. Grygier, J. A. Hoffiiagle, C. M. Jeffer
son, R. M. Macfarlane, R. M. Shelby, G. T. Sincerbox, P. Wimmer, and 
G. Wittmann, "A precision tester for studies of holographic optical storage 
materials and recording physics," Applied Optics, vol. 35, pp. 2360-2374, 
May 1996. 

[49] I. McMichael, W. Christian, D. Pletcher, T. Y. Chang, and J. H. Hong, 
"Compact holographic storage demonstrator with rapid access," Applied 
Optics, vol. 35, pp. 2375-2379, May 1996. 

[50] E. S. Maniloff, S. B. Altner, S. Bemet, F. R. Graf, A. Renn, and U. P. Wild, 
"Recording of 6000 holograms by use of spectral hole burning," Applied 
Optics, vol. 34, pp. 4140-4148, July 1995. 

[51] W. Liu and D. Psaltis, "Pixel size limit in holographic memory," Optics 
Letters, vol. 24, pp. 1340-1342, October 1999. 

[52] B. E. A. Saleh and M. C. Teich, Fundamentals of Photonics. John Wiley 
and Sons, 1991. 



254 

[53] L. Hesselink and M. C. Bashaw, "Optical memories implemented with pho
torefractive media," Optical and Quantum Electronics, vol. 25, pp. S611-
S661, 1993. 

[54] J. W. Goodman, Introduction to Fourier Optics. McGraw-Hill Companies, 
Inc., second ed., 1996. 

[55] G. W. Burr, Volume Holographic Storage Using the 90° Geometry. PhD 
thesis, California Institute of Technology, 1996. 

[56] D. Brady and D. Psaltis, "Control of volume holograms," Journal of the 
Optical Society of America A: Optics, Image Science, and Vision, vol. 9, 
pp. 1167-1182, July 1992. 

[57] D. Psaltis, D. Brady, and K. Wagner, "Adaptive optical networks using 
photorefractive crystals," Applied Optics, vol. 27, no. 9, pp. 1752-1759, 
1988. 

[58] A. Vardy, M. Blaum, P. H. Siegel, and G. T. Sincerbox, "Conservative ar
rays: Multidimensional modulation codes for holographic recording," IEEE 
Transactions on Information Theory, vol. 42, pp. 227-229, January 1996. 

[59] G. W. Burr, J. Ashley, H. Coufal, R. K. Grygier, J. A. Ho&agle, C. M. Jef
ferson, and B. Marcus, "Modulation coding for pixel-matched holographic 
data storage," Optics Letters, vol. 22, pp. 639-641, May 1997. 

[60] J. F. Heanue, M. C. Bashaw, and L. Hesselink, "Channel codes for digital 
holographic data storage," Journal of the Optical Society of America A: 
Optics, Image Science, and Vision, vol. 12, pp. 2432-2439, November 1995. 

[61] B. H. Olson and S. C. Esener, "Partial response precoding for parallel-
readout optical memories," Optics Letters, vol. 19, pp. 661-663, May 1994. 

[62] G. W. Burr, G. Barking, H. Coufal, J. A. HoiFnagle, C. M. Jefferson, and 
M. A. Neifeld, "Gray-scale data pages for digital holographic data storage," 
Optics Letters, vol. 23, pp. 1218-1220, August 1997. 



255 

[63] S. Tao, B. Tang, Y. Zhou, and L. Shen, "Quantitative study of the gray
scale fidelity of volume holographic images," Applied Optics, vol. 38, p-
p. 3767-3777, June 1999. 

[64] S. A. Domrovsldi, "Effectiveness of using error-correcting codes in holo
graphic storage systems," Avtometriya, no. 2, pp. 57-61, 1989. 

[65] B. J. Goertzen and P. A. Mitkas, "Error-correcting codes for volimie holo
graphic storage of a relational database," Optics Letters, vol. 20, pp. 1655-
1657, August 1995. 

[66] G. A. Betzos, J. F. Hutton, M. Porter, and P. A. Mitkas, "Evaluation of 
array codes for page-oriented optical memories," in Optics in Computing: 
1997 Technical Digest Series (Post-conference Edition), vol. 8, pp. 204-206, 
1997. 

[67] W. Kawakami and K.-I. Kitayama, "Optical error-correction coding en
coder and decoder: Design considerations," Applied Optics, vol. 34, p-
p. 5064-5073, August 1995. 

[68] M. A. Neifeld and J. D. Hayes, "Error-correction schemes for volume optical 
memories," Applied Optics, vol. 34, pp. 8183-8191, December 1995. 

[69] T. K. Matsushima, T. Matsushima, and S. Hirasawa, "Parallel encoder and 
decoder architecture for cyclic codes," lEICE Transactions on Fundamen
tals, vol. E79-A, pp. 1313-1323, September 1996. 

[70] M. A. Neifeld and S. K. Sridharan, "Parallel error correction using spec
tral Reed-Solomon codes," Journal of Optical Communications, vol. 18, 
pp. 144-150, August 1997. 

[71] M. E. Schaffer and P. A. Mitkas, "Requirements and constraints for the 
design of smart photodetector arrays for page-oriented optical memories," 
IEEE Journal of Selected Topics in Quantum Electronics, vol. 4, pp. 856-
865, September 1998. 

[72] M. A. Neifeld and M. McDonald, "Error correction for increasing the us
able capacity of photorefractive memories," Optics Letters, vol. 19, no. 18, 
pp. 1483-1485, 1994. 



256 

[73] M. A. Neifeld and W.-C. Chou, "Information theoretic limits to the capacity 
of volume holographic optical memory," Applied Optics, vol. 36, no. 3, 
pp. 514-517, 1997. 

[74] M. Blaum, J. Bruck, and A. Vardy, "Interleaving schemes for multidimen
sional cluster errors," IEEE Transactions on Information Theory, vol. 44, 
pp. 730-742, March 1998. 

[75] W.-C. Chou and M. A. Neifeld, "Interleaving and error correction in vol
ume holographic memory systems," Applied Optics, vol. 37, pp. 6951-6968, 
October 1998. 

[76] M. A. Neifeld and M. McDonald, "Technique for controlling cross-talk noise 
in volume holography," Optics Letters, vol. 21, pp. 1298-1300, August 1996. 

[77] F. Dai and C. Gu, "Effect of gaussian references on cross-talk noise reduc
tion in volume holographic memory," Optics Letters, vol. 22, pp. 1802-1804, 
December 1997. 

[78] M. E. McDonald, Optical Engineering for Parallel Data Storage. PhD the
sis, University of Arizona, 1998. 

[79] M.-P. Bemal, G. W. Burr, H. Coufal, R. K. Grygier, J. A. Ho&agle, C. M, 
Jefferson, E. Oesterschulze, R. M. Shelby, G. T. Sincerbox, and M. Quin-
tanilla, "Effects of multilevel phase masks on interpixel cross talk in digital 
holographic storage," Applied Optics, vol. 36, pp. 3107-3115, May 1997. 

[80] G. W. Burr, H. Coufal, R. K. Grygier, J. A. Ho&agle, and C. M. Jefferson, 
"Noise reduction of page-oriented data storage by inverse filtering during 
recording," Optics Letters, vol. 23, pp. 289-291, February 1998. 

[81] V. Vadde and B. V. K. V. Kumar, "Channel estimation and intra-page 
equalization for digital volume holographic data storage," in Proceedings of 
the SPIE, vol. 3109, pp. 245-250, 1997. 

[82] J. F. Heanue, K. Giirkan, and L. Hesselink, "Signal detection for page-access 
optical memories with intersymbol interference," Applied Optics, vol. 35, 
pp. 2431-2438, May 1996. 



257 

[83] M. A. Neifeld, K. M. Chugg, and B. M. King, "Parallel data detection 
in page-oriented optical memory," Optics Letters, vol. 21, pp. 1481-1483, 
September 1996. 

[84] B. M. King and M. A. Neifeld, "Parallel detection algorithm for page-
oriented optical memories," Applied Optics, vol. 37, pp. 6275-6298, Septem
ber 1998. 

[85] X. Chen, K. M. Chugg, and M. A. Neifeld, "Near-optimal parallel dis
tributed data detection for page-oriented optical memories," IEEE Journal 
of Selected Topics in Quantum Electronics, vol. 4, pp. 866-879, September 
1998. 

[86] K. M. Chugg, X, Chen, and M. A. Neifeld, "Two-dimensional equalization 
in coherent and incoherent page-oriented optical memory," Journal of the 
Optical Society of America A: Optics, Image Science, and Vision, vol. 16, 
pp. 549-562, March 1999. 

[87] D. Brady and D. Psaltis, "Information capacity of 3-D holographic data 
storage," Optical and Quantum Electronics, vol. 25, pp. S597-S610, 1993. 

[88] K. Bl0tekjaer, "Limitations on holographic storage capacity of pho-
tochromic and photorefractive media," Applied Optics, vol. 18, pp. 57-67, 
January 1979. 

[89] C. Gu, J. Hong, I. McMichael, and R. Saxena, "Cross-talk-limited storage 
capacity of volume holographic memory," Journal of the Optical Society 
of America A: Optics, Image Science, and Vision, vol. 9, pp. 1978-1983, 
November 1992. 

[90] K. Rastani, "Storage capacity and cross talk in angular multiplexed holo
grams: Two case studies," Applied Optics, vol. 32, pp. 3772-3778, July 
1993. 

[91] H. Zhou, F. Zhao, and F. T. S. Yu, "Effects of recording-erasure dynamics of 
storage capacity of a wavelength-multiplexed reflection-type photorefractive 
hologram," Applied Optics, vol. 33, pp. 4339-4344, July 1994. 



258 

[92] C. E. Shannon, "A mathematical theory of communication," Bell System 
Technical Journal, vol. 27, pp. 379-423,623-656, 1948. 

[93] C. E. Shannon, "Communication in the presence of noise," Proceedings of 
the /. R. E., vol. 37, pp. 10-21, January 1949. 

[94] R. E. Blahut, Principles and Practice of Information Theory. Addison-
Wesley, 1987. 

[95] T. M. Cover and J. A. Thomas, Elements of Information Theory. John 
Wiley k Sons, 1991. 

[96] S. V. Miridonov, A. V. Khomenko, D. Tentori, and A. A. Kamshilin, "In
formation capacity of holograms in photorefractive crystals," Opt. Lett., 
vol. 19, pp. 502-504, April 1994. 

[97] A. Pu and D. Psaltis, "High-density recording in photopolymer-based holo
graphic three-dimensional disks," Applied Optics, vol. 35, pp. 2389-2398, 
May 1996. 

[98] P. R. Haugen, S. Rychnovsky, A. Husain, and L. D. Hutcheson, "Opti
cal interconnects for high speed computing," Optical Engineering, vol. 25, 
pp. 1076-1085, October 1986. 

[99] L. A. Bergman, W. H. Wu, A. R. Johnston, R. Nixon, S. C. Esener, C. C. 
Guest, P. Yu, T. J. Drabik, M. Feldman, and S. H. Lee, "Holographic 
optical interconnects for VLSI," Optical Engineering, vol. 25, pp. 1109-
1118, October 1986. 

[100] A. A. Sawchuk and T. C. Strand, "Digital optical computing," Proceedings 
of the IEEE, vol. 72, pp. 758-779, July 1984. 

[101] Y. Ichioka, T. Iwaki, and K. Matsuoka, "Optical information processing 
and beyond," Proceedings of the IEEE, vol. 84, pp. 694-719, May 1996. 

[102] D. Gabor, "Theory of conmaunication," Proc. IEEE, vol. 93, pp. 429-457, 
1946. 



259 

[103] D. Gabor, "Information and light," in Progress in Optics (E. Wolf, ed.), 
vol. 1, North-Holland Publishing Co., 1961. 

[104] D. Gabor, "Information processing with coherent light," Optica Acta^ 
vol. 16, no. 4, pp. 519-533,1969. 

[105] D. Gabor, "The transmission of information by coherent light: Part I-
III: Classical theory," Journal of Physics E: Scientific Instruments, vol. 8, 
pp. 73-78 161-163 253-255, 1975. 

[106] D. Slepian and H. O. Pollak, "Prolate spheroidal wave functions, fourier 
analysis and uncertainty-I," The Bell System Technical Journal, vol. 40, 
pp. 43-63, January 1961. 

[107] H. J. Landau and H. 0. Pollak, "Prolate spheroidal wave functions, fourier 
analysis and uncertainty-II," The Bell System Technical Journal, vol. 40, 
pp. 65-84, January 1961. 

[108] H. J. Landau and H. 0. Pollak, "Prolate spheroidal wave functions, fourier 
analysis and uncertainty-Ill," The Bell System Technical Journal, vol. 41, 
pp. 1295-1336, July 1962. 

[109] H. M. Ozaktas, K.-H. Brenner, and A. W. Lohmann, "Interpretation of the 
space-bandwidth product as the entropy of distinct connection patterns 
in multifacet optical interconnection architectures," Journal of the Optical 
Society of America A: Optics, Image Science, and Vision, vol. 10, pp. 418-
422, March 1997. 

[110] M. A. Neifeld, "Information, resolution, and space-bandwidth product," 
Opt Lett., vol. 23, pp. 1477-1479, September 1998. 

[111] E. H. Linfoot, "Information theory and optical images," Journal of the 
Optical Society of America, vol. 45, pp. 808-819, October 1955. 

[112] B. R. Prieden, "How well can a lens system transmit entropy?," Journal of 
the Optical Society of America, vol. 58, pp. 1105-1112, August 1968. 



260 

[113] C. L. Fales, F. 0. Huck, and R. W. Samms, "bnaging system design for im
proved information capacity," Applied Optics, vol. 23, pp. 872-888, March 
1984. 

[114] F. 0. Huck, C. L. Fales, N. Halyo, R. W. Samms, and K. Stacy, "Image 
gathering and processing: Information and fidelity," Journal of the Optical 
Society of America A: Optics, Image Science, and Vision, vol. 2, pp. 1644-
1666, October 1985. 

[115] I. J. Cox and C. J. R. Sheppard, "Information capacity and resolution in 
an optical system," Journal of the Optical Society of America A: Optics, 
Image Science, and Vision, vol. 3, pp. 1152-1158, August 1986. 

[116] F. O. Huck, C. L. Fales, J. A. McCormick, and S. K. Park, "Image-gathering 
system design for information and fidelity," Journal of the Optical Society of 
America A: Optics, Image Science, and Vision, vol. 5, pp. 285-299, March 
1988. 

[117] C. L. Fales, "An information theory of image gathering," Information Sci
ences, vol. 57-58, pp. 245-285, 1991. 

[118] R. Torroba, H. Rabal, and B. Ruiz, "An entropy approach to light propa
gation," Journal of Modem Optics, vol. 39, no. 9, pp. 1939-1946, 1992. 

[119] L. Carretero, A. Fimia, and A. Belendez, "Entropy-based study of imaging 
quality in holographic optical elements," Opt. Lett., vol. 19, pp. 1355-1357, 
September 1994. 

[120] F. O. Huck, C. L. Fales, and Z. Rahman, Visual Communication: An In
formation Theory Approach. Norwell, Massachusetts, U.S.A.: Kluwer Aca
demic Publishers, 1997. 

[121] R. Alter-Gartenberg and S. K. Park, "Information as a quality metric for 
high-resolution imaging," in Very High Resolution and Quality Imaging III, 
Proceedings of SPIE, Bellingham, Washington: SPIE, cl998, 1998. 

[122] F. O. Huck, C. L. Fales, R. Alter-Gartenberg, S. K. Park, and Z. Rahman, 
"Mbrmation-theoretic assessment of sampled imaging systems," Opt. Eng., 
vol. 38, pp. 742-762, May 1999. 



261 

[123] S. K. Park and Z. Rahman, "Fidelity analysis of sampled imaging systems," 
Opt. Eng., vol. 38, pp. 786-800, May 1999. 

[124] C. L. Bnm, E. Guillard, and J. Citeme, "Communication systems inter
active software (COMSIS): Modeling of components and its application to 
the simulation of optical communication systems," Applied Optics, vol. 37, 
pp. 6059-6065, September 1998. 

[125] S. P. Levitan, T. P. Kurzweg, P. J. Marchand, M. A. Rempel, D. M. Chiarul-
li, J. A. Martinez, J. M. Bridgen, C. Fan, and F. B. McCormick, "Chatoy
ant: a computer-aided-design tool for free-space optoelectronic systems," 
Applied Optics, vol. 37, pp. 6078-6092, September 1998. 

[126] G. A. Betzos, M. S. Porter, J. F. Button, and P. A. Mitkas, "Optical 
storage interactive simulator (OASIS): an interactive tool for the analysis 
of page-oriented optical memory," Applied Optics, vol. 37, pp. 6115-6126, 
September 1998. 

[127] J. Jahns, "Concepts of optical digital computing- a survey," Optik, vol. 57, 
no. 3, pp. 429-449, 1980. 

[128] D. Psaltis and D. Casasent, "Optical residue arithmetic: a correlation ap
proach," Applied Optics, vol. 18, pp. 163-171, January 1979. 

[129] C. W. Stirk, "Bit error rate of optical logic: Fan-in, threshold, and con
trast," Applied Optics, vol. 31, pp. 5632-5641, September 1992. 

[130] M.-P. Bemal, G. W. Burr, H. Coufal, and M. Quintanilla, "Baleincing inter-
pixel cross talk and detector noise to optimize areal density in holographic 
storage systems," Applied Optics, vol. 37, pp. 5377-5385, August 1998. 

[131] B. V. Michael, Jr., "Entropy-based depth from focus," Journal of the Op
tical Society of America A: Optics, Image Science, and Vision, vol. 10, 
pp. 561-566, April 1993. 

[132] B. R. Frieden, "Restoring with maximum likelihood and maximum en
tropy," Journal of the Optical Society of America, vol. 62, pp. 511-518, 
April 1972. 



262 

[133] B. R. Frieden, "Restoring with maximum entropy II: Superresolution of 
photographs of di&action-blurred impulses," Journal of the Optical Society 
of America, vol. 62, pp. 1202-1210, October 1972. 

[134] Focus Software, Inc., P.O.Box 18228, Tucson, AZ 85731, U.S.A., ZEMAX 
optical design program, user's guide, 5 ed., 1996. 

[135] C. Gu, F. Dai, and J. Hong, "Statistics of both optical and electrical noise in 
digital volume holographic data storage," Electronic Letters, vol. 32, no. 15, 
pp. 1400-1402, 1996. 

[136] J. W. Goodman, Statistical Optics. John Wiley &: Sons, Inc, 1985. 

[137] H.-Y. S. Li and D. Psaltis, "Three-dimensional holographic disks," Applied 
Optics, vol. 33, pp. 3764-3774, June 1994. 

[138] B. King and M. A. Neifeld, "Optimum a-priori probabilities for holographic 
storage," OSA Annual Meeting and Exhibit:!998, October 1998. 

[139] R. E. Blahut, Theory and Practice of Error Control Codes. Addson-Wesley 
Publishing, 1983. 

[140] S. Lin and C. Daniel J. Jr., Error Control Coding: Fundamentals and Ap
plications. Prentice-Hall Inc., 1983. 

[141] F. H. Mok, G. W. Burr, and D. Psaltis, "System metric for holographic 
memory systems," Optics Letters, vol. 21, pp. 896-898, June 1996. 

[142] S. Campbell, S.-H. Lin, X. Yi, and P. Yeh, "Absorption effects in photore
fractive volume-holographic memory systems. I. beam depletion," Journal 
of the Optical Society of America B: Optical Physics, vol. 13, pp. 2209-2217, 
October 1996. 

[143] G. W. Burr, W. chun Chou, M. A. Neifeld, H. Coufal, J. A. Hoffiiagle, and 
C. M. Jefferson, "Experimental evaluation of user capacity in holographic 
data-storage systems," Applied Optics, vol. 37, pp. 5431-5443, August 1998. 

[144] G. W. BIUT, Documentation for the DEMON System. IBM Almaden Re
search Center, 0.3 ed., May 1997. 



263 

[145] G. W. Burr, personal correspondence. 

[146] S. Lin and D. J. Costello, Error control coding: fundamentals and applica
tions. Prentice-Hall, 1983. 

[147] I. S. Reed and G. Solomon, "Polynomial codes over certain finite fields," 
SIAM Journal on Applied Mathmatics, vol. 8, pp. 300-304, 1960. 

[148] S. B. Wicker and V. K. Bbargava, eds., Reed-Solomon Codes and Their 
Applications. IEEE Press, 1994. 

[149] K. M. Chugg, "Performance of optimal digital page detection in a two-
dimensional ISI/AWGN channel," in Conference Record of Thirtieth Asilo-
mar Conference on Signals, Systems and Computers (A. Singh, ed.), vol. 2, 
(Los Alamitos, CA, USA), pp. 958-962, IEEE Comput. Society Press, 1997. 

[150] U. Efron, ed., Spatial Light Modulator Technology- Materials, Devices, and 
Applications. Marcel Dekker, Inc., 1995. 

[151] J. G. Proakis, Digital Communications. McGraw-Hill, Inc., 3 ed., 1995. 

[152] J. D. Roberts, A. Ryley, D. M. Jones, and D. Burke, "Analysis of error-
correction constraints in an optical disk," Applied Optics^ vol. 35, pp. 3915-
3924, July 1996. 

[153] C. Berrou, A. Glavieux, and P. Thitimajshima, "Near Shannon limit error-
correcting coding and decoding: Turbo-codes (1)," in IEEE Internation
al Conference on Communications Proceedings, (Geneva, Switzerland), p-
p. 1064-1070, IEEE, New York, NY, USA, May 1993. 

[154] C. Berrou and A. Glavieux, "Near optimum error correcting coding and 
decoding: Turbo-codes," IEEE Transactions on Communications, vol. 44, 
pp. 1261-1271, October 1996. 

[155] J. Hagenauer, E. Offer, and L. Papke, "Iterative decoding of binary 
block and convolutional codes," IEEE Transactions on Information Theory, 
vol. 42, pp. 429-445, March 1996. 



264 

[156] S. Benedetto and G. Montorsi, "Unveiling turbo codes: Some results on 
parallel concatenated coding schemes," IEEE Transactions on Information 
Theory, vol. 42, pp. 409-428, March 1996. 

[157] S. Benedetto, D. Divsalar, and J. Hagenauer, "Guest editorial concatenated 
coding techniques and iterative decoding: Sailing toward channel capaci
ty," IEEE Journal on Selected Areas in Communications, vol. 16, February 
1998. 

[158] N. Doi, M. Izumita, and S. Mita, "Soft-decision decoding for Reed-Solomon 
codes," Electronics and Communications in Japan, vol. PartS 72, no. 4, 
pp. 72-78, 1989. 

[159] S. K. Shin and P. Sweeney, "Soft decision decoding of Reed-Solomon codes 
using trellis methods," lEE Proceedings-Communication, vol. 141, pp. 303-
308, October 1994. 

[160] P. G. Farrell, "A survey of array error control codes," European Transac
tions on Telecommunications and Related Technologies, vol. 3, pp. 441-454, 
September-October 1992. 

[161] M. Blaum and R. M. Roth, "New array codes for multiple phased burst 
correction," IEEE Transactions on Information Theory, vol. 39, pp. 66-77, 
January 1993. 

[162] R. M. Goodman, R, J. McEliece, and M. Sayano, "Phased burst error-
correcting array codes," IEEE Transactions on Information Theory, vol. 39, 
pp. 684-693, March 1993. 

[163] M. Breitbach, M. Bossert, V. Zyablov, and V. Sidorenko, "Array codes 
correcting a two-dimensional cluster of errors," IEEE Transactions on In
formation Theory, vol. 44, pp. 2025-2031, September 1998. 

[164] M. Blaum, J. Brack, and A. Vardy, "MDS array codes with independent 
parity symbols," IEEE Transactions on Information Theory, vol. 42, p-
p. 529-542, March 1996. 

[165] R. J. G. Smith, "Easily decodable efficient self-orthogonal block codes," 
Electronic Letters, vol. 13, pp. 173-174, March 1977. 



265 

[166] J. Hagenauer, "Source-controlled channel decoding," IEEE Transactions 
on Communications, vol. 43, pp. 2449-2457, September 1995. 

[167] H. L. V. Trees, Detection, Estimation, and Modulation Theory. John Wiley 
& Sons, 1968. 

[168] A. Huang, "Architectural considerations involved in the design of an optical 
digital computer," Proceedings of the IEEE, vol. 72, no. 7, pp. 780-786, 
1984. 

[169] C. Tomovich, MOSIS User Manual. University of Southern California, 
3.1 ed., 1988. 

[170] R. E. Blahut, Fast Algorithms for Digital Signal Processing. Addson-Wesley 
Publishing, 1985. 

[171] J. W. Cooley and J. W. Tukey, "An algorithm for the machine computation 
of complex Fourier series," Mathmatics of Computation, no. 19, pp. 297-
301,1965. 

[172] L. H. Thomas, "Using a computer to solve problems in physics," in Digital 
Computers (W. F. Freiberger and W. Prager, eds.), (Boston, Massachuset), 
Ginn and Corporation, 1963. 

[173] 1. J. Good, 'The relationship between two fast Fourier transforms," IEEE 
Transactions on Computers, no. 20, pp. 310-317,1971. 

[174] S. Winograd, "On computing the discrete Fourier transform," Mathmatics 
of Computation, no. 32, pp. 175-199, 1978. 

[175] C. M. Rader, "Discrete Fourier transforms when the number of data samples 
is prime," Proceedings of the IEEE, no. 56, pp. 1107-1108,1968. 

[176] C. M. Rader and N. M. Breimer, "A new principle for fast Fourier trans
formation," IEEE Transactions on Acoustics, Speech, Signal Processing, 
no. 24, pp. 264-265,1976. 

[177] A. VanderLugt, Optical Signal Processing. John Wiley and Sons, Inc., 1992. 



266 

[178] J. Ousterhout, Magic User Manual. University of California, Berkeley, 
6 ed., September 1990. 

[179] W. S. Boyle and G. E. Smith, "Charge coupled semiconductor devices," 
Bell System Technical Journal, vol. 49, pp. 587-593, April 1970. 

[180] J. R. Janesick, T. Elliott, S. Collins, M. M. Blouke, and J. Freeman, "Sci
entific charge-coupled devices," Optical Engineering, vol. 26, pp. 692-714, 
August 1987. 

[181] D. D. Wen, "Design and operation of a floating gate amplifer," IEEE 
Jorunal of Solid-State Circuits, vol, SC-9, pp. 410-412, December 1974. 

[182] P. Horowitz and W. Hill, The Art of Electronics. Cambridge University 
Press, 2 ed., 1989. 

[183] T. W. Mossberg, "Time-domain frequency-selective optical data storage," 
Optics Letters, vol. 7, pp. 77-79, February 1982. 

[184] W. Lenth and W. E. Moemer, "Gated spectral hole-burning for frequency 
domain optical recording," Optics Communications, vol. 58, pp. 249-254, 
June 1986. 

[185] N. Murase, K. Horie, M. Terao, and M. Ojima, 'Theoretical study of the 
recording density limit of photochemical hole-burning memory," Journal of 
the Optical Society of America B: Optical Physics, vol. 9, pp. 998-1005, 
Jime 1992. 

[186] H. Sonajalg, A. D^barre, J.-L. L. Gouet, I. Lorger^, and P. Tchenio, "Phase-
encoding technique in time-domain holography: Theoretical estimation," 
Journal of the Optical Society of America B: Optical Physics, vol. 12, p-
p. 1448-1459, August 1995. 

[187] R. K. Mohan, U. Elman, M. Tian, and S. Kroll, "Regeneration of photon 
echoes with amplified photon echoes," Optics Letters, vol. 24, pp. 37-39, 
January 1999. 

[188] Link Instnunents, Inc., LA-4OOO Users Manual, 1995. 



267 

[189] M. Brown, "Digital opto-electronic tester design," tech. rep., Depaxtment 
of Electrical and Computer Engineering, 

[190] D. C. Sinclair, "Lens design and document processing," Optical Engineer
ing, vol. 32, no. 8, pp. 1726-1728,1993. 

[191] E. Sano and M. Yoneyama, "A mixed photonic/ electronic circuit simula
tion including transient noise sources," lEICE Transactions on Electronics, 
vol. E78-C, no. 4, pp. 447-453, 1995. 

[192] A. Louri and M. C. Major, "Generalized methodology for modeling and sim
ulating opitcal interconnection networks using diffiraction analysis," Applied 
Optics, vol. 34, no, 20, pp. 4052-4064, 1995. 

[193] W. Hendrick, P. J. Marchand, F. B. McCormick, L Cokgor, and S. C. 
Esener, "Computer simulation and optimization of a free-space optical in
terconnect system," Proceedings of the SPIE, vol. 2537, pp. 170-179,1995. 

[194] J. Fan, B. Catanzaro, F. Kiamilev, S. C. Esener, and S. H. Lee, "Archi
tecture of an integrated computer-aided design system for optoelectronics," 
Optical Engineering, vol. 33, pp. 1571-1580, May 1994. 

[195] J. Lowery, "Computer-aided photonics design," IEEE Spectrum, vol. 34, 
pp. 26-31, April 1997. 

[196] B. K. Whitlock, J. J. Morikimi, E. Conforti, and S.-M. Kang, "Simulating 
optical interconnects," IEEE Circuits and Devices Magzine, vol. 11, pp. 12-
18, May 1995. 

[197] T. P. Yoimg, "CAD tools for optoelectronic subsystems," GEO Journal of 
Research, vol. 11, no. 2, pp. 110-121, 1994. 

[198] V. Liberali, F. Maloberti, and A. Regini, "Electro-optical device models 
for electrical simulators," Analog Integrated Circuits and Signal Processing, 
vol. 10, pp. 119-132, June-July 1996. 

[199] B. Johnson, T. Quarles, A. R. Newton, D. O. Pederson, and A. Sangiovanni-
Vincentelli, Simulation Program with Integrated Circuit Emphasis, version 



268 

3d2, User's Manual. Department of Electrical Engineering and Computer 
Sciences, University of California, Berkeley, 1990. 

[200] R. S. Tucker, "Circuit model of double-heterojunction laser below thresh
old," lEE Proceedings, vol. 128 Part I, no. 3, pp. 101-106, 1981. 

[201] R. S. Tucker, "Large-signal circuit model for simulation of injection-laser 
modulation dynamics," lEE Proceedings, vol. 128 Part I, no. 3, pp. 180-184, 
1981. 

[202] A. L. Lentine, "Circuit model of a multiple-quantum-well diode," Applied 
Optics, vol. 33, no. 8, pp. 1376-1379, 1994. 

[203] A. L. Lentine, R. A. Novotny, T. J. Cloonan, L. M. P. Chirovsky, L. A. 
D'Asaro, G. Livescu, S. Hui, M. W. Pocht, J. M. Preund, G. D. Guth, R. E. 
Leibenguth, K. G. Glogovsky, and T. K. Woodward, "4x4 arrays of fet-
seed embedded control 2x1 optoelectronic switching nodes with electrical 
fan-out," IEEE Photonics Technology Letters, vol. 6, no. 9, pp. 1126-1229, 
1994. 

[204] N. R. Desai, K. V. Hoang, and G. J. Sonek, "Applications of PSPICE 
simulation software to the study of optoelectronic integrated circuits and 
devices," IEEE Transactions on Education, vol. 36, no. 4, pp. 357-362, 
1993. 

[205] D. E. Dodds, "Pabry-Perot laser diode modeling," IEEE Photonics Tech
nology Letters, vol. 7, no. 3, pp. 254-256,1995. 

[206] K. Yang, A. L. Gutierrez-Aitken, X. Zhang, G. L Haddad, and P. Bhat-
tacharya, "Design, modeling, and characterization of monolithically inte
grated inp-based (1.55 fj,m) high-speed (24 Gb.s) p-i-n/HBT front-end pho-
toreceivers," Journal of Lightwave Technology, vol. 14, pp. 1831-1839, Au
gust 1996. 

[207] T. D. Whipple, J. Rozenblit, J. L. Prince, O. A. Palusinski, and A. Can-
gellaris, UAPDSE, University of Arizona Packaging Design and Simulation 
Environment, User's Guide. ECE Department, University of Arizona, Tuc
son, AZ 85721, USA, 1 ed., April 1989. 



269 

[208] L. P. Vakanas, A. C. Cangellaris, and O. A. Palusinski, "Scattering 
parameter-based simulation of transients in lossy nonlinearly terminated 
packaging interconnections," IEEE Transactions on Components, Packag
ing and Manufacturing Technology, Part B: Advanced Packaging, vol. 17, 
no. 4, pp. 472-479, 1994. 

[209] C. E. Baumgartner, Simulation Methods for Multi-Conductor Transmission 
Lines in Electronic Application. PhD thesis, University of Arizona, 1992. 

[210] M. A. Neifeld and W.-C. Chou, "Electrical packaging impact on source 
components in optical intercoimects," IEEE Transactions on Components, 
Packaging, and Manufacturing Technology, Part B: Advanced Packaging, 
vol. 18, no. 3, pp. 578-595, 1995. 

[211] M. A. Neifeld and W.-C. Chou, "SPICE-based simulation of optoeletronic 
components for optical interconnects," OSA Annual Meeting and Exhib-
it:1995, October 1995. 


