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ABSTRACT OF DISSERTATION

THREE-DIMENSIONAL ERROR CORRECTING CODES
FOR VOLUME HOLOGRAPHIC DATA STORAGE

Volume holographic data storage represents a potential technology path to meet the
storage intensive application needs of the information age. Important features of these
systems are large storage capacity and fast transfer rate. These storage systems store and
retrieve data as two—dimensional data pages and are also referred to as page oriented
memories. Conventional storage systems such as magnetic and optical disks store and
retrieve data serially. Noise sources encountered in holographic data storage include cross
talk, optical and electrical noise sources. During data storage and retrieval, these noise
sources interact to produce several error types such as random single bit errors, burst errors
and cluster errors. Two-dimensional and three—dimensional error correcting codes have
been proposed to perform the data encoding and decoding required by page oriented

memories.

In this dissertation, we evaluate three—dimensional error correcting codes based on
array codes for volume holographic data storage. This three—dimensional encoding scheme,
also called z—encoding, provides error detection and correction for error events which may
span multiple pages. The attributes of two—dimensional array codes are reviewed and
adapted for use as three—dimensional array codes. These codes are analyzed regarding

hardware requirements, timing delay and code performance. The row and column array
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code is found to be effective on random single bit errors. This code is adapted for use as a

burst error correcting code and adapted again for use as a cluster error correcting code.

Interactions between array code attributes, storage capacity and decode time are
analyzed. The attributes of array codes which allow it to be used either as an equal error
protection code or an unequal error protection code are evaluated. An algorithm for

converting an equal error protection code to an unequal error protection code is described.

Terry Nathaniel Garrett

Department of Electrical and Computer Engineering
Colorado State University

Fort Collins, CO 80523

Spring 2000
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Chapter 1
Introduction

1.1 Memory Hierarchies

The colossal need for and growth in information storage has been driven by
information age demands and applications. To meet these demands, storage systems are
required with large capacity, fast readout or transfer rates, short access times and low biterror
rates. Requirements for storage intensive applications such as multimedia, video on
demand, network-based computing and databases are expected to exceed 1020 bits (12
exabytes) in the year 2000 [MAN97]. Hierarchies of on-line, near—line and off-line storage
systems will be required using diverse technologies: semiconductor random access
memories, magnetic/optical disk drives and disk libraries, magnetic/optical tape drives and

tape libraries.

A likely application for volume holographic data storage (VHDS) systems is as a

mass storage device in the memory storage hierarchy [CHE97, PAR90, RED89] of a
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computer system. Since different types of memory storage devices make up the memory
storage hierarchy, these memory storage systems must be configured to provide the required
attributes of storage capacity (e.g., = 1012 bits), readout or transfer rate (e.g., = 109
bits/sec), access time (e.g., < 40 X 1076 sec) and raw bit error rate (RBER), e.g., < 10~
A typical computer memory hierarchy includes dynamic random access memory (DRAM)

devices, magnetic/optical disk and magnetic/optical tape memory storage systems.

The main memory consists of semiconductor random access memory (RAM)
devices or memory cards containing arrays of DRAM devices and provides fast access to
memory. Main memory is near the top or primary level of the memory storage hierarchy.
Registers and cache memory are higher than main memory and provide the fastest access to
memory. Storage capacity, transfer rate, access time and RBER are the four main parameters

used to measure performance.

Magnetic/Optical disks and mass storage disk systems make up the secondary level
of the memory storage hierarchy. At thislevel, storage capacity, throughput, access time and
RBER are the four parameters used to measure performance. The recording density for disks

continues to improve such that disk capacity has doubled every three to four years [CHE97].

A memory gap [CHE97, PAR90, RED89] exists between the primary and secondary
storage levels of the memory storage hierarchy. As shown in Figure 1.1, access times can
differ by over five orders of magnitude between DRAM and magnetic/optical disk systems.
When acousto—optic or electro—optic deflectors steer the read and write laser beams used in
VHDS systems, access times ranging from 5 ps to less than 40 us [MCM96, PSA92, RED92]
are feasible. These access times fall between the access times for DRAM devices and
magnetic/optical disk systems. The memory gap for storage capacity ranges from a main

memory capacity value of 256 MB to the capacity of mass storage disk systems where each
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disk in a multiple disk system has greater than a 3 GB storage capacity [MAN97]. The
optical digital versatile disk (DVD), also called the digital video disk, can store 4.7 GB and
there is a technology path for increasing this value to 17 GB [MCL98]. When VHDS systems
use angular multiplexing to store thousands of two—dimensional (2—D) holographic pages
or holograms in a stack and the stacks are placed in an array of hundreds of spatial locations,
storage capacity ranging from tens of gigabytes to hundreds of gigabytes becomes feasible

[MOK92, PSA95, PSA98, RED92].

Magnetic/Optical tape and mass storage tape systems make up the lowest or tertiary
level of the memory storage hierarchy. Again, at this level, storage capacity and access time
are the main two parameters used to measure performance. The third and fourth parameters,
throughput or data rate and RBER, are more a function of the overall memory design than
the particular device. In addition, the overall volume of the memory system becomes an

important issue.

toost™ . Magnetic/Optical,
L I R
S .Magnetic/Optical,
3 R ; Disk -
N 10m L mw e m === - - -
(3]
_g L sl ettt et b
T o ' The memory gap or :
7] ' . . .
S | Holographic memory niche
< tes
10nsf™ . DRAM
1 1 { 1 (! ] . £
1M 10M 1i00M 1G 10G 100G 1T 10T
Capacity (bytes)

Figure 1.1: Relationship between access time and storage capacity.
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1.2 Statement of the Problem

Advanced VHDS systems store and retrieve data in a 2—-D format as pages or bit
arrays. These storage systems are also referred to as page—oriented memories (POMs).
Conventional storage systems (e.g., magnetic disks and tapes, optical disks and tapes) store
and retrieve data in a serial (e.g., bit serial) fashion. Hence, POMs and conventional storage
systems use markedly different data access paradigms. POMs require 2—-D error detection

and correction (EDC) techniques to reduce the RBER to acceptable levels [GOE9S5, HEA94].

Effective data encoding must provide EDC to adequately address problems and
issues associated with digital data stored on or recalled from holographic pages. When the
error event is one or more corrupted pages, data encoding using array codes can be used to
address this error event. Array codes [FAR92], based mostly on exclusive-OR (XOR) gate
operations, are fast and easy to implement [BLA96]. Unequal error protection (UEP) codes
offer yet another approach to encoding a data page. Classes of equal error protection (EEP)
arrav codes (e.g., cross parity check and modified cross parity check) [GOE95, GAR98] and
a class of UEP array codes [PIN88, GAR99] are the most likely candidate coding techniques
which can be extended to span multiple pages (i.e., z—encoding). Alternatively,
Reed-Solomon codes utilize bytes corresponding to a code word distributed among different
pages. After the pixels in each page are divided into bytes, encoding and decoding
algorithms are performed as operations over a finite field. This approach usually leads to
more complex hardware and will not be pursued as a candidate coding technique which can

be extended in a z—encoding fashion.

Data encoding techniques and error control processes [GOE95] must meet several
criteria to enhance and complement the storage capacity, transfer rate and access time

features expected for POMs.
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a) The encoding must yield codes with as high a rate as possible to minimize

storage overhead and maximize error correcting capability.

b) The encoding and decoding algorithms must be fast and simple to

minimize the complexity of encoding and decoding hardware.

c¢) The encoding must operate on data pages as large as 100 bits in a 2-D

format as the preferred mode.
d) The encoding should be able to correct effectively a specific error type.

e) The encoding must allow corrected bit error rates lower than 10712 to be

obtained using an appropriate error correcting code (ECC).

The purpose of this Dissertation is to evaluate the potential of ECCs that span
multiple pages and when certain error types and Gaussian noise sources occur in a VHDS

[GOE95, HEA94, PSA98, WUL94] system with 2—D parallel output.

1.2.1 Noise and Errer Sources

In a VHDS system, storage and retrieval of information can be modeled as data
transmission across a noisy channel. Noise can be considered to be any unwanted variation
that affects the performance of a given system adversely. Data communication and storage
channels are subjected to noise sources. These noise sources may originate from electronic
(e.g-, thermal noise from the detector) and optical (e.g., light scatter) subsystems and the
physical channel that separates the transmitter and receiver of information. The effect of a
noisy channel on a system must be reduced to achieve a lower error rate. In principle, there

are several ways in which this can be accomplished using direct and indirect techniques.

The goal of direct techniques is to reduce the relative magnitude of noise using one

or a combination of techniques. For example, one may try to improve the noisy channel
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characteristics or signal-to—noise—-ratio(SNR), or try to find a less noisy channel, or reduce

the data transfer rate of the system.

Indirect techniques add redundant information to the data in an effort to detect and
correct errors that occur during storage and retrieval. These techniques are forms of coding

for error control and use ECCs.

1.2.2 Small-Scale Noise and Error Sources

Small-scale noise is considered to occur when the dominant noise is additive
Gaussian noise in field amplitude that is independent from pixel to pixel and the SNR shows
an inverse dependence on the square of the number of holograms stored [HEA95]. This type
of noise is predominantly due to scattering of the reference beam from a collection of
independent scattering centers and the detector pixel size being much greater than the
impulse response of the imaging optics [HEA95].

When small-scale noise occurs, binary threshold encoding can be used
advantageously. This encoding associates one or more pixels with a single data bit. A pixel
is switched to the on-state to represent a one or to the off—state to represent a zero. At the
detector, a threshold intensity setting is selected to distinguish on—pixels from off-pixels.

The threshold setting must be selected such that it minimizes the total probability of error.

1.2.3 Large-Scale Noise and Error Sources

Noise may occur on a large—scale basis due to an improper exposure schedule or to
a defective storage medium. For example, use of an incorrect recording schedule can lead
to significant diffraction efficiency variation from hologram to hologram. An unpredictable
change in the recording environment can also lead to unacceptable diffraction efficiency
variation from hologram to hologram [HEA95]. A hologram may reconstruct nonuniformly

and lead to a SNR that varies across the hologram.
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Large—scale noise complicates selecting an appropriate thresholding scheme. For
example, large—scale noise can lead to errors because a multiregional or multihologram (i.e.,
nonlocal) threshold setting is used when a regional (i.e., local) threshold setting may be
required. A dynamic thresholding scheme may be required to determine the threshold

setting such that the threshold value is measured and set during retrieval.

1.3 Objectives of the Dissertation
This Dissertation presents work completed toward the evaluation of the potential of
three—dimensional (3—D) ECCs for VHDS systems. We have given several reasons behind
the selection of holographic technology for storage intensive applications, and these are
summarized below.
e Large capacity is provided by storing muitiplexed 2—-D holographic
pages into stacks and storing multiple stacks into different spatial

locations.

e High data rates are provided by parallel access to 2—-D holographic

pages during store and recall operations.

e Acousto-optic and electro—optic deflectors are used to steer read
and write laser beams providing memory access times between

those of DRAM devices and magnetic/optical disk systems.

The objective, then, is to evaluate the suitability of 3—D ECCs to VHDS systems.

To meet this objective, four major tasks were defined.

1. Analyze the characteristics of the holographic storage channel (e.g., noise sources,

error types and ECC performance).

2. Evaluate data encoding methods which utilize 3—D ECCs for a VHDS system.
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3. Analyze the potential performance gains from the application of 3-D ECCs to a

VHDS system.

4. Analyze the complexity of the encoding and decoding hardware of selected 3—D
ECCs.

1.4 Contents of the Dissertation

The system issues concerning VHDS systems are discussed in Chapter 2. The major
components and features of a VHDS system are described. Next, the impact of various noise

sources on the system are considered.

Consideration is confined to 2—Dblock codes and in Chapter 3 abackground is given
of the basic properties of these codes. Bounds on code length, number of information bits
and code distance are described. The relationship of code distance to error detection and

correction capability of these codes is explained.

Chapter 4 describes the parameter, properties and characteristics of 3—-D array codes.
The performance of the codes are described for several code classes. An analysis is
performed to provide some insight on the hardware complexity and associated time delay
of the encoders and decoders for these codes.

Chapter S describes the parameters and properties of a 3—D UEP array code by
drawing on the techniques discussed in earlier chapters and adding to them. The hardware
required and time delay of the encoder and decoder for this code are analyzed. The
performance of this code is described. An EEP to UEP code conversion algorithm is
discussed.

In Chapter 6, the impact of 3—D ECCs on the performance of VHDS systems is

evaluated. Performance issues involving storage capacity and data readout or transfer rate
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are discussed. Issues associated with a data encoding scheme to both modulate and encode

data are described.

The last chapter contains conclusions and suggests future research directions.
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Chapter 2
System Issues

In this chapter, we introduce the reader to the system issues involved in VHDS. First,
the recording and reconstructing of volume holograms are described. Next, the impact of
various noise sources on the system is considered. Then, we consider the interaction of noise
and RBER. Finally, we discuss the error types produced by various noise sources acting

collectively.

2.1 Recording of Volume Holograms

The components required to record a volume hologram are shown in Figure 2.1. The
laser provides a coherent light source which is split into reference and signal beams using
a beam splitter (not shown). An electrically addressed spatial light modulator (SLM) is used
to convert the image beam into a page of digital information, (i.e., a 2-D array of on—state
and off-state pixels). A lensisused to generate a spatial Fourier transform [GO096, HEC98,
MCAO91] of the page which interferes with an angularly [MOK93, PSA98] encoded
reference beam to produce an interference pattern or grating. The interference pattern is

stored as a volume hologram in the storage medium.

10
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In a more detailed description, a complex object wave and a plane reference wave
having wavelength, A, are incident on a storage medium (e.g., a photorefractive crystal).
Assume the object wavevector, oriented in the direction of the laser beam, is incident at a
face normal of the storage medium and the reference wavevector is inclined at angle 6 to the
object wavevector. Planes (i.e., planes of zero phase) are used to show the wavefronts in the
storage medium. Where the wavefronts intersect, the amplitudes of the object and reference
waves add in phase (i.e., constructively interfere) to produce an intensity interference
pattern. As the wavefronts propagate in the direction of their respective wavevectors, the
planes of constructive interference trace out or form a grating. The grating bisects the angle
0 between the two wavevectors. If a photorefractive crystal [FUR97, MOK91, YEH93] is

used as the storage medium, the grating is represented by a modulation of the dielectric

constant.

Spatial Light Reference Beam
Modulator Control Unit

Lens

Storage
Medium

21

Figure 2.1: Recording of volume hologram and diagram of wavevectors.

The planar object and reference waves can be expressed as
Ux(r) = /I, exp(-jk, - 1) (2.1)

11
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and
UAr) = JIexp(-jk, - 1) (2.2)

where k, is the wavevector of the object wave, and k; is the wavevector of the reference wave
and ris a position vector with elements (x,y,z). The intensity distribution of the interference

pattern produced by superimposing these waves can be expressed as
I =|U,+ U =1,+1I,+ 2/l ,coskg - r (2.3)

where kg = k, — k; is the grating vector. The grating vector has a sinusoidal pattern with

2n

period 4 = m and surfaces of constant intensity normal to k;. The grating period can
4
be expressed in terms of A and 6 by recalling that |k,| = |k, = % In Figure 2.1, the
wavevectors show the direction of the grating vector and we can deduce that
kA'
L0 21
sing = 2R (2.4)

Equation 2.4 can be rearranged and expressed as

A =2 5. (2.5)
23in§

2.2 Reconstruction of Hologram from Volume Grating

The components required to reconstruct a stored volume hologram are shown in
Figure 2.2. The storage medium is illuminated with a reference beam oriented at the same
angle as was used to record the hologram (i.e., the stored interference pattern). Specifically,
to reconstruct the original object plane wave the volume grating must be illuminated with
the reference plane wave incident at angle a. The reflected wave travels in the direction
satisfying the law of reflection. The reflections occur at multiple layers of the grating. For

the reflected plane waves to add in phase, the path length traveled by the reflected waves

12
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must differ by a single optical wavelength, which corresponds to the first order diffracted

wave; this condition is satisfied when the angle of incidence satisfies the Bragg condition
(i.e., Bragg reflected or Bragg matched) [GOO96, SAL91] given by sina = ﬁ Alensis

used to image the reconstructed hologram onto a detector array.

Reference Beam
Control Unit

Storage
Medium
Lens

Detector Array

7

Figure 2.2: Bragg reflection of reference wave producing object.

2.3 A Typical Volume Holographic Data Storage System

Since a VHDS system must perform store and retrieve operations involving several
steps, it must combine the components in Figures 2.1 and 2.2. A typical VHDS system is
shown in Figure 2.3. In the store or write operation, an image beam containing a page of
digital information and a reference beam oriented at a unique angle are used to record an
interference pattern (i.e., a Fourier plane hologram) in the photorefractive storage medium;

lens 1 and lens 2 Fourier transform the incident beams into plane waves. This procedure or

13
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operation is repeated using different sets of image and reference beams to store additional
pages in the same volume of the storage medium. During the retrieval or read operation, the
storage medium is illuminated with a reference beam oriented at the same angle as was used
to record the page of digital information. The retrieved page is detected or received by a

photodetector array and converted to another format (e.g., electronic) for additional

processing.

Spatial Light Reference Beam
Modulator Control Unit

(x0,y0)

Lens 1

Detector Array
(x2,52)

7

Figure 2.3: An angular multiplexed volume holographic storage system.

2.4 Holographic Storage Channel

The RBER is an important feature of a VHDS system. By analyzing the statistics of
the noise sources encountered in a VHDS system, the RBER can be determined. These noise
sources include cross talk noise, scatter noise and detector noise (e.g., thermal, flicker and
shot noise sources). Rician statistics have been used to model cross talk noise and scattering

noise [GU96, HEA94]; these noise sources are forms of optical noise with a coherent

14
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superposition of random complex—valued amplitudes. Gaussian statistics have been used
to model detector noise [AGR97]. Rician and Gaussian statistics are required when

combinations of optical and electrical noise are present.

2.4.1 Cross Talk Noise Source

When the ith page or hologram (i.e., m;) is retrieved, the storage medium is
illuminated with a reference beam oriented at the same angle as was used to record the ith
page. Since multiple pages are recorded in the same volume of the storage medium, pages
other than the ith page (i.e., the desired page) recorded with different reference beams are
partially retrieved at greatly weakened intensity and interfere with the retrieval of the desired
page. The interfering pages cause undesired diffraction of the incident light available to

reconstruct the desired page and have the effect of generating a noise source called cross talk.

1.0

o
@

Diffraction Efficiency

Figure 2.4: Diffraction efficiency versus angular misalignment from Bragg angle.

Diffraction efficiency, 7, is the ratio of the incident optical power diffracted for
reconstruction of the desired page to the total incident optical power available in the

reference beam. For a single page, Figure 2.4 shows the diffraction efficiency as a function

15
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of the difference, 46,, between the reference beam angle used to read the page and the
reference beam angle (i.e., the Bragg angle) used to record the page. Incident reference

beams which are Bragg—matched provide the highest values of diffraction efficiency.

As shown in Figure 2.4, the nulls are located at integer multiples of the difference,

A6y, and are given approximately by

. A
46, = ndsin 6, (2.6)

where 4 is the light wavelength, n is the refractive index, d is the storage medium thickness
and 6, is the angle the image and reference beams make with the normal to the surface of
the storage medium [RAS93]. Relation 2.6 indicates each angularly multiplexed page has
a different 6,, corresponding to a different 46,. Therefore, cross talk cannot be reduced by
recording each page with an angular separation corresponding to the diffraction efficiency

nulls of all other pages.

A number of researchers [BAS94, CUR93, GU92, LEE88, MAN91, MOK93,
NOR93,NOR94, RAS93, YI95] have studied the effects of cross talk in volume holograms.
As the number of pages stored, M, increases, the diffraction efficiency decreases as 1/M2.
The SNR decreases as 1/M? [NEI94] and ultimately leads to the occurrence of an
unacceptable number of data bit errors. Insight can be gained into the SNR related to cross

talk by performing a more detailed analysis of cross talk.

The analysis presented here is analogous to the methods used by other researchers
[CU93,GU92]. Suppose N =2M + 1 holograms (i.e., pages) are stored as volume holograms
in a photorefractive material. These holograms, recorded by using a suitable recording
schedule [LI96, MAN91], modulate the dielectric constant of the storage material (e.g., in

a fashion mentioned in the section 2.1) such that

M
de « Z OnRm + cc (2.7)

m=-M

16
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where Op, is the amplitude of the object wave corresponding to the m!! object image near
the Fourier plane (x,y), R, is the amplitude of the plane reference wave corresponding to the

mth point at the reference plane and cc is the complex conjugate of the object wave.
During retrieval, a reference wave is incident on the storage medium. The modulated
dielectric constant (i.e., expression 2.7) causes scattering of the incident plane wave. From

scalar diffraction theory [JACS8S5], the electric field is given by

2
E(r) = exp(jk; -

j dr’ exp(—jK ; - r')Ade(r’) (2.8)

where Ky; = k4 — k; , k4 is the wavevector of the diffracted wave and k; is the wavevector of
the incident reference wave. In expression 2.8, the first term is the incident plane wave and
the second term is the diffracted wave. The diffracted wave has both the desired output
image and noise images produced by cross talk during retrieval.

To evaluate the signal and noise terms for the system shown in Figure 2.3, several
expressions are required. Expressions must be derived for the reference wave and Fourier

transform of the object wave. The mth reference wave Ry, can be expressed as
R, = exp(—ky - r). (2.9)

where k, is the wavevector for the mth reference wave. The mth object wave Oy, is the
transform of the mth image near the Fourier plane. From Fourier optics analysis [GOO68,

GOO096, HEC98], Op, can be expressed as
Om(r) = AfCXP[Jk(Zf + nd,)] exp(jkz) (2.10)

de d)’afm(xo:yo)exPl: Af (xx, +}’J’o)]exP|: A2 (xo + YOZ)]

where fin(xo,y0) is the mth object wave pattern, (xo,yo) is the coordinate of the object plane,
(x,y,z) corresponds to the coordinates at the rear focal plane of lens 1, fis the focal length,

n is the refractive index for the lens material and 4, is the maximum thickness of the lens.

17
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The diffracted wave at the front focal plane of lens 3 becomes a point at the rear focal
plane of the lens. Using the paraxial approximation, the wavevector of the diffracted wave

can be related to the coordinates of the point by the expression

ky = Tkgo kg k) 2.11)
_ 2mx, 21y, 2t X2 y5?
wherekdx——lf—.—,kdy lf andkdz 1 ( —if—z-—iﬁ .

Using expression 2.7 with Equations 2.9, 2.10, and 2.11 the diffracted wave term in

expression 2.8 can be written as

M
8(X3,y,) * ;w dxoYJm(x07YO)VSi”C[2J_lr'(km ki f(xo + x,) )] (2.12)
X sinc[%(k,,,y =k + %”f(yo + yz)):l

Xsinc[%(k —k; +Ij_§(x2 — X2 +}’2 _)’o))]

where k., &y and k; are the wavevector components of the incident plane wave during
readout, Ay, k,,,y and k;,;, are the wavevector components of the mth reference wave during
recording, /, w and 4 represent the dimensions of the photorefractive storage medium in the
x,y and zdirections and V= Iwh is the volume of the storage medium. Since the Fourier plane
of lens 1 is where the storage medium is centered, expression 2.12 represents Fourier
holograms.

According to expression 2.12, the amplitude of each stored image is determined by
arguments of multiple sinc functions. The x and y components of these arguments provide
the spatial frequency cutoff caused by the finite size of the storage medium. By assuming
the spatial bandwidth of the stored images is much smaller than the transverse dimensions

of the storage medium, the sinc functions which operate on x and y components can be

18
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approximated by 0 functions. Using these approximations, expression 2.12 can be evaluated

and is given by

M 2 i
sozy) < D, f "’(_ %y = 5o = Ky = 2 = L ey — k,-y)) (2.13)
m=-M
k’"x — k; km — k.,
X h Sinc[_;;f(kmz —k, + ( %2 '; (kmy 5)Y2
o e = K)® + (kimy — kiy)z)]
47 :

The signal term can be separated from the noise terms in expression 2.13. For example, we
can illuminate the storage medium with a reference wave oriented at the same angle as was
used to record the ith page (hologram). Therefore, kmx = kix, kmy = kiy and km; = kiz and

the reconstructed image is given by
8m(X2,Y2) % fm(— X3, — ¥2)- (2.14)

where the negative x and y components refer to a reversed image. Terms in expression 2.13
with kpx # Kix, kmy = kiy and k,, = ki are the source of the cross talk noise. The sinc functions
represent the shifted pattern with reduced amplitude for each noise image. The Bragg
mismatch between the reading reference wave and the reference wave used for recording the

i page determine the amount of shift and amplitude reduction.

For the system shown in Figure 2.3, the reference points can be distributed in the
reference plane only along the y; direction one dimensionally (i.e., xj = 0). From Fourier
optics [GOO096], a point (x;,y;) at the front focal plane of lens 2 is converted to plane wave

with the wavevector given by
k = [ky, ky, k] (2.15)
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2
where ke = —2;‘;" =0, k= — Micosg — 2|1 —%(—") sinf  and

2
k, = 2;?.”sme-f-znl %(-f'-) cosé.

Using Equation 2.15, the Bragg mismatch is given by

ke = ke = 0, (2.16)
_ _2‘7!0'171—)’1‘) Om t¥)
kmy kly = —lf——" — cosf + ES in@ ——— f (2.1 7)
and
_ _2-71:0’,”—’}7[) el _ (ym+yl)
kmz klZ = —T— sin @ 2CO 6——/:— (2.1 8)
The noise terms in expression 2.13 can be expressed as
A A
Sroise VD) % > fm( — Xy = 5 = ki, — Y2 ~ oy — k,-y)) @.19)
m#=i
- (kmx — kip)xy + (kmy — ky)ya
X h smc[zt—(kmz — k;, + 7 y
N (ke = kp)? + (kmy — ky)?
4 )

For pixels that are in the on-state, assume the object images are randomly distributed
patterns with |fn] = 1 and estimate the maximum noise intensity using Inoise = |€noise|2- Then

the average noise intensity is given by

ke — ko)X + (kimy — ki
Loice Zhsmc[ ( —kix+(”" “)xzf(”‘y L (2.20)
m*=1
(kmx — zx)z + (kmy - kiy)z)]
+ :
4
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the intensity of the signal is given by

[signal(xZ’yZ) = hzlfz(— X2, — y2)I2 (2-21)

and the intensity noise—to—signal—ratio (NSR) is given by

kme — ks + (kmy — ky)y>
_ . ol h _ ( mx 2 my iy)?2
NSR = E -Smc l:zn (k,,vc k; + 7 (2.22)
m>i
Kmx — k,;t)z + (kmy - kiy)z)]
+ .
4
Substituting Equation 2.15 in Equation 2.22 leads to the expression
. 2 hOm — YD)
- 2 m i
NSR = E -smc { T (2.23)
m>=i
. 2y, + Yym ty; Om =¥
X sme[l + cote( oF cosez—f
Om = Y)Om +y)  Y20m + YD) . Om = Y)Om +Y')2
+ cosf éj’z = — > = — sin6 lSjs : .
Keeping terms in the argument of the sinc function of order Y ;’, }% and )%, Equation 2.23
becomes
o BOm — ¥d)
= 2f Vm i
NSR = ”Z;ismc ( T sm6). (2.24)

Equation 2.24 is zero when the separation between adjacent reference points are selected
such that the argument of the sinc function is an integer for all m. That is, the cross talk is

minimized when adjacent reference points are separated by an amount given by

__A
4= hsin’ (229)

Since expression 2.25 is minimum when € = 90°, the maximum number of holograms can
be stored using this arrangement and selecting the reference points as

— _ mif
Ym = mA " hsin@°

(2.26)
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Ym Yi Y2

Using expression 2.25, 8 = 90°, and terms up to order FF and 7 squared, expression
2.23 can be written as
. hm — ;) YoOm +¥)
R = z 2| ~m_ JUfq —Z2m U o7
NS 7“.<>‘zrlc 7 1 2 (2.27)

Figure 2.5 shows the NSR at the detector array (i.e., the output plane) for N = 401,
601, 801 and 1001 stored holograms with f = 30cm, 4 = 540nm and # = 1cm. The NSR
depends on pixel position in the y—direction, y;, and is independent of pixels in the
x—direction at the detector array. Moreover, the stored holograms are referenced with respect
to a y—position on the reference plane. The noise is least for pixels located at the center of
the output plane and increases as the edge of the output plane is approached. This noise
behavior occurs because the separation [GU92] between reference points was chosen to
place the centers of the output images at the zeros of the sinc functions. For this separation
between reference points, the Bragg matching condition only minimizes the cross talk at the
center of the output images whereas off center (axis) pixels have a higher NSR. As a result,
the overall cross talk noise is minimized for each output image because the sinc function is
essentially symmetric near its zeros. However, the side lobes of the sinc function for the
Bragg mismatched holograms on each side of the retrieved hologram have magnitude such

that these neighboring holograms are the main contributors of cross talk noise.

22
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2.4.2 Scattering Noise Source

Information stored in and retrieved from a VHDS system can be affected by
scattering noise sources. In an angularly multiplexed VHDS system, noise can be introduced
by scatter of the reference wave from a collection of independent scattering centers (i.e.,
scatterers). Assuming the scattering noise from each scattering center has a random phase,
the noise amplitude is complex—valued and can be represented as a complex—valued random

variable [GOO8S, GU96, HEA95].

During information retrieval, the reconstructed wave arrives at the detector
containing the object (signal) component and a noise component. The amplitude of the
object component is assumed to be real with a value of 1 for an on-state pixel and a for an
off—state pixel. The amplitude of the scattering noise component, n = a + ib, is
complex—valued where a and b are assumed to be statistically independent and have the same
variance, 02. The joint probability density function (PDF) for the amplitude of the

reconstructed wave is [GOO85]

2
1 (@ —s)" + b2
PAB(a, b) = -z—ﬂ—o_-z-exp[ - 202 (2.28)
At the photodetector array, a square law operation is used to convert the optical intensity,

I = C2 | pattern into an electronic form.

Using a change in variables such as a = ccos8 and b = csiné to translate from
rectangular to polar coordinates, the PDF for the random variable obtained from Equation

2.28 becomes

2
c—s
P (c) = %exp[ — (—2—02—)—]}0(%) (2.29)
where Jg is the zero—order modified Bessel function of the first kind given by
T
— 1 cs

Jo = 5 f exp(;i) cos 0df (2.30)

-
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Using Equation 2.29 and the monotonic transformation, C = /I, the PDF of the detected

intensity pattern, [ is given by
I+ '
PAI) = # [ ( )}r ” (2.31)

where I’ represents the intensity at the detector and is related to the output pixel value.
Equation 2.31 is called the Rician density function. The Rician distribution has been shown
using experimental results to accurately describe the intensity distributions found in VHDS

systems [DOMS88, NOR93, PSA96].
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The PDFs for on—state pixels, JI' = 1, and for off-state pixels /I’ = 0.2,0.5 are
shown in Figure 2.6. The intensity contrast ratios represented are 25 and 4, respectively.
Figure 2.6 shows the variance of the intensity distribution depends on the signal value such
that the variance of p; (i.e., the probability of an on—state pixel) is larger than the pg (i.e.,
the probability of an off-state pixel). From Equation 2.31, the first moment (mean) and

second moment are given by

I=r + 262, (2.32)
7 = (I)? + 8% + I). (2.33)

Solving the equation, I? = (I)2 + o2, for 02 and using Equations 2.32 and 2.33, leads to the

expression for the second central moment (i.e., the variance) given by
0% =T?* — (O? = 406%(@c* + I). (2.34)

Mathematically, Equation 2.34, verifies that the variance increases with signal value and is
due to the nonlinear nature of the square—law detection process. The intensity SVR is defined

as

sNR =L - L +20° (2.35)

2Vl + o2

2.4.3 Detection Process Related Noise Sources

The detector array is where reconstructed pages are detected, where information is
extracted and where detector related noise occurs during the detection process. This array
is used at the output image plane to convert incident optical power into electrical signals.
A square law intensity detection process is used to convert incident photons into a
photocurrent. The photocurrent, /o, which is proportional to the light intensity, is directed

into a resistive load and the voltage produced across the load is measured. During this
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detection process, several noise sources (e.g., thermal noise, flicker noise and shot noise) are

active and add electrical noise to the output signal.

Thermal noise is the result of random variations in the photocurrent. The path length
between scattering and collision events varies and leads to random variations in carrier (e.g.,
electrons and holes) density and mobility. Mathematically, this noise source is modelled as
a stationary random process with Gaussian statistics [AGR97]. The frequency of thermal
noise varies inversely with the mean time between collisions and can be on the order of 10712
Hz when the carrier velocity is large. Thermal noise is also called Johnson noise or Nyquist

noise or resistive noise. For a resistive load, the mean square noise current is given by

) 4k, TB
iD= ; (2.36)

where 4, is the Boltzmann constant, T is the absolute temperature, B is the bandwidth and

R is the value of the resistive load. For T = 300°K, B = 100 MHz and R = 10* Q

Ji? = 13na.

Flicker noise arises in transistors from generation and recombination effects (e.g.,
trapped carriers) on the surface of the semiconductor devices and from temperature
fluctuations in the photodetector array circuitry. Material defects (e.g., traps, dislocations
and stacking faults) are present in the starting materials from which devices are constructed
and additional defects can be introduced during the thermal cycling involved in device
processing. Since the lifetime of trapped carriers can be on the order of 1 msec, the frequency
of flicker noise can be on the order of 1 kHz. The spectral amplitude of this noise varies
inversely with the operating frequency, f. This type of noise is also called one—over—f noise

and the mean square noise current is given by
2
i o 71; (2.37)
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When random variations occur in the generation and recombination of electron—-hole
pairs, shot noise is produced. Mathematically, this noise source is represented as a stationary
random process with Poisson statistics which in practice can be approximated by Gaussian
statistics [AGR97]. The frequency of shot noise varies inversely with the carrier lifetime
(e.g., 1076 to 108 sec) and can range in value from 1 to 100 MHz. This type of noise is also

called Schottky noise. The mean square noise current is given by

i = 2gB(, + I, + 1) (2.38)

where q is the elementary charge, B is the bandwidth and 7, is the photocurrent, /; is the

dark current, p, is the background or leakage current. For B = 100 MHz, [ =20 pA, Iy and

Ip = 5nA, \/{5—2 = 25nA.

Shot noise and thermal noise are the two fundamental noise sources which produce
unwanted current fluctuations in the photodetector array [AGR97]. The thermal noise
current can be modelled by Gaussian statistics with a stationary and variance, 0,2. The shot
noise current can be approximated as a Gaussian random variable with a stationary mean and
variance, os2. Since the sum of two Gaussian random variables is still a Gaussian random

variable, the total noise current has a variance 0> = 0,2 + 0,2 and a Gaussian PDF given

by

P(x) = — M] (2.39)

1
———eX
202 p[ 20,2
The PDFs for on—state pixels, X = 1, and for off—state pixels Jx’ = 0.3 are shown
in Figure 2.7. Asexpected, the means are different for pj (i.e., the probability of an on—state
pixel) and pg (i.e., the probability of an off—state pixel). The optimum threshold value is

approximately 0.7.
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Figure 2.7: PDF as a function of output pixel value.

2.5 Computing the Raw Bit Error Rate

The RBER is determined mainly by computing the areas under the overlapping tails
of the PDFs for pixels in the on—state and pixels in the off-state. The overlapping tails of
the PDFs (e.g., shown in Figure 2.6) cause thresholding errors to occur. Therefore, a
threshold value, i, must be carefully selected to compute the RBER [HEA94, HEA9S,
GU96]. When { > I, the output pixel is considered to be in the on—state and when I < I,
the output pixel is considered to be in the off—state. The optimum /, value is the value which
minimizes the RBER. Equation 2.31 can be used to write PDF expressions for pixels in the
on-state and for pixels in the off-state. When the on—state and off—state pixels are equally
likely, the optimum [ value is the intensity value obtained from setting the two PDF
expressions equal to each other [SHAS88]. A transcendental equation is produced and must

be solved numerically [HOO94]. The RBER is defined as
RBER = P(I' = 1)P(I < [ |I' = 1) + PI' = e)P(I > [ )I' =€) (2.40)

where P(I' = 1) is the probability for the pixel to be in the on~state, P(I < [, |I' = 1)is

the probability a pixel in the on-state was detected as being in the off—state, P(I' = €) isthe
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probability for the pixel to be in the off—stateand P(I > [, |I' = €) is the probability a pixel
in the off—state was detected as being in the on—state. When the probabilities of a pixel being
in the on-state or off—state are equal, P(I’ = 1) = P(I' = €) = 0.5. The expressions for

P(I <I,|I' =1)and P(I > I, |I' = €) are given by
I

th @

pU < Il = 1) = J pdlr = 1ydr =1 - f pll = Dal  (2.41)

0 Iy
and

pd > I =€) = fp,(ﬂ[’ = €)dl, (2.42)
respectively.

At this point several options are available to compute the RBER. One option is to

use the Marcum Q function [MARG60, SCH66]

2 2
0@.7) = f pJ o(Bp) exp( - é—";—")dfo (2.43)

4
to compute the integrals in Equations 2.41 and 2.42. Another option is to use analytical
approximations [GU96] to obtain an analytical expression for the RBER. Direct numerical
evaluation of Equation 2.31 is yet another option to compute the RBER. The option used

depends mostly on the preference of the researcher.

2.6 Error Types within a Data Page
Channel noise and error mechanisms are related issues in VHDS systems. To design
low error rate systems potential noise sources must be identified and understood. For
example, a system can be characterized by a set of noise sources which depend on the specific
implementation details. Noise and related error mechanisms stemming from system
imperfections derive from optical and electrical sub-systems and environmental sources.
Collectively, the different noise sources interact to produce soft and hard errors.

While a soft error is usually correctable by rereading the data page, a hard error type persists
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upon rereading the page. Within a data page, the on-state and off-state pixels and
corresponding error types are shown in Figure 2.8. The data bits are represented by square
pixels with high optical intensity corresponding to an on-state pixel or logical—1 and low
optical intensity corresponding to an off—state or logical-0. The error type can be a random
single bit error, a burst error or a cluster error. Random single bit errors occur independently
on each symbol. Burst errors occur as a sequence of single bit errors. Cluster errors occur
as a 2-D array of single bit errors. These error types must be taken into consideration when

designing appropriate ECCs for the VHDS system.

Single bit
Cluster Burst /
N

~a

Input Output Errors

Figure 2.8: Input, output pixel values and error types within a page.

Dust and debris on optical or optoelectronic components can cause undesired
artifacts (e.g., soft and hard errors) to appear in the stored and retrieved images. Dust
particles on components far from the image plane will adversely impact more pixels. Dust
particles on components located at the image plane affect fewer pixels and tend to block light
from reaching the intended pixels. Sometimes it is helpful to think of dust and debris, which
can occur on components in a random fashion, as a random error type due to environmentally

related noise sources.
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Chapter 3
Block 2—-D Array Codes

This chapter presents an introduction to array codes. The characteristics of random
error correcting array codes are considered. These codes are adapted for use as burst error
correcting codes. Next, a cluster error correcting array code is described. The hardware
requirements and associated timing delays are analyzed for these error correcting codes.

This information will be important for understanding later chapters.

3.1 General Terminology

Error correcting codes are designed to protect the integrity of data by detecting and
correcting errors occurring in the channel. For blocks of data represented as bits (i.e., binary
data), redundant bits are added to the original data block producing properly formed code
words. Depending on the type of code used, the redundant bits are generated using the
original data block and rules such that when errors occur an improper code word is formed.
Therefore, the code words represent all possible words encoded according to the rules of the

code and, when decoded or checked according to these rules do not produce error conditions
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(i.e., parity bit check failures). When improperly formed code words (i.e., non—code words)
are decoded or checked, error conditions are produced.

The distance of a code is denoted by 4 and is usually referred to as the Hamming
distance, d. This important parameter represents the minimum number of differing bit
positions between any two code words. For example, no two code words of a d = 2 code
differ in less than 2 bit positions; no two code words of a d = 3 code differ in less than 3 bit
positions and so on. For one code word to be mistaken as another code word, it must
experience an error in at least 4 of its bit positions. For example, a single parity check (SPC)
code is a distance 2 code and at least 2 bit positions must be in error for an undetectable error
condition to occur. A code can detect ¢ errors and correct ¢ errors providedd 2 f+c+1
and ¢ =< ¢ [FAR90, RAO89].

A code is specified using the length of the code, number of information bits, distance
of the code and code rate. The length of a code is denoted by n. This parameter includes
both the information and parity bit checks (i.e., redundant bits). The number of information

bits is denoted by k. Therefore, the number of redundant bits or parity bit checksisn -k .

The rate of the code, r, isdefinedas r = % Often a code is described as a (n, &, d) code with
rate r.

For a given 2—D code size, the number of parity bit checks will be smaller as the code
block approaches a square. Let the information part of a code have size k = (m—-1)(p-1).
Then the overall size of the code is n = mp where m = ny and p =n;. Then kinterms of m
and n is given by

k= (m—1)—1) (3.1)

In Equation 3.1, taking the derivative of k with respect to m and setting it to zero leads to

0=@—1)—(m— 1)#. (3.2)

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Solving Equation 3.2 for n leads to n = m? which is the same as n = nin; (i.e., a square with

sides of size n1 by ny).

3.2 Analysis of Row and Column Array Codes

Array codes [FAR79, FAR92, FAR96] are formed by arranging component codes
into 2-D or multidimensional arrays. Using the SPC code as a component code, a 2~Darray
code is obtained as shown in Figure 3.1. The information bits are arranged ina k; X k» array

with single parity bit checks generated across the rows and columns [CAL61]}.

- k2
=
@]
k £
n, ! Information bits S
3

v Column checks

Check—-on—checks
Figure 3.1: Row and column array code.

For the code shown in Figure 3.1, the parameters are given by the following

expressions.
Length of code: n=nmn,=(k;+ 1)k, +1)
Information bits: k =k,
Hamming distance: d=4
k.k
Code rate: r= % 1-2

Tk ¥ Dk, + 1)
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Coding overhead: n—k=k +k,+1
Number of errors that can be detected: =2

Number of errors that can be corrected: ¢=1

Type of errors that can be corrected: ~ random

The distance of the row and column code can be increased by including more
direction sets of parity bit checks with the information bits. For example, a (15, 9, 3) code

without the check on checks parity bit is shown in Figure 3.2. There are two direction sets

11 2] 3| pt

4 ) 6 P2

7 8 9 P3

Pa| P5| Pe6

Figure 3.2: A (15,9, 3) row and column array code without check—on—checks.

(e.g., rows and columns) of parity bit checks included with the information bit array. Table
3.1 shows how the distance of the code is increased as additional direction sets of parity bit
checks are added to the code.

Table 3.1: Direction sets of parity bit checks for corresponding (n, k, d) codes.

Direction Sets of Parity Bit Checks n k d r

Rows and columns 15 9 3 0.600
Rows, columns and one main diagonal 18 9 4 0.500
Rows, columns and two main diagonals 21 9 5 0.429

The geometric characteristics of these codes provide considerable flexibility for
adapting these codes. The information bit arrays can be arranged in square or rectangular
or triangular shapes. These codes can be extended in a 3—-D fashion to form stacks or layers

of array codes. The characteristics of 3—D array codes will be discussed in Chapter 4.
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As the page size increases, issues associated with reduced error correcting capability
limit the usefulness of the row and column array code. A multiblock strategy [ASH96,
GOE95, GOE96, HUT96] provides a practical solution for applications involving an entire
page of data which may be as large as 109 bits. A multiblock code represented by a mq X m;
array of n; X np row and column code blocks is shown in Figure 3.3. If one error occurs in
each code block, k1 = 15, k5 =7 and the page size is 512 X 512 bits, as many as 2176 errors

can be corrected [GOE95].

3

)
J

ny

A
3
N}

!

Figure 3.3: Multiblock row and column array code.

The parameters of the multiblock code shown in Figure 3.3 are given by the

following expressions.

Length of code: n =mmonn, = mm,k; + 1)(k, + 1)
Information bits: k = mm,k .k,

Hamming distance: d=4

Code rate: r= ’1{. kyky

NG CED)
Coding overhead: n—k=mm,k, +k,+1)

Number of errors that can be detected: ¢ = {Injy = 2, Imax = 2mima}
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Number of errors that can be corrected: ¢ = {Cmin = 1, Cmax = Mm1m2}

Type of errors that can be corrected: random

3.2.1 Data Encoding for Row and Column Array Codes

Encoding requires computing the row and column parity bit checks for the data array.
The parity bit checks are appended to each row and column to produce either odd or even
parity. Assuming even parity, the single parity bit checks are computed across each row and

across each column as shown in Figure 3.4.

Row parity
bit checks _1

N
t <« Check-on-

2—-D data | . checks
bit array Cplumn parity
bit checks
- ON Pixel
OFF Pixel

Figure 3.4: Example of data encoding applied to a 3 X 3 array code.

3.2.2 Data Decoding for Row and Column Array Codes

During storage or retrieval, random single bit errors may occur in a page of data. A
purpose of the decoding process is to correct random single bit errors. In the decoding
process, a page of data received at a detector array is latched, row and column syndromes
are computed, error detection and correction are performed at the intersection of single bit
failures in the row and column syndromes. Assuming even parity, Figure 3.5 shows part of

the decoding process.
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Row parity
bit checks

Error — Error ———» -

2-D data bit . Check-on-
array read [. - checks
Column parity
bit checks

B A on pixel
] oFF Pixel

Figure 3.5: Example of data decoding applied to a 4 X 4 array code.

When data are read, the intersection of ones in the row and column syndromes gives
the position of as many as two errors in the 2—-D data bit array (i.e., code block). Within the
2-D code block, two errors in different rows and columns are detected by the presence of
ones (i.e., bit failures) in the parity bit check vectors and a zero in the check—on~checks. If
more than two errors occur, this code may not detect all cases, may miscorrect and may
misdetect errors. For example, a pattern of three errors located at the corners of a subarray
can be miscorrected by introducing a fourth error; a pattern of four errors [ROW68] located
at the corners of a subarray can be misdetected such that no parity check bit differences are

produced.

3.2.3 Encoder for Row and Column Array Codes

The encoder for the code shown in Figure 3.1 must compute the row and column
parity bit checks for a page of data k1 X k> bits in size. Assuming two—input gates are used,
row parity bit checks can be computed using trees of k; — 1 XOR—gates in [logpks | gate
delays and column parity bit checks can be computed using trees of k; — 1 XOR-gates in

[logok;] gate delays. The hardware required for computing the syndromes is
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Hye = (ko = 1)n1 + (kg - 1)k gates and the encoding delay for computing the syndromes is

T = max([logoky 1, [logaks 1) gate delays.

3.2.4 Decoder for Row and Column Array Codes
For the code shown in Figure 3.1, the decoder algorithm performs four steps:
1. Latch data
2. Compute syndromes
3. Detect errors
4. Correct error.

Instep 1, an array of n1 X n3 information bits are latched. Each bitin the information
bit array (i.e., the optical page of data) can be latched using the hardware shown in Figure
3.6. If six gates are used to implement the flip—flop, a total of nine gates are needed to
implement the hardware. If the flip—flopintroduces four gate delays, approximately six gate
delays are encountered from the photodetector signal to the DATA_OUT signal. Therefore, the
decoder hardware required to latch the data is Hq) = 9n1n; gates and the delay encountered

is T} = 6 gate delays.

LATCH_DATA -
PHOTODETECTOR —@
SIGNAL Ve Y
D aQf— DATA_ouT
> QB
RB

Figure 3.6: Hardware used to store one bit of the information bit array.

In step 2, trees of & XOR—-gates and k; XOR-gates can compute respectively the

row syndrome in [logyn, ] gate delays and the column syndrome in [logyn; | gate delays.
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Figure 3.7 shows part of the hardware used to compute the syndromes. The hardware
demands to compute the syndromes and the delay encountered are respectively

Hyys = ka(ny + 1) + kynp gates and T 45 = max([logan |, [logana 1) gate delays.

~—

Columns

Row parity
¢  bitchecks

(RPBy)

Rows

2-D data bit
(DBLJ) array read

«— Check—on—
checks

Column parity
bit checks (CPB,)

B on pixel RPB; —
[ oFF Pixel cPB; —1 D_. CORRECTED_BIT
DBy -

Figure 3.7: Hardware used to compute syndromes, detect and correct errors for an
array code.

Several conditions must be checked to determine the error status of the system. In
cases of two or more errors, the decoder cannot provide a corrective action. The
no—corrective—action-taken condition must be indicated so the system can read the page
again or take other corrective action. When one of the row and one of the column parity bit
checks and the check-on-checksbit indicate an error, we assume a single error has been
detected in the information bits. A corrective action can proceed when one error occurs.
When only one of the row or one of the column parity bit checks indicates an error, we
assume the check bit is in error. The page of information bits is passed to the next stage of

the system.
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In steps 3 and 4, the location of a data bit in error is detected and corrected. The
hardware shown in Figure 3.7 can be used to perform steps 3 and 4 of the algorithm. The
location of a data bit in error is detected as the intersection of single bit failures (i.e., the
presence of ones in the parity check vectors and a zero in the check—on—checks)in the row
and column syndromes. The data bit in error is corrected (i.e., inverted) using corresponding
error correction logic (e.g., an AND-gate and XOR~-gate). When multiple bit failures occur
only in the row syndrome or in the column syndrome, an uncorrectable error has occurred.
A tree of n; — 1 OR-~gates using the row syndrome as input and another tree of ny — 1
OR-gates using the column syndrome can provide two outputs which are used as inputs to
an XOR-—gate to check for the uncorrectable error condition. The hardware needed for error
detection and correction is Hygc =2n1np + (np — 1) + (np —1) + 1 =2n1ny + ny + np — 1 gates
and the delay is Ti4c = 2 gate delays, if an uncorrectable error has not occurred, otherwise

Tide = max([logong ], [logans 1) + 1 gate delays.

In summary, if an uncorrectable error has not occurred, the decoding delay for the
row and column (RAC) array code is Trg = T} + Tigs + Trde = max(flogon; 1, [logona 1) + 8
gate delays otherwise Tyy = 2max([logani ], [logzny]) + 7 gate delays. The decoding

hardware needed is H gy = Hgqi + Hygs + Hige = 11nynp + k2(ﬂ1 + 1) + kyny + ny + ny — 1 gates.

3.2.5 Encoding and Decoding Multiblock RAC Array Codes

An analysis can be performed to study the hardware requirements and time delays
associated with the multiblock code shown in Figure 3.3. When one or no error occurs in
any component (i.e., uniblock) row and column code making up the entire multiblock code,
we assume the page of data have been correctly read. In addition to the encoding and

decoding hardware used in the uniblock code, each component uniblock code requires
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decoding hardware to generate a correct, correctable and uncorrectable error condition

status.

A block serial implementation encodes and decodes one component code after
another in some sequence. If a component code is encountered with an uncorrectable error
condition status, the decoding process stops. If a component code is encountered with a
correctable error condition status, corrective action is taken and the decoding process
continues. If all component codes displayed an error condition status of correct, the page
of data is assumed to have been correctly read and is passed on to the next stage of the system.
Expressions for the variables T}, Ty4, He and H g were derived in sections 3.2.3 and 3.2.4.
These variables are used in the expressions shown below. The encoding delay, Tiyes,
decoding delay, Tmds, Hmres €ncoding hardware requirement, Hpres, and decoding

hardware requirement, H,4s, are given by the following expressions.

Encoding delay: Tres =mimpTie
Decoding delay: Tmrds = mumaTyg
Encoding hardware: Hpes = Hee
Decoding hardware: Hpgs = Hyg

Ablock parallel implementation allows component codes to be encoded and decoded
in paraliel. Either all component codes can be processed in parallel in a single pass or some
fraction of all the component codes can be processed in a pass requiring multiple passes for
process completion. Assume all component codes are processed in parallel in a single pass.
Let Tiga be the gate delay for the global-AND—gate and Higa be the global-AND-gate
decoding hardware needed for the multiblock RAC array code. For encoding and decoding,

the time delays and hardware requirements are given by the following expressions.

Encoding delay: Tnrep = Tre
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Decoding delay: Toedp =Trd + Tiga

Encoding hardware: Hyrep = mymoHye

Decoding hardware: Hgedp = mymaHg + Higa

The multiblock array code has advantages over the uniblock array code regarding
page size, time to process the data and hardware requirements. With respect to page size,
Figure 3.8 shows the multiblock code can process data per block in less time. The lower time
delay for the multiblock codes is expected because the smaller block size requires a tree of
gates structure containing fewer levels of gating. Figure 3.9 indicates the hardware demands
per block is significantly less for multiblock array codes. The multiblock code per block uses

smaller code blocks requiring a smaller hardware gate count for implementation than the

uniblock code.

25
20+ Uniblock Array Code
" //
g 15t :
2 Multiblock Array Code 9%9
£ 10+ 3X3
O
sk
0 ! L ! L
3.5 4.0 4.5 5.0 5.5 6.0
log(page size)

Figure 3.8: Decoding delay of uniblock and multiblock row and column array codes
for different page sizes.
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Figure 3.9: Hardware gate count of uniblock and multiblock row and column array
codes for different page sizes.

3.2.6 Code Performance of Row and Column Array Codes

Simulations can be used to study the CBER performance of the uniblock and
multiblock RAC array codes. Assume a Gaussian noise channel produces random single bit
errors during the intensity detection process. A RAC code with n; = 15 and np = 8 has
parameters (n, k, d) = (120, 98, 4) and r = 0.8167. Similarly, a RAC code with n; = 10 and
ny = 8 has parameters (n, k, d) = (80, 63, 4) and r = 0.8167. Each code supports detection
of 2 errors and correction of 1 error. The probability, Py rect, that no error, e, passes through
the decoder can be expressed as the sum of probabilities of 0, 1 and 2 errors in terms of the
RBER and size of the array code parameter n:

2
Peorrect = > (Z)RBERea — RBER)"". (3.3)
e=0
The probability that all bits are correctly decoded, P,y recr, can also be expressed in terms

of CBER as

P orrec: = (1 — CBER)". (3.4)
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The CBER can be expressed in terms of n, e and RBER by equating Equations 3.3 and 3.4

and solving for CBER.

Figure 3.10 shows the code performance of row and column codes of different code
lengths on single bit random errors. The code with the smaller code length provides higher
error correction capability. Codes with smaller block sizes tend to have more opportunities
to detect and correct errors without the number of errors exceeding the error correcting
capability of the code than codes of larger block size. However, codes with smaller code

lengths are not as capacity efficient as codes of larger code lengths.

(120, 98, 4)
(80, 63, 4)

log(CBER)

1 I L 1

—16 !
-6.5 ~6.0 -5.5 -5.0 -4.5 -4.0 =35

log(RBER)

Figure 3.10: CBER versus RBER for row and column array codes on single bit random
errors.

For a RBER value of 1073, the code performance of the uniblock and multiblock
codes as page size varies is shown in Figure 3.11. For the uniblock array code, the CBER
varies from approximately 10~8 to 10~5. The multiblock array code is shown to have CBER
values of 10714 and 10-12. While the uniblock array code is limited to small block size, the

multiblock array code can be used on an entire page.
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Figure 3.11: Performance of uniblock and multiblock row and column array codes for

For a given RBER (e.g., 10-5) and a desired CBER (e.g., 10~12), the corresponding

value of n can be obtained by equating Equations 3.3 and 3.4 and solving for n. The code

different page sizes (RBER = 107°).

lengths which provide a CBER < 10712 are shown in Figure 3.12.

representative of values observed in holographic memory system demonstrations by

different research groups [BUR9S, BUR98, GOE9S5, HEA94, PSA96].

6-

The RBER are

log(n)
8

CBER <1012

1 L L '8

-6.5

-6.0 -5.5 -5.0 -4.5 -4.0

log(RBER)

-3.5

Figure 3.12: Row and column array code sizes which provide CBER < 10712
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3.3 Analysis of Wing Array Codes
A 2-D information bit array can be arranged to form a right triangular shaped (i.e.,
a wing) code. Wing codes are shown in Figure 3.13. The parity check bits are generated

along the hypotenuse of the right triangular information bit array.

4/
0 / (10, 6, 3)

B Dotz bit
Parity bit

Figure 3.13: General and (10, 6, 3) wing codes.

The parameters for the general wing code shown in Figure 3.13 are given by the

following expressions.

+1
Length of code: = no(_”oz_)
n -1
Information bits: k= —Oﬁ’z——)
Hamming distance: d=3
: —k_Mo—!
Code rate: r=g e+ 1
Coding overhead: n —k = n,

Number of errors that can be detected: ¢=1
Number of errors that can be corrected: ¢ =1
Type of errors that can be corrected: random

The wing code may be used to perform error detection and correction (i.e., give

protection) on the corners or lines of data that bisect the 90° angles included by the corners
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of a page of data. Page regions not protected by the wing code require the use of a different
code for protection. Moreover, random single bit errors cannot be expected to occur on a
page of data only at a corner or on a line bisecting the 90° angle included by the corner. These
observations regarding wing codes limit their usefulness when compared to the protection
provided by row and column array codes. As shown in Figure 3.14, two wing codes can be
arranged to protect two corners or lines of data that bisect the 90° angles included by the
corners of a rectangular shaped page of data. These rectangular shaped pages can be made

+1
from a pair of wing codes having size izi(?oz——).

ng

Figure 3.14: Two wing codes used for a rectangular shaped region.

The error correcting capability of a wing code pair can be exceeded as the page
increases. For applications involving an entire page of data which may be as large as 106
bits, a muitiblock strategy provides a practical solution. Assume we decide to detect and
correct errors using the multiblock code shown in Figure 3.15. This multiblock code is a
my X my array of pairs of wing code blocks with each wing code having a hypotenuse of size
ng. If one error occurs in each code block, ng = 15 and the page size is 510 X 512 bits, as
many as 2176 errors can be corrected. The parameters of this multiblock code are given by

the following expressions.
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Wil

Figure 3.15: Multiblock wing array code pairs for rectangular shaped page.

The multiblock wing code shown in Figure 3.15 has parameters given by the

following expressions.

Length of code: n =mm,nyg(ng + 1)
Information bits: k =mm,ny(ng — 1)
Hamming distance: d=3

. —k_"o— 1
Code rate: r=g o ¥ 1
Coding overhead: n —k =2mms,n,

Number of errors that can be detected in each pair: ¢ = {{qjp = 2, Imax = 2mims}
Number of errors that can be corrected in each pair: ¢ = {cnig = 2, Cmax = 2mms}

Type of errors that can be corrected: random

3.3.1 Data Encoding for Wing Array Codes

Data encoding consists of computing the parity bit checks across the hypotenuse of
a right triangular shaped information bit array. Using odd parity, Figure 3.16 shows the
parity bit checks are composed of bits located on the hypotenuse of a right triangular

information bit array. Each parity bit checks both a row and a column of the data array.
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E:

lz)i-tD agita | Parity bit
Y checks
B on Pixel
Ll oFF pixel

Figure 3.16: Example of data encoding applied to a wing array code.

3.3.2 Data Decoding for Wing Array Codes

When a page of data is stored or retrieved, random single bit errors can be introduced
into the data page. The decoding process involves latching a page of data received at the
photodetector array, computing a syndrome, detecting and correcting errors. For the wing
code, an error is identified by two different bit failures in the syndrome. Using odd parity,

part of the decoding process is shown in Figure 3.17.

Error — Error——»
2-D data bit Parity bit
—D data bi
array read checks
B on Pixel
D OFF Pixel

Figure 3.17: Example of data decoding applied to a wing array code.

3.3.3 Encoder for Wing Array Codes

The general wing code shown in Figure 3.13 requires a data encoding process that
involves the same steps used in encoding the row and column array codes. However, the

information bit array is right triangular in shape and the hypotenuse of length ng bits is
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composed of the parity bit checks. Moreover, each parity bit check is located on the
hypotenuse of the right triangular shape code block and checks both a row and a column of
the information bit array. Using trees of ny — 1 XOR~-gates and assuming odd parity, the
syndrome can be computed in [logy(ng+1)] gate delays. The hardware needed for
computing the syndrome is Hye = ng(ng — 1) gates and the corresponding time delay is

Twe = [loga(ng + 1) ] gate delays.

3.3.4 Decoder for Wing Array Codes

The decoder for the general wing array code shown in Figure 3.13 uses four steps

to perform the decoding process:
1. Latch data
2. Compute syndrome
3. Detect errors
4. Correct error.

Figure 3.6 shows hardware which can be used to accomplish step 1 of the algorithm.
The time delay for latching the data is 77 = 6 gate delays and the required hardware is

ng(ng — 1)

Hyq = 5

gates.

The syndrome consists of bits located on the hypotenuse of the right angle triangular
code with each bit of the syndrome checking a row and a column of the data array. To
accomplish step 2, an all parallel implementation can use trees of ng — 1 XOR~-gates to
compute the syndrome in [loga(ng + 1)] gate delays. Figure 3.18 shows some of the
hardware needed. The hardware for this implementation is Hyg4s = 7g(rp — 1) gates and the

time delay is Tywgs = [ loga(ng + 1) gate delays.
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The error status of the system is obtained by checking several conditions. If two
different bit positions of the syndrome indicate an error, we assume a single error has been
detected in the information bits and corrective action can proceed. In cases of two or more
errors, this code cannot provide a corrective action. The system can read the page again or

take other corrective action when a no—corrective—action—takencondition occurs.

Columns

01 2
g |

Error
1 /1’1’
2

2—-D data bit q

(DB, ) array read

o LQ_IN Pixel PBy g —
L0 oFF pixel PBa_y— 2 ED_ -
DB, CORRECTED_BIT

Figure 3.18: Hardware used to compute syndromes, detect and correct errors for a
wing array code.

Rows

Parity bit
checks (PB)

Error detection and correction are performed in the last two steps of the decoding
process. Some of the required hardware is shown in Figure 3.18. A data bitin error located
in the triangular information bit array is detected by the intersection of two different bit
failures in the syndrome. Using corresponding error correction logic, the data bit in error
can be corrected (i.e., inverted). If three or more different bit failures have occurred in the
syndrome, an uncorrectable error has occurred. Two stages of AND—-gatesconnected to trees

of OR-gates can be used to test for the uncorrectable error condition. For error detection
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n0!

+ m -1 gates.

and correction, the hardware needed is Hygdc = ng(ng — 1)

If an uncorrectable error has occurred, the time delay encountered is
ng! .
Toge=2 + I-lc,gzg’-(noo—_?,)!.] gate delays otherwise Ty,4c = 2 gate delays.
The overall delay encountered and hardware required is obtained by combining the
appropriate values from each step of the decoding process. If an uncorrectable

error has not occurred, the decoding delay for the wing array

code is Tyg = T1 + Twds + Twde = [logy(ny + 1)] + 8 gate delays otherwise

!
Tya = [logy(ng + 1)+ l- logzmgo_'_—g’)!-l + 8 gate delays. The decoding hardware

13’10(’10 - 1) n0!
2 2y — 3)!

needed is Hyq = Hyd) + Hwds + Hwdc = — 1 gates.

3.3.5 Encoding and Decoding Multiblock Wing Array Codes

Hardware requirements and associated time delays for the multiblock wing code
shown in Figure 3.15 are considered in this section. We assume the page of data have been
correctly read when one or no error occurs in any wing code component (i.e., code block)
component making up the entire multiblock code. Each wing code block needs encoding
and decoding hardware as well as decoding hardware for generation of an error condition

status (e.g., correct, correctable and uncorrectable).

A block serial implementation can be designed to encode and decode one wing code
block after another sequentially. Either the decoding halts when a code block is detected with
an uncorrectable error condition status or the decoding process proceeds and corrective
action is taken, when a code block is detected with a correctable error condition status. The

page of data is considered to have been correctly read and is sent on to the next stage of the
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system when each code block has displayed an error condition status of correct. In sections
3.3.3 and 3.3.4, expressions were derived for the variables Tye, Twq, Hwe and Hy,q and these
variables are used in the expressions shown below. The encoding delay, Tihwes, decoding
delay, Thwds, encoding hardware needed, Hpwes, and decoding hardware needed, Hywds,

for the block serial implementation of the multiblock wing code are give by the following

expressions.
Encoding delay: Trwes = 2mimoTy,e
Decoding delay: Trwds = 2mimaTy4
Encoding hardware: Hpwes = Hue
Decoding hardware: Hpwdas = Hwd

A block parallel implementation can be designed to encode and decode wing code
components in parallel. All code components can be processed in parallel in one pass.
Alternately, some fraction of all the code components can be processed on each pass until
the process is completed. Assume all component codes are processed in parallel in one pass.
Let T\yga be the global-AND-gate delay and Hy,ga be the decoding hardware needed. For

encoding and decoding, the time delays and hardware needed are given by the following

expressions.
Encoding delay: Tiwep = Twe
Decoding delay: Trmwdp = Twd + Twga
Encoding hardware: Hwep = 2mymaH e
Decoding hardware: Hunwdp = 2mimaHyg + Hyga

The advantages of the multiblock wing array code over the uniblock wing array code
are shown in Figures 3.19 and 3.20 with respect to timing delay, hardware demands and page

size. Since small block sizes are used, the time delay associated with the multiblock code
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isless for agiven page size as shown in Figure 3.19. For agiven page size, Figure 3.20 shows

the multiblock code requires less hardware per block because of the smaller block sizes used.

25
20} .
Uniblock Wing Array Code
w
2 Multibloc ing ay Code ng =9
2 10- ng=3
o
5L
0 1 1 L 1
3.0 3.5 4.0 4.5 5.0 5.5
log(page size)
Figure 3.19: Decoding delay of uniblock and multiblock wing array codes for
different page sizes.
8
- Uniblock Wing Array Code
—~ 6_
g St
=
& 4
- Multiblock Wing Array Code
3+ ng=9
2 ng= 3
1 i 1 1 y
3.0 3.5 4.0 4.5 5.0 5.5

log(page size)

Figure 3.20: Hardware gate count of uniblock and multiblock wing array codes for
different page sizes.

3.3.6 Code Performance of Wing Array Codes
The CBER performance of wing codes can be studied using code simulations.

During the intensity detection process, assume a Gaussian noise channel produces random
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single bit errors. A wing code with ng = 6 has parameters (n, k, d) =(21, 15,3) and r=0.7143.
Similarly, a wing code with ng = 10 has parameters (n, k, d) = (55,45, 3) and r = 0.8182. Each
code supports detection and correction of 1 error. In terms of the RBER, array code
parameter # and error, e, the probability, Pg,rrecs, that no error passes through the decoder
can be expressed as the sum given by:

Peorrect = zl:(’el)RBERe(l — RBER)" ™. (3.5)

e=0

Using Equations 3.4 and 3.5, CBER can be expressed in terms of RBER, n and e.

Figure 3.21 shows the code performance of wing codes of different code lengths on
single bit random errors. Even when lower values of RBER and codes of small code length
are used, this code cannot achieve a CBER < 10~12, For applications involving holographic
data storage systems, these codes most likely cannot be used with other codes or in a

multiblock structure when the RBER = 10-5.

-6
-8
§ ~10-
<
& -12
—14-
_16 1 1 L 1 1
-6.5 -6.0 -5.5 -5.0 -4.5 —4.0 =35
log(RBER)
Figure 3.21: CBER versus RBER for uniblock wing array codes on single bit random
errors.
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3.4 Analysis of Array Codes for Correcting a Burst Error

Figure 3.22 shows a 2—D row and column code converted into a burst error correcting

code [DANSS, FAR82a, MAB91]. Assume a burst of length k> occurs across columns.

'y
k,
=
)
=
(@]
ny =
%
Information bits | @
) Column checks \
-- n, -
- Check—on— i
checks - Data bit

1 Parity bit

Figure 3.22: Single—burst error correcting codes and diagonal sequence pattern.

The bits of the burst error will alter specific diagonal parity bit checks and column parity bit
checks. For an error burst of length &5 bits, the information bit array must have parameters
ki X ky where k1 = 2(ky — 1) [FAR82a]. The parameters for this code are given by the
following expressions.

Length of code: n=nn,= (ki +1)(ky +1) = [2(k, — 1) + 1](k, + 1)

Information bits: k=n;—10n,—1)=kk,

Hamming distance: d=4

_(ny —1(np, 1) _ kik,
B nyny Tk + Dk + 1)

&

Code rate: r=

Coding overhead: n—k=n; +n,—1
Number of errors that can be detected: t=kp

Number of errors that can be corrected: ¢ =k
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Type of errors that can be corrected: burst

Moreover, a diagonal direction set is used because each bit in a correctable burst error
is associated with distinct diagonal parity bit checks and column parity bit checks (i.e.,
redundant bits computed from a diagonal sequence). By using more powerful component

codes or using 3-D array codes multiple bursts can be corrected [FAR92].

Applications with page sizes as large as 109 bits require the use of a multiblock array
code strategy. A multiblock burst error correcting (BEC) code can be obtained using a
myXmyp array of nyXnp row and column code blocks as shown in Figure 3.23. The

parameters of this multiblock code are given by the following expressions.

'}
k
il 1] k7 2

- m’) o

Figure 3.23: Multiblock burst error correcting array code.

Information bits: k=mumyn, — 1)(n, — 1) = mm-,kk,

Hamming distance: d=4

) _k_(—DHn, —1) kiks
Code rate: r=ig 7,75 O, + Dk, + 1)
Coding overhead: n—k =mm,(n; +n, —1)

Number of errors that can be detected: ¢ = {¢min = k2, Imax = komyma}
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Number of errors that can be corrected: ¢ = {Cnin = k2, Cmax = komimy}

Type of errors that can be corrected: burst

3.4.1 Data Encoding for Burst Error Correcting Array Codes

The data encoding process involves the same steps used for encoding the row and
column array code. However, each row parity bit check is computed in a diagonal direction
as a diagonal parity bit check. Each column parity bit check is computed across a column
as was done for the row and column array code. An even parity scheme is used for the

encoding shown in Figure 3.24.

Diagonal parity
, ¥ bit checks
| Y
2-D data [’
bit array Column parity
B on pixel bit checks
[ oFF Pixel

Figure 3.24: Example of data encoding applied to a burst error correcting array code.

3.4.2 Data Decoding for Burst Error Correcting Array Codes

A burst error can be introduced into the data page when a page of data is stored or
retrieved. The decoding process follows essentially the same steps used by the row and
column array code. Namely, these steps involve latching a page of data received at the
photodetector array, computing the syndromes, detecting and correcting errors. The
decoding shown in Figure 3.25 uses an even parity scheme. For the burst error correcting
array code, a burst error is identified by bit failures in the column syndrome. A compare

operation is performed between the column syndrome and a segment of the diagonal
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syndrome equal in length to the column syndrome. If a match is not found, the diagonal
syndrome is circularly shifted one bit position upward and the compare operation is repeated.
A series of compare and circular shift operations are required to determine the row location

of the burst error as described in the decoder section below.

Diagonal
syndrome
Bitsin x
error
Bits in
error
2-D data bit ['
array read Column
B on pixel syndrome
OFF Pixel

Figure 3.25: Example of data decoding applied to a burst error correcting array code.

3.4.3 Encoder for Burst Error Correcting Array Codes

Column parity bit checks and diagonal parity bit checks must be computed to
accomplish the data encoding process for the burst error correcting array code shown in
Figure 3.22. This encoding is similar to that used for encoding a row and column array code
except diagonal parity bit checks replace the row parity bit checks. Trees of k;—1 XOR~gates
can be used to compute diagonal parity bit checks in [logzk; | gate delays and trees of k1—1
XOR-—gates can be used to compute column parity bit checks in [logok; ] gate delays.
Therefore, the hardware needed for computing the syndromes is Hpe = (k1 — 1)na + (k2 — 1)k

gates and the corresponding encoding delay is Tpe = max([logoky 1, [logaka 1) gate delays.

3.4.4 Decoder for Burst Error Correcting Array Codes

The code in Figure 3.22 requires five steps to accomplish the decoding algorithm:

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1. Latch data

2. Compute syndromes
3. Detect errors

4. Locate errors

5. Correct errors.

The control signals for the algorithm are shown in Figure 3.26. The steps of the
algorithm occur sequentially. The positive edge of the LATCH_DATA pulse is used to latch
a page of data into the decoder. The  positive edge of the
GET_DIAGONAL_SYNDROME_GET_ROW_BITS signal causes the diagonal syndrome and row
enable bits to be loaded respectively into two shift registers. The detect, locate and correct

error steps are initiated by the positive edge of the DETECT_LOCATE_CORRECT_ERROR pulse.

o JULTHUHU U UL

LATCH_DATA (LD)

GET_DIAGONAL_SYNDROME _
GET_ROW_BITS (GDSRB)

DETECT_LOCATE_ :. _ _:_ _ :_ _ _:_ _ _:_ _ J'_ _
CORRECT_ERROR (DLCE) fmepmepeepmpe—pe-
[} [} t . 1 t
DONE s L
algorithm step 1, 2, 3and4and S

Figure 3.26: State machine timing diagram for burst error correcting array codes.

Figure 3.27 shows a state machine that can be used to produce the control signals.
For a burst error k3 bits in length, the maximum number of clock cycles required by the state
machine to perform the five steps of the algorithm is Tpgm =2 + 11 clock cycles. Assuming
the 4:1 multiplexer [NAT84] can be implemented using five gates, the counters [NAT84] can
be implemented using ten gates per bit and the flip—flop consists of six gates, the hardware

needed to implement the state machine is Hpsm = 2[10log2(22)] + 10[logan | + 29 gates.

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



V PR 1
Dy e
LD — ) 4[:01 Mux plo_g,
s L] ) H« A
GDSRB — 2 Ot B
Sio 1L —/ ¢ ) I {8521 Counter
DLCE — é Is
ST =
CLK
3 T )—y—cose
il
cb

—DO_J:D_

0

1
>

Counter_|

>

Counte_r—l

Figure 3.27: State machine hardware applied to burst error correcting array codes.
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Figure 3.28: Hardware used for burst error detection and correction.
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In the latch data step, an information bit array of size n1 X n3 bits is latched. The same
storage element shown in Figure 3.6 used for the row and column array code is required to
latch the data. Therefore, the hardware needed is Hpq; = 9n1n7 gates and the time delay is

T} = 6 gate delays.

In a fashion similar to how the syndromes were computed for the row and column
array code, trees of ny and ny XOR—gates can be used to compute respectively the diagonal
and column parity bit checks in [logzns | and [logan | gate delays. The hardware required
and the delay encountered are respectively Hpgs = kinp + konp  gates and

Tygs = max([logany |, [logan; 1) gate delays.

To complete the detect, locate and correct error steps of the algorithm several tasks
must be performed. These steps are accomplished with the hardware shown in Figure 3.28.
One shift register is loaded with the diagonal syndrome and the other shift register is loaded
with a bit pattern (i.e., a pattern with one bit set to one and the remaining n1 bits set to zero)
to enable one of the ny rows. The k3 bit long column syndrome is compared to k5 bits of the
n; bit long diagonal syndrome. If the two syndromes do not match, the diagonal syndrome
is circularly shifted upward one bit position, the row bit pattern is shifted downward one bit
position and the syndromes are compared again. The comparisons of syndromes and circular
bit shifts are repeated »; times provided the syndromes do not match. If the syndromes match
on the M shift where 0 <i <k, the row represented by i mod k1 contains a burst error. The
column syndrome, row bit pattern and done (i.e., match) signal enable error correction logic
to correct the burst error. If the diagonal syndrome has been shifted n; + 1 times and the
syndromes do not match, the bit set to one in the row enable bit pattern is used to indicate
an uncorrectable error has been detected. Assuming the implementations for the diagonal
syndrome shift register uses the hardware shown in Figure 3.29 and for the row bit shift

register uses flip—flops consisting of six gates, the hardware requirement for error detection,
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location and correction is Hpge =911 + 6ny +2kp —1 + 3 + 3kony =n1(3ky + 15) + 2kx + 2
gates. If an uncorrectable error has not occurred, the maximum delay is Tpgc = 7 clock

cycles otherwise Tp4c = 11 + 1 clock cycles.

GDSRB —9-
DIAGONAL —e
SYNDROME BIT SB
DATA_IN D Q[ DATA_OUT
CLK > QB
RB

Figure 3.29: Hardware used for one bit stage of a shift register.

The hardware required for decoding the burst error correcting array code is
Hypgq = Hogm + Hpgl + Hpds + Hode = 10[logony | + 9n1ny + (4kp + 15)ny + kynp + 2k + 71
gates and the time delay is Tpq = Thdi + Thds + Tode =2 + 11 clock cycles. The time to compute
the diagonal syndrome is Tpqs = max([logani |, [logona 1) gate delays and determines the
minimum clock period or the reciprocal of the maximum clock frequency. If the minimum
clock cycle is equivalent to Tpgs gate delays, the time delay can be expressed in terms of
gate delays. If an uncorrectable error has not occurred, the time delay is
Tod = Todqt + Tods + Tvde = (n1 + 2)max([logany |, [logany 1) gate delays otherwise

Tpq = (11 + 3)max([logon; |, [logon, |) gate delays.

3.4.5 Encoding and Decoding Multiblock BEC Array Codes

The time delay and hardware requirements of the multiblock BEC code shown in
Figure 3.23 are obtained by repeating the analysis used for the multiblock RAC code. The
same constraints regarding encoding and decoding hardware as well as needing additional
hardware for the error condition status (e.g., correct and uncorrectable) still apply. A block

serial and all parallel implementation are considered.
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The block serial implementation encodes and decodes one component uniblock code
after another sequentially as described in section 3.2.5. Expressions for the variables Tp,,
T4, Hpe and Hpg were derived in sections 3.4.3 and 3.4.4 and are used in the expressions
shown below. For a block serial implementation of the multiblock BEC code, the encoding
delay, Tmbes, decoding delay, Trpds, encoding hardware required, Hppes and decoding

hardware required, Hmpgs, are given by the following expressions.

Encoding delay: Tbes = mimaTpe
Decoding delay: Tmbds = mimaTpd
Encoding hardware: Hbes = Hpe
Decoding hardware: Hppes = Hpg

The block parallel implementation operates in the same way as described in section
3.2.5. For example, assume a single pass is used to encode and decode all component
uniblock codes in parallel. Let Tpga be the timing delay and Hpga be the hardware needed
for global-AND-gate. The encoding delay, Tmbep, decoding delay, Tmbdp, encoding

hardware needed, Hypep and decoding hardware needed, Hmbdp, are given by the following

expressions.
Encoding delay: Tmbep = Tbe
Decoding delay: Tmbdp = Tod + Tbga
Encoding hardware: Hmbep = mimoHpe
Decoding hardware: Hmpdp = mimaHpg + Hpga

Page size, time to process the data and hardware demands are used to compare the
multiblock and uniblock array codes. Regarding page size, Figure 3.30 shows the
multiblock code can process data per block in less time. The multiblock codes have asmaller

time delay because the smaller block size used requires a tree of gates structure containing
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less levels of gating. The hardware required per block as shown in Figure 3.31 is

significantly less for multiblock array codes.

The use of smaller code blocks by the

multiblock codes requires a smaller hardware gate count for implementation than the

uniblock code.

4.0
3.5 Uniblock Array Code
B
< 3.0
A
£ 25-
<2 Multiblock Array Code
& 2.0+ 15%x9
1.5+
1.0 : ' . 4x3
3.5 4.0 4.5 5.0 5.5 6.0
log(page size)

Figure 3.30: Decoding delay of uniblock and multiblock burst error correcting array
codes for different page sizes.
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Figure 3.31: Hardware gate count of uniblock and multiblock burst error correcting
array codes for different page sizes.
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3.4.6 Code Performance of Burst Error Correcting Array Codes

To study the CBER performance of uniblock and multiblock burst error correcting
array codes, code simulations can be used. Assume a burst error is caused during the storage
or retrieval of a data page. For a burst error 2 bits in length, a burst error correcting array
code with ny = 3, np = 3 having parameters (n, &, d) = (9, 4, 4) and r = 0.4444 can be used.
A burst error 7 bits in length requires a burst error correcting array code with 7y = 15 and
ny = 9 having parameters (n, k, d) = (135, 112, 4) and r = 0.8296. Each code supports
detection and correction of a single burst error. Writing, P, ,.c;, the probability that no
error, e, passes through the decoder, as a sum of probabilities in terms of the RBER and size
of the array code parameter n, the following expression is obtained.

nky — Y
Corrgc[ = Z e'(k — e)| RBERe(l - R.BER)” e e > 0. (3.6)

The CBER can be expressed in terms of e, n and RBER using Equations 3.4 and 3.6.
Figure 3.32 shows the code performance of burst error correcting array codes of
different code lengths. For lower values of RBER and codes of small code length, this
code can almost achieve a CBER < 10712, However, for VHDS applications with
RBER = 1079, these codes most likely cannot be used in either a multiblock or uniblock
structure to achieve a CBER < 10712, Since, these codes are adapted versions of the row
and column array codes, they cannot achieve a higher error correcting capability than the

corresponding row and column array codes.
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Figure 3.32: CBER versus RBER for single—burst error correcting array codes.

3.5 Analysis of a Cluster Error Correcting Array Code

The row and column array code shown in Figure 3.1 can be converted into a cluster
error correcting array code [BLA94, BLA98, FAR82b]. Assume an array code consisting
of information and parity bits of size n1 X n; contains a bj X by rectangular cluster of eerrors,
with constraints 1 <e<b1by, n1 = 2b1by — b1, np = 2b1by, bq divides n; and b, divides
ny [BLA94]. The parameters for this code are given by the following expressions.

Length of code: n =nn, = (2bb, — by)2b,b,

Information bits: k=n,—1)(n, —1) =kk,

Hamming distance: d=4

(ny —1)(ny — 1) _ kik,
nin, (ky + 1)(ky, + 1)

Six

Code rate: r=

Coding overhead: n—k=n;+n,—1
Number of errors that can be detected: ¢ =b1by

Number of errors that can be corrected: ¢ = b1by
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Type of errors that can be corrected: cluster

A multiblock cluster error correcting (CEC) array code can be applied to application
with page sizes as large as 10° bits. Using a m; X my array of ny X n, row and column array
code as shown in Figure 3.3 constrained such that 1 <e<bb,, ny = 2b1bp —b1,ny = 2b1ba,
b, divides n; and b, divides n; [BLA94], a multiblock cluster error correcting array code
is obtained. The following expressions describe the parameters for this code.

Length of code: n =mmynn, = mm,(2b,b, — b,)2b b,

Information bits: k=mm,(n, — 1)(n, — 1) = mmykk,

Hamming distance: d=4

. _k_(m — @~ 1) kiky
Code rate: r=g T, e, + Dk, ¥ 1)
Coding overhead: n—k=mm,n;+n,—1)

Number of errors that can be detected: ¢ = {{min = b1D2, Imax = b1b2m1my}
Number of errors that can be corrected: ¢ = {Cmin = b162, Cmax = b1bomimy}
Type of errors that can be corrected: cluster

The ny X n; array is cyclic in both directions with the topology of a 2—D torus. These
array codes allow correction of end-round cluster errors. In Figure 3.33,n1 =n; =8,
b1 = by =2 and a collection of on pixels is used to indicate the location of bits in error forming

a cluster of size by X bp.
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2 X 2 cluster error 2 X 2 end—round 2 X 2 end-round
cluster error cluster error

B oONpixel [J[] OFF pixel

Figure 3.33: Examples of different arrangements of 2 X 2 cluster errors.

3.5.1 Data Encoding for a Cluster Error Correcting Array Code

For a given data array A, the encoding process involves calculating a single parity
check bit across each row, across each column and staggering the data array on columns and
then on rows. Specifically, a code word of size 1 X n3 is formed by appending a single parity
check bit to each row and column of a (ny — 1) X (nz — 1) information bit array /. To each
row r; of A, where 0 <i<n; -1, apply a circular shift to the right equal to b3(i mod b1) bits
to form a row—staggered array S". For each column ¢j of ST, where 0 <i<nj3 -1, apply a
circular shift downward equal to b1(j mod b3) bits to form a staggered array S. In this way,
S, a staggered version of A, first on rows then on columns, is obtained for storage. Part of
the encoding process is shown in Figure 3.34 for n; = np = 8 and b1 = b = 2. To form &7,
the even rows of A are not rotated (i.e., circularly shifted) because bo(Z mod 2) = 0, whereas
odd rows are rotated right two bits because ba(i mod b;) = 2(1) =2 bits. To form S, the odd
columns of ST are rotated downward two bits because b;(j mod 2) = 2(1) = 2 bits, whereas
the even columns are not rotated because bi(j mod 2) = 0. Data staggering can be
implemented using shift registers configured to perform circular shifts for odd rows and

columns in array A.
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=

Rows <-

NOANAWN RO
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-

Array A Odd rows of A rotated Odd columns of ST rotated
Row parity bits right 2 bits to obtain S*  downward 2 bits to obtain S
Column parity bits

B ON pixel [C] OFF pixel

Figure 3.34: Example of data encoding applied to data array A yielding staggered
arrays S*and S forn; =np; =8 and by = by = 2.

3.5.2 Data Decoding for a Cluster Error Correcting Array Code

Since the code word S may be corrupted during storage or retrieval, the retrieved
array R may not equal S. During the decoding process, a cluster error of size at most by X b,
can be corrected. Each column ¢; of R is rotated upwardly an amount equal to b;(j mod b2)
bits to form a column—destaggered array D€. Then each row r; of D€ is rotated left an amount
equal to by(i mod b1) bitsto form a destaggered array D. Figure 3.35 shows array R corrupted
by a 2 X 2 cluster error in the central region of R and how data destaggering proceeds. After
data destaggering has been completed, the errors are distributed such that no more than one

error occurs in a row or column.

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Columns

01234567 01234567 01234567
1 0 0 0
1 1 1
| 2 2 W 2 w
Rows ¢ 3 3 y 3L 1Y
\ 4 wl x 4 X 4 X
| 5 Yz 5 z 5 Z
6 6 6
7 7 7
Array R Odd columns of R rotated 0Odd rows of D€ rotated
upward 2 bits to obtain D¢ left 2 bits to obtain D

B ON pixel [] OFF pixel
Figure 3.35: Example of data decoding applied to retrieved array R yielding
destaggered arrays D€ and D for ny = np =8 and by = by = 2.
The destaggered array D is the input from which the vertical syndrome v (i.e., the
exclusive—OR of the rows of D) and horizontal syndrome £ (i.e., the exclusive—OR of the
columns of D) are determined. If d;; represents the elements of D, the vertical syndrome

is given by
v, = @ dj; 0=sj=n-—-1 (3.7)

and the horizontal syndrome is given by

13

n,—1
h; = @ d;, O=si=n -1 (3.8)
=0

If array R contains no errors, both syndromes of array D will be zero. If array R
contains a cluster of e errors, 1 <e < byb,, the horizontal and vertical syndromes will each
have weight e. The constraint n, = 2b;b, insures the vertical syndrome can be represented
as a burst of length at most b1b; having a cyclic run of at least byb, zeros. After the run of
at least b1 b,, the first nonzero element in the vertical syndrome can be located. For example,
if a cluster error occurs in array R as shown in Figure 3.35 with the values of bits ‘w’, ‘x’,

‘y’ and “z’ incorrectly set to logic ones, then array D can be represented as shown in Figure
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3.36. The weight of both syndromes is 4 and the vertical syndrome contains a run of b1b;
= 4 zeros. Although the rows and columns containing errors are marked by ones in the
syndromes, the syndromes do not identify which 4 bits in array D are in error. Identifying

the locations of the bits in error is the next task.

Columns h

01234567 01234567l
7 0 0
1 1
2 2
3 3
Rows{4 1
15 5
() 6
\ 7 7

AmayD  v—=[ N T

D with syndromes
B ONpixel [ OFF pixel

Figure 3.36: Array D is shown without and with syndromes (& and v) forn; =n; =8
and by =by=2.

An algorithm for locating the cluster error proceeds as follows. Let vertical
syndrome v have support (i.e., a set of nonzero coordinates) given by

Sup(v) = {j:v; # 0, O<j=n,—1} (3.9)

and the horizontal syndrome £ have support given by

IA
IA

Sup(h) = {i: h; = 0, 0 n, — 13 (3.10)

Both supports, Sup(v) and Sup(h), are assumed to have the same number of elements (i.e.,
the same total number of errors, 1 < e < b1b,); otherwise an uncorrectable error has occurred.
Since ny = 2b1b; and 1=e=<b1b,, the elements of Sup(v) are assumed to be ordered

cyclically from the first to the last element. The destaggering process produces a burst of
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length at most b1b, in both syndromes. Therefore, a sequence of at least b; b, zeros occurs

before the first nonzero element in v. For v shown in Figure 3.36, Sup(v) = {1, 2, 3, 4}.
Considering Sup(h), the elements can be divided into b classes Cg, 0=sk<b; -1,

given by
C,={i € Sup(h): k=i modb,}. (3.11)

In each class Cyg, the coordinates correspond to errors occurring in the same row (e.g., ‘w’
and “x’) before destaggering. The constraint n; = 2b1by—b1, insures there is a run with at
least b1b>—1 zeros before the first nonzero element in each cyclically ordered class Cg. In
Figure 3.36, Sup(h) can be divided into two classes, Cg = {2, 4} and C; = {3, 5}. Therefore

Sup(h) can be written as
Sup(h) = CqUC,U...C,. (3.12)
An algorithm for finding the set & of pairs of locations in error proceeds as follows.
1. Setk+b;—1,8 +@and c + 0.

2. Loop: IF C; = @ THEN GOTO Next.

3. ELSE, Let C = {i1, i2, «.es im}-

4. Set H +— {jc+1, Je+2, -+ jeem}-

5. Let r be such that jo,; mod by <je,ymod b V1i<l=m, [#r.
6. Set & +— 8 U {(ir—1, je+1)> (fr=2, Je+2)s - (E15 Jear=1)s (Ems Jer)s

(im—la fc+r+1), —eey (ir, fc+m) }

7. Next: IF k =0 THEN GOTO Stop.
8. ELSE Setk +— k-1, ¢c + ¢ + m and GOTO Loop.
9. Stop: Correct locations given by set § in array D.

The example in Figure 3.35 shows a cluster error of size by X by with b1 = by =2 and

this example is continued in Figure 3.36 with Sup(v) = {j1, j2,J3,ja} = {1, 2, 3,4}, Co = {2,
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4} and C1 = {3, 5}. For this example, step 1 of the algorithm assigns k +—~ b1 -1=2-1=
1,8 +0 and c + 0. The loop spans steps 2 through 8. After executing step 2, step 3 assigns
Cy ={i1, i} = {3, 5}, hence m = 2 and step 4 assigns H +— {jc.1, je+2} = {J1,J2} = {1, 2}.
In step 5, a value for r is found by observing (j» mod 2) =(2mod 2) =0 < 1 =(1 mod 2)
= (ji mod 2); hence, r = 2. Step 6 assigns 8 +— 8 U {(ir-1, j1), (r—2, j2)} =0 U {(i2-1, j1),
(i2-2,J2)} = {(i1,J1)> (2, J2)} = {(3, 1), (5, 2)}. Since the elements of Ci are cyclic, C1 = {i1,
i} with ip_ = i5. After step 7 is executed, step 8 assignsk+k~1=1-1=0,c+c+m
=0 + 2 =2 and the loop is executed again. After step 2 is executed, step 3 assigns Co = {i1,
i2} = {2, 4}, hence m =2 and step 4 assigns H +— {jc+1, jes2} = {3, J4} = {3, 4}. Avalue
for r is determined in step 5 by observing (j4 mod 2) =(4 mod 2) =0 < 1 =(3 mod 2) = (j;
mod 2); hence r = 4. Executing step 6 assigns 8 + & U {(i;-1, j3), (ir—2, ja)} = {(3, 1), (5,
2)} U {(fa-1, J3), (Ga-2,Ja)} = {(3, 1), (5, 2)} U {({1,J3), (22, Ja)} = {3, 1), (5, 2), (2, 3), (4,
4)}. Since k=0 in step 7, the algorithm goes to step 9 (labeled Stop) to correct the row and
column pairs (r;, ;) in array D given by set 8 (i.e., the locations by row and column in error).

The original data array A isobtained by inverting (correcting) the bits at the locations in error.

3.5.3 Encoder for a Cluster Error Correcting Array Code

During encoding, the parity bit checks are computed for the rows and columns; then

the array is staggered. Therefore, an encoding algorithm can be expected to have four steps:
1. Latch data
2. Compute parity bit checks
3. Stagger row data
4. Stagger column data.

Consider a cluster error correcting array code with n; = ny =8 and b1 =by =2. This

code is capable of correcting a cluster error up to by X by =2 X2 bits ina n; X ny =8X 8 code
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block. The discussion of the encoder and decoder (next section) is based on this array code

as was a different implementation developed by another researcher [SCH98].

Let an 8 X 8 code block use an 8 X 8 array of pixels. Each pixel contains a storage
element implemented with the hardware shown in Figure 3.37. Assume the flip—flop can
be implemented using six gates. Therefore, a total of 12 gates are needed to implement the
hardware. Approximately six gate delays are encountered from the photodetector signal to
the data_out signal assuming the flip—flop introduces four gate delays. If the pixels located
in even rows and columns were implemented with the hardware shown in Figure 3.6, the
number of gates required can be reduced by 6.25%. For the encoder to latch the data, the

delay encountered is T} = 6 gate delays. The hardware needed is Hce = 12n1n2 = 12(8)8 =

768 gates.
COLUMN_ENABLE,  COLUMN_IN

LATCH_DATA -
PHOTODETECTOR —e@
SIGNAL SB
ROW_IN — ) } D Q ——T- DATA_OUT

ROW_ENABLE —
CLK > QB
RB

Figure 3.37: Data staggering hardware used for pixels in odd rows and columns.

Parity bit checks must be computed across each row and column. The row parity bit
checks can be computed in [logoks | gate delays using a tree of k» — 1 XOR-gates for each
row and the column parity bit checks can be computed in {logyk; | gate delays using a tree

of k; - 1 XOR-gates for each column. The time required to compute the row and column
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parity bit checks is Tces = max([logzky 1, [logak, 1) = max([logz 77, [loga77) = 3 gate delays
and the hardware needed is Hees = (k1 — 1)np + (k2 — 1)k1 = (7 —= 1)8 + (7 - 1)7 = 97 gates.

The data encoding operation requires data located in odd rows be staggered before
the data located in odd columns is staggered to complete the data encoding process.
Specifically, the odd rows of the code block must be circularly shifted right by bo(i mod by)
=2(1) =2 bits. Then the odd columns of the code block must be circularly shifted downward
by b1(j mod by) =2(1) = 2 bits. If the positive edge of two clock pulses (i.e., one pulse for
each bit shift) is used to clock a shift register made from the hardware shown in Figure 3.37,
the time for the row staggering operation is T, = bo(i mod by) = 2(1) = 2 clock cycles. In
a similar way, the time for the column staggering operation is T = b1(j mod by) = 2(1) =
2 clock cycles.

The control signals required for steps 1, 3, and 4 of the algorithm can be provided
by a state machine similar to the hardware shown in Figure 3.27. A 1-bitcounter (i.e., a flip
flop composed of six gates) can be used to provide the latch signal. Three 2-bit counters
using ten gates per bit [NAT84] can be designed to provide state, row and column shift

control signals. The hardware needed is Hegm = 3(10logy22) + 29 = 89 gates.

For the cluster error correcting array code, the encoding hardware used is Hee = Hegm
+ Heep + Hgre = 97 + 768 + 89 = 954 gates. The encoding delay is Tee = T + Teeg + Tsr + T
= TN+Tg+Tsc=1+2+2=5 clock cycles. Assuming a clock cycle is equivalent to 11
gate delays, the encoding delay is Tee = Tes + (71 + T+ Tsc)11 = 3 + 5(11) = 58 gate delays.

The minimum clock cycle and equivalent gate delay value is determined in the next section.

3.5.4 Decoder for a Cluster Error Correcting Array Code

The decoding algorithm involves eight steps:

1. Latch data
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2. Destagger column data
3. Destagger row data

4. Compute syndromes
5. Detect errors

6. Group errors

7. Locate errors

8. Correct errors.

The discussion of the decoding algorithm is also based on a cluster error correcting
array code with a ny X ny = 8 X8 code block size capable of correcting cluster errors of size
b1 X by =2 X2 bits. Figure 3.38 shows the control signals for the algorithm. The positive

edge of each control signal is used to initiate a corresponding step of the algorithm.

w JUUTHU U Uy

LATCH_DATA (LD)

DESTAGGER_COL _
DATA (DCD)

DESTAGGER_ROW_
DATA (DRD)

T T T T T T
[} t ] t ] '
| e R e s

DETECT_
ERROR (DE)

GROUP_
ERROR (GE)

CORRECT_
ERROR (CE)

DONE
algorithm step 1, 2, 3and 4,5, 6 and 7, 8

Figure 3.38: State machine timing diagram for cluster error correcting array codes.

A state machine with 6 states can be designed to provide the control signal for steps

1,2, 3,5, 6 and 8 of the decoding algorithm. Following an approach similar to that used to
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produce the hardware shown in Figure 3.27, three 2—bit counters are used in steps 1, 2 and
3, a four bit counter is used in step 5 and two 3-bit counters are used in steps 6 and 8. The

hardware required is Hysy = 10loga(24) + 3[10logx(23)] + 3[10loga(22)] + 34 = 224 gates.

The decoding operation requires an optical page of information be latched into a
detector array. For the code block size being considered, the detector array must have a
corresponding 8 X 8 array of pixels. The storage element in each pixel can be implemented
using the hardware shown in Figure 3.37. From the discussion on encoding, 12 gates can
be used to implement the hardware in Figure 3.37 and approximately six gate delays are
associated with signals using this hardware. The time delay involved is T| = 6 gate delays

and the hardware needed to latch the data is Hg; = 12n1n5 = 12(8)8 = 768 gates.

In the data destaggering steps, data located in columns are destaggered and then data
located in rows are destaggered. After data in odd columns are circularly shifted upwardly
an amount equal to b{(j mod b3) = 2(1) = 2 bits, data in odd rows are circularly shifted to
the left an amount equal to bo(Z mod b1) = 2(1) = 2 bits. If one clock cycle is used for each
bit shift, the time required to destagger a column is Tsc = b1(j mod bp) =2(1) =2 clock cycles
and to destagger a row is Ty, = bo(i mod by) + 2(1) = 2 clock cycles.

The row and column syndromes are computed respectively using trees of n; —1 and
n1 —1 XOR~gates. The time to compute these syndromes is Tys = max([logni 1, [logana 1)
gate delays and represents the minimum period of the system clock or the
reciprocal of the maximum system clock frequency. The required hardware is

Hgs = ka(ny + 1) + kynp = 7(8 + 1) + 7(8) = 119 gates.
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Figure 3.39: Hardware applied to horizontal part of the detect error circuit.

The detect errors step of the algorithm involves several tasks. The row and column
syndromes are loaded into two different shift registers. In parailel fashion, the row and
column syndromes are tested for bit patterns with all zeros (i.e., no bit failures implies no
errors have been detected), for bit patterns with more than b1b, = 2(2) = 4 bit failures and
for bit patterns having a different number of bit failures between the row and column
syndromes. The latter two bit patterns indicate an uncorrectable error has been detected.
Part of the error detection hardware is shown in Figure 3.39. The shift register in Figure 3.39

can be implemented using the hardware in Figure 3.29. Each bit stage making up the counter
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used in the detection hardware can be implemented using ten gates [NAT84] and the
associated time delay from the clock input to an output is five gate delays. Inspecting Figure
3.39 indicates the hardware needed for this step is Hgqe = [9(8) + 26 + 10(3)]2 = 267 gates
and the maximum time delay is Tgqe = 2b1by —1 =2(4) -1=7 clock cycles. The
time delay from the output of the shift register to the output of the counter,
Tsco = (5 + [logabiba 1+ 4) =5 +[logp4 ] + 4 = 11 gate delays, determines the minimum

clock period of the system clock or the reciprocal of the maximum clock frequency.

103 ;02 101 1100
GROUP_ERROR 5B a %% a 5B g 5B 4
2:4Decoder - P - >
—io o [0 L E
1 81 303 302 301 1300
EN 03— CB __l cB ) __I CB _I
SR I e B P Sl B
> > > o
i»03 02 01 00
CB _J CB CB _l CB _l
0 o o a T—— D Q 7—- D Q
> E> > >
‘{>C 403 1402 401 1400
CB _J CB CB CB
i &—D Q & q—&—D Q &—D Q
E> f> > >~
Op —ié-
01—

Figure 3.40: Hardware used for horizontal part of group error circuit.

The group error step of the algorithm separates the horizontal syndrome, A, into

classes but not the vertical syndrome. From the discussion in section 3.5.1, k must be
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grouped into two classes. The hardware shown in Figure 3.40 accomplishes this task. Class
Co is obtained when O10q = 00 or 10 (i.e., when the least significant bit is zero) and class
C is obtained when O10g = 01 or 11 (i.e., when the least significant bit is one). The four
flip—flops store a row address where the value of i (e.g., {103) is the most significant bit and
the value of O2010¢ occupies the three remaining bits. Although the vertical syndrome, v,
is not grouped into classes, similar hardware is used to develop a column address with j (e.g.,

j103) being the most significant bit in the address.

Assume the decoder [NAT84] shown in Figure 3.40 can be implemented using nine
gates and six gates are used to implement each flip—flop. The group errors hardware requires
Hgge = [9 + 4 + 6(4)4]2 = 218 gates. The time delay to cycle through the row and column

addresses is Tgge = b1b2 = 2(2) = 4 clock cycles.

i42/100

142/200

2:1 Mux 2:1 Mux 2:1 Mux 2:1 Mux
403 —9—10 402—@—10 401 —9—10 i4O0—9— 10
203811 O— HO2—@—11 OF— Ol—¢—{11 OF— LO0—¢—11 ©
100 s i42j103 S i42j102 S i4j101 l— s

2:1 Mux 2:1 Mux 2:1 Mux 2:1 Mux

10 10 10 10

-— 1 (0] 1 @] — |1 (0] — 11 O—-l
J20 S ——I - s (1 S —I S
O—T— i42j203 I i42j202 I— iq7j201

.

Figure 3.41: Part of the hardware required for the locate error circuit.

Part of the hardware used to perform the locate errors step of the algorithm is shown

in Figure 3.41. The least significant bit of the column address (e.g., j1Op) is used to associate
specific i and j values to locate each error making up the cluster. This hardware must be
replicated one more time with i4 replaced by i3 , i> replaced by iy, j; replaced by j3 and j,

replaced by j3. Four of the 2:1 multiplexers [NAT84] shown in Figure 3.41 can be
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implemented using 14 gates with a time delay of four gate delays. The hardware needed is
Hyje = 14b1by = 14(4) = 56 gates and the time delays is Tg4je = 4 gate delays.

Figure 3.42 shows part of the hardware applied to the correct errors step of the
algorithm. Four 4:1 multiplexers are used to steer row address bits to a row address 3:8 line
decoder and similar hardware steers column address bits to a column address decoder. The
row and column addresses are cycled through using a counter. The 4:1 multiplexers
[NAT84] can be implemented with 11 gates, the 8:1 multiplexers [NAT84] can be
implemented with 16 gates and the 3:8 line decoder [NAT84] can be implemented with 15
gates. Using ten gates per bit, the counter requires 20 gates. The number of gates used in
the correct errors hardware is Hgce = 11(4)2 + 16(8) + 15(2) + 10(2) + 8(4) = 298 gates the
time delay experienced in cycling through the row and column addresses is

Tgce = b1b3 = 2(2) = 4 clock cycles.
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Figure 3.42: Hardware applied to error correction circuit.
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The overall hardware and time delay is obtained by considering all the steps making
up the decoding algorithm. The decoding hardware required for the cluster error correcting
array code is Hcq = Hysm + Hai + Hys + Hyde + Hage + Hale + Hgce = 224 + 768 + 119 + 267
+218 +56 + 298 = 1950 gates. The decoding delay is Teq = T + Tsc + Tsr + Tgs + Tade + Tdge
+ Tgte+ Toce = T+ Tsc + Tsr + Tqde + Tdge + Tdee =1 +2 +2 + 7 +4 + 4 =20 clock cycles.
For a clock cycle equivalent to 11 gate delays, the equivalent decoding delay is

3.5.5 Encoding and Decoding of a Multiblock CEC Array Code

Using the multiblock structure shown in Figure 3.3, the hardware and time delays
for a multiblock cluster error correcting array code are considered. The analysis used for
the row and column code is followed. In addition to the encoding and decoding hardware,

hardware is needed to indicate an error condition status of correct and uncorrectable.

The variables T¢e, Ted, Hce and Hq were described in sections 3.5.3 and 3.5.4. These
variables are used in the expressions given below describing the time delay and hardware
needed for the block serial implementation of the multiblock CEC array code where Tces
is the encoding delay, Ticqs is the decoding delay, Hpces is the encoding hardware needed

and Hpcgs is the decoding hardware needed.

Encoding delay: Tnces = mymaT e
Decoding delay: Tineds = mumaTeg
Encoding hardware: Hees = Hee
Decoding hardware: Hces = Heg

The block parallel implementation of the multiblock ciuster error correcting array
code encodes and decodes all component codes in parallel as described in section 3.2.5. For

the global-AND-gate, let Tcga be the timing delay and Hcga be the hardware needed. The
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following expressions describe Tmcep, the encoding delay, Tmpcp, the encoding delay, Hmcep,

the encoding hardware needed, and Hpcdp, decoding hardware needed.

Encoding delay: Tincep = Tce

Decoding delay: Trcdp = Ted + Tega
Encoding hardware: Heep = mymoHce
Decoding hardware: Hmedp = mimoHeq + Hega

We know a multiblock cluster array code can be used on larger page sizes by selecting
the size of the component block code appropriately. A component code with n1 =n; =8 and
b1 = by =2, can be used on larger pages (e.g., 256 X 256, 512X 512 and 1024 X 1024) that
are integer multiples of ny = ny = 8. In this way, the time delay, time to process the data and

hardware required for the smaller block sizes can be applied to larger page sizes.

3.5.6 Code Performance of a Cluster Error Correcting Array Code
Code simulations can be used to study the CBER performance of cluster error
correcting array codes. During storage and retrieval, cluster errors may be introduced into
a page of data. For a cluster error correcting array code with nj =ny =8 and b; = by = 2,
important parameters are (n, &, d) = (64, 49, 4) and r = 0.7656. A cluster error correcting
array code with n; = ny = 16, b; = 4 and b, = 2 has parameters (n, k, d) = (256, 225, 4) and
r = 0.8789. Each code supports detection and correction of a single cluster error. Using a
sum of probabilities written in terms of RBER, code size n and error e, the probability,

Pcorrect, that no error passes through the decoder can be expressed as:

Cefnliby =DV e pprpae 0 (313
ci(b,b, — )l JRBER(1 — s e>0. (313

PCorreCt
e=

Using Equations 3.4 and 3.13, CBER can be expressed in terms of », e and RBER.

Figure 3.45 shows the code performance of 4 X2 and 2 X 2 cluster error correcting

array codes. Even for relatively low values of RBER, these codes can not achieve a
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CBER =< 10712, Regarding VHDS applications with RBER = 1079, it is not likely these
codes can be used as either a multiblock or uniblock code structure and achieve a
CBER = 10712, These codes are adapted versions of the row and column array codes and
cannot achieve a higher error correcting capability than the corresponding row and column
array codes. Itisimportant to mention that some of the literature on VHDS systems provides
information regarding bit error rates [HEA94, BER96, GOE9%6, IBM96, BUR97, KIN99,

TAO99]. However, the cluster error rates for these systems have not been widely reported.

(256, 225, 4)

(64, 49, 4)

log(CBER)

_15 1. I 1 1 1

-6.5 -6.0 -5.5 -5.0 -4.5 -4.0 =35
log(RBER)

Figure 3.43: CBER versus RBER for cluster error correcting array codes.
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Chapter 4
Block 3-D Array Codes

This chapter presents an introduction to block 3—D array codes. The characteristics
of random error correcting array codes are considered. Next, these codes are adapted for use

as BEC array codes. Finally, these codes are adapted for use as a CEC array code.

4.1 Advantages and Disadvantages of 3—D Array Codes

There are several advantages for 3—D array codes. These codes have a higher error
correcting capability than 1-D and 2~-D codes. For example, a single parity check code has
a Hamming distance of 2, a simple row and column code constructed from two single parity
check codes has a hamming distance of 4, while a 3—D code constructed from three single
parity check codes has a hamming distance of 8. The hamming distance parameter provides
the single parity check code the ability to detect one error, the row and column code the
ability to detect two errors and correct one error and the 3—D code the ability to detect four
errors and correct three errors. The higher error correcting capability of 3—D codes permits

alower CBER to be attained for a given RBER than is possible with single parity bit and row
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and column codes. For example, the equivalent of the VHDS system shown in Figure 2.3
is replicated multiple times to produce a multiple channel memory with each channel
assigned to a data page. During a single access of memory where multiple pages of memory
are stored or retrieved, an uncorrectable error condition may occur on some pages while
other pages have no detected errors or a correctable error condition. A 3-D code can be
designed to use its third dimension to provide additional error protection such that only the
pages containing an uncorrectable error condition are rejected and correct or corrected pages
are sent to the next stage of the system. A 3-D code can be used to correct a burst error
occurring in each layer making up the 3—-D information bit array of the code. Similarly, a
3-D code can correct a cluster error in each layer making up a 3—D array code. An analysis
of the code parameters (e.g., code length, code rate, Hamming distance, etc.) for these 3-D

array codes is given later.

There are two disadvantages for 3—-D array codes. They have a higher hardware
complexity for implementing the encoder and decoder as compared to the single parity check
and row and column codes. An analysis of hardware complexity is given later. These codes

also use more parity bit checks than the single parity check and row and column codes.

4.2 Analysis of 3-D Row and Column Array Codes

For a given 3-D code size, the number of parity check bits will be smaller as the code
block approaches a cube. Let the information part of a code have size, k= (m~1)(p—1)?, then
the overall size of the code is n = mp2, where m = ny and p = ny = n3. Then k in terms of m

and n is given by
k= (m — 1)(/% - 12 (4.1)
In Equation 4.1, taking the derivative of k with respect to m and setting it to zero leads to
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0=(/m-V*-m-D(m-D [5 “2)

Solving Equation 4.2 for m leads to n = m3 which is the same as n = nynyn (i.e., a cube that
has sides of ny by ny by n;.

Assume error detection and correction is performed using the 3—D row and column
code (i.e., a 3-D uniblock row and column array code) shown in Figure 4.1. The parameters

for this code are given by the following expressions [GAR98].

AN

|
- k2
=
E
ky . . o
n, Information bits =
% Layer checks
) Column checks
- n7 s

Check—on—checks

Figure 4.1: Uniblock 3—D row and column array code.

Length of code: n =nnny = (k; + 1)k, + 1)(k3 + 1)
Information bits: k = kik,ks

Hamming distance: d=8

— k1k2k3
T (kg + D(ky + Dk + 1)

S|

Code rate: r=
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Coding overhead: n—k=kk,+kik;+kks+k +ky,+k;+1
Number of errors that can be detected: ¢t=4

Number of errors that can be corrected: ¢ =3

Type of errors that can be corrected: random

The parity check bits are generated along the rows, columns and layers of a
ny X ny X n3 bit data array. When data are read, the intersection of ones in the parity check
vectors give the position of as many as three errors in the (k1+1) X (kp+1) X (k3+1) array.
Four errors within the 3—D code block are detected by the presence of ones in the parity check
vectors and a zero in the check—on-check—on—checks. If more than fives errors occur, this
code may not detect all cases, may miscorrect and may misdetect errors. For example, a
cubic pattern of five errors may be miscorrected producing a sixth error; whereas, a cubic

pattern of eight errors may fail to produce a difference in the parity check bits.

Several 3—D row and column codes are shown in Table 4.1. The 3—-D array codes
with two information layers and a parity bit layer have a higher error detecting and correcting
capability than do similar codes without a parity bit layer. However, when three or more
layers are involved, the code not using a parity check layer is able to detect and correct more

errors than the same code containing a parity bit check layer. We use this idea later.

Table 4.1: Comparison of 3—D uniblock array codes with and without parity bit layers.

Information | Row | Column | Parity | Hamming Errors Errors
layers Parity | Parity Bit distance Detected | Corrected
Bits Bits Layer
2 yes yes yes 8 4 3
3 yes yes yes 8 4 3
2 yes yes no 4 2/layer = 4 | 1/layer = 2
3 yes yes no 4 2/layer = 6 | 1/layer = 3
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Issues associated with decoding hardware complexity and reduced error correcting
capability cause the usefulness of the uniblock row and column code to be exceeded as the
page size increases. Therefore, a multiblock strategy can be applied to applications where
data page sizes may be as large as 10° bits. For example, for n; = 16,7, =8,n3 =3 and a
3-D page size of 512X 512X 3 as many as 4352 errors can be corrected if each occurs in a

different 3—D block.

Assume error detection and correction is performed using the multiblock 3-D row
and column array code shown in Figure 4.2. Let the 3—D information bit array represent a
m1 X my array of n; XnyXn3 3—D code blocks. The following expressions describe the

parameters for this multiblock code.

7
% i

S

)
!

ny

Figure 4.2: Multiblock 3-D row and column array code.

Length of code: n = mumonnang = mymo(k; + 1)(ky + 1)(k3 + 1)
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Information bits: k = mymyk kk,

I
o

Hamming distance: d

_ kqikok,
T (kg + Dk, + (k5 + 1)

Nt

Code rate:

.,!
It

Coding overhead: n —k = mum,(kiky + kiks + kks + kg + ky + k3 + 1)
Number of errors that can be detected: ¢ = {fnjn =4, tmax = 4mimy}

Number of errors that can be corrected: ¢ = {Cmin = 3, Cmax = 3m1my}

Type of errors that can be corrected: random

When three or fewer errors occur in any block, this code can correct up to 3mym;
errors. When four or fewer errors occur, this code can detect up to 4mym; errors. Otherwise

no error detection or correction using the multiblock approach is possible.

4.2.1 Encoding for 3—-D Row and Column Array Codes

For example, consider the array code shown in Figure 4.3. Using an even parity
strategy, the row, column and layer parity checks in Figure 4.3(b) are generated from the
information bits in Figure 4.3(a). The data array and parity checks form the code block

stored in the optical memory.

Layer 2 Layer checks —*
v Row checks—3

Layer 1

v

() | -
(a) | ' —on
I:’ Check-on

Column checks checks

3-D data array

- ON Pixel
OFF Pixel

Figure 4.3: Data encoding applied to a 3 X3 X2 array code.
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4.2.2 Decoding for 3—D Row and Column Array Codes

The occurrence of an error in a retrieved data block is shown in Figure 4.4(a). To
decode the code block in Figure 4.4(a), the row, column and layer parity checks are computed
as shown in Figure 4.4(b). The parity checks shown in Figure 4.4(b) point to the location

of the bit in error. A code block with no errors will have all of the layer parity checks off.

RPB]_S.H —F

CPBS,J,H -

LPBigz ~ ° D— CORRECTED_BIT
D

BiuH

Layer 2

Layer checks —»

(LPBy.3) - -

o Row checks
3-D data array (DBj,4) (RPBisn) _‘

Read bits
o e (R ==
(b) B Check-on—- "~
. check-on-
checks

~

<« Check-on-
checks

B on pixel [’
C

D OFF Pixel olumn checks (CPBs 1)

Figure 4.4: Data decoding applied to a 4 X4 X 2 array code.

4.2.3 Encoder for 3—D Row and Column Array Codes

Referring to Figure 4.1, the encoder computes the row, column and layer parity bit
checks for multiple pages of data n; X np X nj bits in size. Except for the need to consider
the n3—direction of the 3—-D row and column code, the results of the row and column codes
described in section 3.2.3 are adapted for the 3—D row and column code. Therefore, the
hardware needed is H3 = (k2 — 1)n1k3 + (k1 — 1)koks + (k3 — 1)nyn; gates and the encoding

time delay is T3 = max([logzky 1, [logoka 1, [logaks 1) gate delays.
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4.2.4 Decoder for 3—D Row and Column Array Codes

The decoder performs the same four steps described in section 3.2.4 for the row and
column code. While accounting for the n3—directionof the 3—D row and column code shown
in Figure 4.1, the expressions developed for the row and column codes in section 3.2.4 can
be modified and applied to the 3—D row and column code. Using the hardware shown in
Figure 3.6, a 3—D row and column code can be shown to have a hardware requirement of
H3g1 = 9nynon3 gates with a decoding time delay 77 = 6 gate delays. This timing delay is

the same as the row and column code described in section 3.2.4.

The syndromes must be computed across the rows, columns and layers. The
expressions from section 3.2.4. for the row and column code, show the hardware needed is
Hi4s = ky(ny + 1) + kyny gates and the corresponding delay is Tqs = max([logan; 1, [logans 1)
gate delays. Therefore, the hardware needed for the 3-D row and column
code is H3ygs = ko(ny+1)n3 + kinpny + ksninp gates and the delay is

T34 = max([logany 1, [logans |, [logans ) gate delays.

The error detection and correction steps of the algorithm are considered next. A data
bit in error is detected and corrected using the hardware shown in Figure 4.4. Additional
hardware is needed to detect the uncorrectable error which occurs when two or more bit
failures occur only in the row or column syndromes of the information layers (i.e., first k3
of the n3 layers). For each of the k3 layers, the uncorrectable error condition is detected using
the row and column syndromes as input to trees of OR~gates as was done for the row and
column code described in section 3.2.4. Therefore, the hardware needed is
H3ge = 2ninzks + (ny—1)ks + (np —1)k3 + k3 — 1 gates. If an uncorrectable
error has not occurred, the time delay is T34 = 2 gate delays otherwise

T3r4c = max([logon, 1, [logany ], [logons ) + 2 gate delays.
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The overall hardware required for decoding is Hi3rq = H3pd1 + H3rdd + H3rde =
Ony +kpnonz + (ny+1konz + [Bnpnp+(np—1)+(np—~1)+1]ks — 1 gates. If
an uncorrectable error has not occurred, the overall time delay is
T3cq = T + Tapgs + T3cdc = max([logong ], [logony ], [logons]) + 8 gate delays otherwise

T3rq = 2max([logony 1, [loganz |, [logans ) + 8 gate delays.

An analysis was performed to gain insight into the hardware complexity of the 3—-D
uniblock code shown in Figure 4.1. In cases of four or more errors, this code can not provide
a corrective action. The no—corrective-action—taken condition must be indicated so the
system can reread the pages again or take other corrective action. However, we can proceed
with a corrective action when cases of one, two or three errors occur. Several conditions must
be checked to determine the error status of the system. If no errors are indicated in the ny,
n» and n3 direction check bits or only the check—on—check—on—checks bit is in error, then
we assume we correctly read a page of data. The pages of information bits are passed on to
the next stage of the system. If the nj, np and n3 direction check bits and the
check-on—check—on-checksbit indicate an error, then we assume we have detected a single
error in the information bits. The nq, n; and n3 direction where the errors in the check bits
occur indicates the position of the error in the information array and we can correct the error
by inverting the bit stored at this position. If one n; or n; or n3 direction check bit indicates
an error, then we assume the check bit is in error. Again the pages of information bits are
passed to the next stage of the system. The strategy described will locate up to three errors

occurring in a 3-D information array.

4.2.5 Encoding and Decoding Multiblock 3-D RAC Array Codes

We consider the timing delay and hardware required for the multiblock 3—-D row and

column code shown in Figure 4.2 in this section. The occurrence of three or fewer errors
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in any 3-D component code block making up the multiblock code means either multiple
pages of data have been correctly read or component codes containing errors can be
corrected. Therefore, each component code needs hardware for encoding and decoding
hardware plus decoding hardware to generate a correct and uncorrectable error condition
status. The parameters T3, 134, H3re and H3q were derived in sections 4.2.3 and 4.2.4.
These parameters are used in expressions given below describing the time delay and

hardware required to implement the multiblock 3—D row and column code.

Component 3—D code blocks are encoded and decoded sequentially in the block
serial implementation. Using T3mpres, as the encoding delay, T3n,4s, as the decoding delay,
H3mres, as the encoding hardware required and H3mgs as the decoding hardware required,

the following expression for time delay and hardware requirements are obtained.

Encoding delay: T3mres = m1m2T3e
Decoding delay: T3mrds = mimaT3g
Encoding hardware: H3mres = H3re
Decoding hardware: H3mrds = H3g

A block parallel implementation encodes and decodes component code blocks
making up the multiblock 3-D row and column code in parallel. For this implementation,
assume a single pass is used to process all 3—D component block codes in parallel. Let 73,54
be the delay encountered and H3a be the hardware required for the global-AND—-gate. In
the following expressions, T3mrep, iS the encoding delay, T3mcdp, is the decoding delay,

H3mrep, is the encoding hardware required and H3mdp is the decoding hardware required.

Encoding delay: T3mrep = T3re
Decoding delay: T3medp = T31d + T3rgag
Encoding hardware complexity: H3mrep = m1moHsee

97

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Decoding hardware complexity: H3medp = mimaH3q + H3ga

4.2.6 Code Performance of 3—D Row and Column Array Codes

Several 3—D row and column codes were simulated to study the CBER performance
of these codes. The simulations were performed assuming a Gaussian noise channel
produces random errors during the intensity detection process. For a 3—D array code, let
ny=ny=n3=5 then kyj=kp—1=k3=4. The code has triplet (n,k,d) = (125,64,8), r = 0.512 and
supports detection of 4 errors and correction of 3 errors. We know from section 3.2.6, the
probability, Peorect, that an error, e, does not pass through the decoder in terms of e, RBER

and array code size n can be expressed as

4
Porrect = Z(Z)RBER"(I — RBER)"™“. 4.3)
e=0

In terms of the CBER, the probability, Pormect, that all bits are correctly decoded is given by

Equation 3.4 and is repeated here for convenience

Pcorrec: = (1 — CBER)". 4.4)

For a given RBER (e.g., 10~-5) and a desired CBER (e.g., 10712), the corresponding value of
n can be obtained by equating Equations 4.3 and 4.4 and solving for n. Figure 4.5 shows
the values of n which yield CBER < 10712 and CBER < 10714, Codes with smaller block
sizes (i.e., codes with smaller code length, n) correspond to the lower CBER for a given
RBER. Aswill be discussed shortly, codes with smaller block sizes are associated with codes
of lower rate. Therefore, a tradeoff is involved between the error correcting capability of

the code and the code rate.
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log(RBER)

Figure 4.5: Sizes of 3-D row and column array codes which provide CBER < 10714
and CBER == 10"12 on random single bit errors.

An expression for CBER in terms of RBER and n, can be obtained by equating
Equations 4.3 and 4.4 and solving for CBER. The code performance of 3—D array codes of
different block sizes against single bit random errors is shown in Figure 4.6. The codes with

smaller block sizes provide higher error correction capability.

-4 (83,73,23) (53,43,23)

(33,23,2%)

log(CBER)
,L
&

20
—24L
._2 ' L i ! 1

-7 -6 -5 -4 -3 ) -1

log(RBER)

Figure 4.6: Performance of 3—D row and column array codes on random single bit
errors.
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A code with a larger block size is more capacity efficient as shown in Table 4.2. Efficient
codes usually need a more complex decoder which operates at relatively low speed. If a

simple or fast decoder is required, efficiency must be sacrificed to a certain extent.

Table 4.2: Code parameters for uniblock 3—D array codes.

code n k d r
(83,73,23) 512 343 8 0.670
(53,43,23) 125 64 8 0.512
(33,2323 27 8 8 0.296

To obtain a target CBER value of 10-14 to 10~12 when the typical RBER values range
from 107> to 1074, the uniblock 3—D row and column array code is limited to a small 3-D
block size (e.g., 8 X 8 X 8). This fact is indicated by the performance curves shown in Figure
4.6. The multiblock 3—-D row and column array code provides a way to obtain the target
CBER values for typical RBER values mentioned previously while using larger page sizes.
The code performance of the multiblock 3—D row and column array code is shown in Figure

4.7 for different 3—D block sizes (e.g., 81 X81 X3, 135X 135X 3, 270X 270 X 3, etc.).

-2
—4L RBER=10"%
—6- =105
g Uniblock 3-D Array Code RBER=10
= 8
S -10- RBER=10"4
QO -12
B _14] Muitiblock 3~D Array Code, 9 X9 X9
~ _16 RBER=10"
-18+ i RBER=10"%
20 Multiblock 3-D Array Code, 3 X3 X3
—err =105
o0l , RBER=10
4 5 6

log(3-D page size)

Figure 4.7: Performance of uniblock and multiblock 3—-D row and column array codes
for different RBER versus 3~D page size.
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4.3 Analysis of 3—D Wing Array Codes

Figure 4.8 shows a 3—D wing (i.e., right triangular) code which is considered in this
section for error detection and correction. Observe that this code does not have a parity check
bit layer. The reason for choosing this code structure is explained later. Each layer of the
3-D wing code shown in Figure 4.8 is equivalent to the wing code described in section 3.3.
Therefore, the same expressions used in section 3.3 apply to each layer of the 3—D wing array

code shown in Figure 4.8.

Figure 4.8: Uniblock 3—-D wing array code.

+ 1)k
= Mo(g + 1)ks

Length of code: 5

- 1k

Information bits: k = n 0(’102 1)k;
Hamming distance: d=3

Code rate: r = %_ — (ng — 1)

(ng + 1)

Coding overhead: n —k = ngks
Number of errors that can be detected: ¢ =k3

Number of errors that can be corrected: ¢ =k3
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Type of errors that can be corrected: random

The parity check bits are generated along the hypotenuse of the right triangular
information bit arrays. Each parity check bit located on the hypotenuse checks both a row
and a column of the information bit array. This code detects and corrects one error per layer.
When data are read, the intersection of two different ones in the parity check vectors give
the position of the error in the information bit array. More than one error within the
information bit array causes the presence of three or more ones in the parity check vectors

and this code may not detect all cases, may miscorrect and may misdetect errors.

Parity check
o~ Dbitlayer
/ p-
k=]
r
no

Figure 4.9: Uniblock 3-D wing array code with a parity bit check layer.

The reason the parity check bit layer is not used in the 3-D wing code is mainly
because of the small increase in the error correcting capability of this code. Since the wing
code in section 3.3 has distance, d = 3, it is capable of detecting and correcting one error.
A 3-Dwing code constructed as shown in Figure 4.9 has distance, d =5. Therefore, thiscode
can detect and correct two errors. However, the same number of errors (i.e., for k3 = 2) or

more errors (i.e., k3 > 2) can be detected and corrected by using the wing code discussed in
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section 3.3 and shown in Figure 3.13 for each layer of the 3-D wing code and not using a

parity bit check layer.

The 3-D wing code may be used to perform EDC (i.e., protect) on data located at
the corner and on a line which bisects the 90° angle included by the corner for multiple pages
or layers of data. The multiple page regions not protected by the wing code require the use
of a different code for protection. Two wing codes can be arranged, as shown in Figure 4.10,
to form an 3-D rectangular shaped structure to protect multiple pages or layers of data.
These 3-D rectangular shaped structures can be made from pairs of 3—D wing codes with

no(ng + 1)k,
— s

e — 4

ng

each wing code having size

Figure 4.10: Uniblock 3—-D wing array code applied to a 3-D rectangular shape.

The multiblock 3-D wing code shown in Figure 4.12 can be used to perform error
detection and correction on applications with page sizes as large as 109 bits. This code is
obtained by using the code shown in Figure 4.10 as a component code arranged in amj Xm»
array of 3—D code blocks. This multiblock 3—-D wing code has parameters described by the

following expressions.
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- m, -

Figure 4.11: Multiblock 3—D wing array code.

Length of code: n = mumyng(ng + 1)k;
Information bits: k = mumony(ng — 1)ks
Hamming distance: d=3

. = _lg = (’l_o_;ﬂ
Code rate: r=y (7o ¥ 1)

Coding overhead: n —k = 2mum,ngk,
Number of errors that can be detected per triangular pair:

t = {tmin = 2k3, tmax = 2kamimy}
Number of errors that can be corrected per triangular pair:

¢ = {Cmin = 2k3, Cmax = 2kamimy}
Type of errors that can be corrected: random

When one error occurs in each triangular block, this code can detect and correct up
to 2k3mym; errors. Otherwise no error detection or correction using the multiblock approach

is possible.
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4.3.1 Encoding for 3—D Wing Array Codes

Data encoding for a 3—D wing array code is shown in Figure 4.12. For each layer,
data encoding is performed in the same way as was done for the wing code described in
section 3.3.1. The parity check bits for each layer are located on the hypotenuse of a right

triangular shape and are computed using odd parity.

Layer 2

Layer 1
‘ ‘ Parity bit
B: checks

3-Ddata ‘ Parity bit
bit array checks
B on pixel
] oFF pixel

Figure 4.12: Example of data encoding applied to a 3-D wing array code.

4.3.2 Decoding for 3—D Wing Array Codes

Figure 4.13 shows that data decoding for a 3—D wing array code is performed in a
way similar to that used by the wing code described in section 3.3.2. After a page of data
is received at the photodetector array, the syndrome is computed using odd parity and error
detection and correction are performed. The occurrence of two bit failures in the syndrome

are used to identify the location of an error.
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Layer 2 Error —»

Error—»

Layer 1

Error——» Error——»

Parity bit
checks

3-D data bit Parity bit
array read checks

B on pixel
O oFF pixel

Figure 4.13: Example of data decoding applied to a 3—D wing array code.

4.3.3 Encoder for 3—-D Wing Array Codes

Each layer of the 3—D wing array code shown in Figure 4.12 is equivalent to the wing
code described in section 3.3.3. Although each layer of the 3—-D wing array code is used in
parallel with the other layers, each layer can be analyzed separately for time delays and
hardware requirements. Using this analysis strategy, allows all of the expressions for the
encoder time delays and hardware requirements developed in section 3.3.3 to apply to each
layer of the 3—Dwing array code shown in Figure 4.12. Refer to section 3.3.3 for a discussion

of the hardware and time delay expressions.

4.3.4 Decoder for 3—D Wing Array Codes

A version of the wing code described in section 3.3.4 is replicated in each layer of
the 3-D wing array code shown in Figure 4.13. While the layers of the 3—-D wing array code
are used in parallel, the time delays and hardware needed are analyzed for each layer
separately. The expressions for the decoder time delays and hardware demands obtained

from the analysis given in section 3.3.4 hold for each layer of the 3—~D wing array code shown
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in Figure 4.12. Therefore, the reader is referred to section 3.3.4 for a discussion of the

hardware and time delay expressions.

4.3.5 Encoding and Decoding Multiblock 3-D Wing Array Codes

Expressions regarding hardware requirements and time delays for the multiblock
wing code described in section 3.3.5 apply to each layer (i.e., layers occur in the
ks—direction) of the multiblock 3—D wing array code shown in Figure 4.11. This is true
because each layer of the multiblock 3—-D wing array code is a replicated version of the
multiblock wing code described in section 3.3.5. For a discussion of the hardware and time

delay expressions, refer to section 3.3.5.

4.3.6 Code Performance for 3—D Wing Array Codes

We know from section 4.3.4 that each layer of the 3—D wing array code is a replicated
version of the wing array code discussed in section 3.3.4. From section 4.3.5, we know each
layer of the multiblock 3—D wing array code is equivalent to the multiblock wing array code
discussed in section 3.3.5. Therefore, each layer of the uniblock and muitiblock 3—D wing
array codes have a CBER performance which is equivalent to the CBER performance of the
uniblock and multiblock wing array codes discussed in section 3.3.6. Refer to section 3.3.6
for a discussion of the CBER performance of wing array codes which are used as layers in

3-D wing array codes.

4.4 Analysis of Burst Error Correcting 3—D Array Codes

A 3~D array row and column array code used for correcting burst errors is shown in
Figure 4.14. No parity bit check layer is utilized in this code because of hardware
requirement and time delay issues discussed in sections 3.4.4 and 3.4.5. The BEC array code

discussed in section 3.4 are used for each layer making up the BEC 3-D array codes.
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Therefore, the expressions developed in section 3.4 apply to each layer of the BEC 3—-Darray
code. The reader is urged to read section 3.4 as needed to understand the discussion given

here.

Assume we want to detect and correct errors using the 3—D array code shown in
Figure 4.14. If a burst error of length &, bits occurs, the information bit array must have
parameters kj X kp X k3 where k» = 2(k; —1). The parameters of BEC code discussed in
section 3.4 are combined with the factor k3 to obtain the following expressions for the

parameter of the BEC 3-D array code.

Y
HIINNN
/ \\\

ky
ol
@]
£
(@)
n 2
Q.
Information bits | «
) Column checks N\ ™\
- . 2N\
Check on checks
Figure 4.14: Burst error correcting 3—D array code.
Length of code:
n = nnoky = (ky + 1)(ky + 1)ks = (k; + 1)[2(k; — 1) + 1]k3
Information bits: k=(n;—1)(n, — 1)k;

Hamming distance: d=4

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(ny = D — 1)

nyn,

Code rate: r=

S|

Coding overhead: n—k=(n,+n,— l)ks
Number of errors that can be detected: = kik3
Number of errors that can be corrected: ¢ = k143

Type of errors that can be corrected: burst

d
“ I/S\\\

y

- m,

<

Figure 4.15: Multiblock burst error correcting 3—D array code.

Burst error detection and correction can be performed on page sizes as large as 106
bits using the multiblock BEC 3-D array code shown in Figure 4.15. This code is
constructed from a my X m array of ny X ny X k3 code blocks. Including the factor k3 in the
expressions describing the parameters of the the multiblock BEC array code discussed in
section 3.4, leads to the following expressions for the multiblock BEC 3-D array code.

Length of code:

n = mymo(k, + 1)(ky + L)ky = mmy(k; + D)[2(k; — 1) + 1]k5

Information bits: k=mmy(n, — 1)(ny, — 1)k
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Hamming distance: dx4

(ny — )(n, — 1)
nyn;

Code rate: rx

Coding overhead: n—k=mmyn,; +n, — 1)k3

Number of errors that can be detected: £ = {tqin = k2, fmax = Mmimpkoks}
Number of errors that ¢an be corrected: ¢ = {Cmin = Ky, Cmax = mimakoks}
Type of errors that can pe corrected: burst

The occurrence of a bysst error in each code block allows this code to detect and
correct up to mymakyks errorS, Otherwise this code can not pefform error detection and

correction.

4.4.1 Encoding Burst Exror Correcting 3-D Array Codes

Each layer of the BEC 3~D array code shown in Figure 4 16 performs data encoding
in the same way as described in Section 3.4.1. Even parity is used to compute diagonal and
column parity bit checks. Row parity bit checks are computed as diagonal parity bit checks

using a diagonal direction and ¢Qjumn parity bit checks are computed across each column.
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Diagonal parity

bit checks _l

layer 2 Diagonal parity

= bit checks -1

layer 1
t . rQolumn parity
bit checks
3-D data [’
bit array Column parity
. bit checks
. ON Pixel
[ oFF Pixel

Figure 4.16: Data encoding applied to a burst error correcting 3—D array code.

Burst
error

RN rColumn Diagonal
syndrome syndrome

Burst
error

3-D data bit [' t
array read Column Diagonal
B onPiel syndrome syndrome
OFF Pixel

Figure 4.17: Data decoding applied to a burst error correcting 3—D array code.
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4.4.2 Decoding Burst Error Correcting 3—D Array Codes

Data decoding as described in section 3.4.2 is performed on each layer of the BEC
3-D array code shown in Figure 4.17. The data decoding process involves receiving a page
of data at the photodetector array, computing the syndromes (diagonal and column) and
performing burst error detection and correction. Refer to section 3.4.2 for additional

information on data decoding.

4.4.3 Encoder for Burst Error Correcting 3—D Array Codes

The BEC 3-D array code shown in Figure 4.16 is composed of layers equivalent to
the BEC array code described in section 3.4.3. The encoder time delays and hardware
requirements developed in section 3.4.3 apply to each layer of the BEC 3-D array code.

Therefore, the reader is referred to section 3.4.3 for a discussion of these expressions.

4.4.4 Decoder for Burst Error Correcting 3—D Array Codes

Figure 4.15 shows a BEC 3-D array code made of layers which are replicated
versions of the BEC array code discussed in section 3.4.4. The decoder time delays and
hardware requirements described in section 3.4.4 are valid for each layer of the BEC 3-D
array code. Refer to section 3.4.4 for a discussion of these time delay and hardware

expressions.

4.4.5 Encoding and Decoding Multiblock BEC 3-D Array Codes

Using the multiblock BEC array code discussed in section 3.4.5, a multiblock BEC
3-D array code is obtained as shown in Figure 4.15. The hardware requirement and time
delay expressions developed in section 3.4.5 apply for each layer of the multiblock BEC
array code shown in Figure 4.15. For a discussion of these expressions, the reader is referred

to section 3.4.5.
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4.4.6 Code Performance of BEC 3-D Array Codes

The discussion given in section 4.4.4 used the BEC code described in section 3.4.4
to construct the uniblock BEC 3-D array code. Similarly, the multiblock BEC 3-D array
code described in section 4.4.5 used the multiblock BEC array code described in section
3.4.5 to construct the multiblock BEC array code. Hence, the code performance of each layer
of the BEC 3-D array codes will have the same code performance of the BEC array codes
described in section 3.4.6. For a discussion of the code performance of these BEC array

codes used as layers in the BEC 3-D array codes, refer to section 3.4.6.

4.5 Analysis of a Cluster Error Correcting 3-D Array Code

Figure 4.18 shows a 3-D array row and column array code which can be used as a
CEC array code. Because of hardware demands and time delay issues discussed in sections
3.5.4 and 3.5.5, no parity bit check layer is used in this code. The CEC array code described
in section 3.5 is used for each layer of the CEC 3-D array codes. This type of code structure
allows the expressions developed in section 3.5 apply to each layer of the cluster correcting

3-D array code. Refer to section 3.5 as needed to understand the discussion given here.
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Information bits

$}00U0 MOY

v Column checks

Check—on-checks

Figure 4.18: Uniblock cluster error correcting 3—D array code.

Assume a rectangular cluster error of size b; X b, occurs. The array code consisting
of the information and parity bits must have parameters ny X np X k3, where ny = 2b1b,-b1,
n, = 2by1b,, by divides ny and b, divides ny. For this code, the Hamming distance, d, of
each layer is four and additional code parameters are given by the following expressions.

Length of code: n = nnky = (2b1b, — by)2b bk,

Information bits: k = (n, — 1)(ny — 1)k; = kikok;

(ny —1)(ny —1) _ kik,
nin, (kg + 1)(ky + 1)

Sta

Code rate: r=

Coding overhead: n—k=(n;+n,— 1)k;
Number of errors that can be detected: ¢ = b1bks
Number of errors that can be corrected: ¢ = b1byk3
Type of errors that can be corrected: cluster

Assume this code uses staggering first across rows and then across columns to

achieve single cluster correction. A bitshift to the right by b5 (i.e., i mod by) places isapplied
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to each row i . Then a bit shift downward by b, (i.e., j mod b, ) places is applied to each
column j. This staggering process interleaves several row and column parity bits; however,
no error within the cluster (block) of errors affect more than a single row and column parity

bit. Therefore, the location of the cluster and the errors in it can be determined and corrected.

k3
4} z
nl kl 2
my
v
flz -

Figure 4.19: Multiblock cluster error correcting 3—D array code.

For large page sizes (e.g., a page containing 106 bits), the multiblock CEC 3—Darray
code shown in Figure 4.19 can be used for error detection and correction. Each layer has

a Hamming distance of four. Additional parameters are given by the following expressions.

Length of code: n = mmonn.ky = mymy(2b,b, — b{)2bb,ks
Information bits: k = mmy(n; — 1)(n, — k3 = mymoyk koks

) _k_( -1, —1) kik,
Code rate: r=g 75 &, + Dk, ¥ 1)

Coding overhead: n —k =mm,(n; + n, — 1)k;

Number of errors that can be detected: ¢ = {fnin = b1b2k3, tmax = mimab1boks}
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Number of errors that can be corrected: ¢ = {cpin = b152k3, Cmax = mimabiboks}

Type of errors that can be corrected: cluster

4.5.1 Encoding for a Cluster Error Correcting 3—-D Array Code
The data encoding of a CEC 3—D array code is shown in Figure 4.20. This encoding

is performed for each layer making up the CEC 3—-D array code as described in section 3.5.1.
Row and column parity bit checks are computed using even parity. Since, the encoding has

been described previously, the reader is referred to section 3.5.1 for additional information.

Layer 2 01234567
0
1 01234567 01234567
2 0 0
3 1 1
;’ 2 2
3 3
6 4 4
’ P P
Co 7 o
Layerl 41234567 01234567 01234567
(0 0 0
1 1 1
2 2 2
Rows<¢ 3 3 3
4 4 4
5 5 5
6 6 o
\ 7 7 7
Array A QOdd rows of A rotated 0Odd columns of ST rotated
Row parity bits right 2 bits to obtain S*  downward 2 bits to obtain S

Column parity bits

B ON pixel [] OFF pixel

Figure 4.20: Example of data encoding applied to 3-D data array A yielding staggered
arrays ST and S forny =npy =8 and by = by = 2.

4.5.2 Decoding for a Cluster Error Correcting 3—D Array Code
Figure 4.21 shows how data decoding is accomplished for a CEC 3-D array code.

Data decoding is performed on each layer of the 3—D array code as described in section 3.5.2.
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The row and column syndromes are computed using even parity. Refer to the discussion in

section 3.5.2, to review data decoding for a CEC array code.

Layer2 41234567
0
1 01234567 01234567
2 0 0
3 1 1
4 Wl X 2 2 W,
5 Y|z 3 y 3 1Y
6 4 X 4 X
7 5 Z 5 7
6 6
L 1 Colimns 7 7
er L )
y 0123456 01234567 01234567
[ 0 | | 0 0
1 1 1
2 2 wi 2 W]
Rows< 3 3 y 3L 1Y
4 wl x 4 X 4 X
S Yz 5 z 5 Z
6 6 6
\ 7 7 7
Array R Odd columns of R rotated Odd rows of D€ rotated
upward 2 bits to obtain D¢ left 2 bits to obtain D

B ON pixel 1 OFF pixel

Figure 4.21: Example of data decoding applied to retrieved 3—D array R yielding
destaggered arrays D€ and D forny =n; =8 and by = by = 2.

4.5.3 Encoder for a Cluster Error Correcting 3—D Array Code

The CEC 3-D array code shown in Figure 4.20 is built using layers. Each layer is
equivalent to the CEC array code discussed in section 3.5.1. The layers of the 3—D array code
are used in parallel. However, the time delay and hardware requirement for each layer can
beanalyzed separately. Therefore, the expressions developed in section 3.5.3 for the encoder
time delay and hardware needed apply to each layer of the CEC 3—-D array code. See section

3.5.3 for a discussion of these expressions.
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4.5.4 Decoder for a Cluster Error Correcting 3—D Array Code

The CEC array code described in section 3.5.2 is used as a component to construct
the CEC 3—-Darray code shown in Figure 4.21. The analysis given in section 3.5.4 regarding
the decoder time delays and hardware requirements hold for each layer of the CEC 3—D array
code shown in Figure 4.21. Therefore, refer to section 3.5.4 for the expressions describing

hardware requirements and time delays.

4.5.5 Encoding and Decoding a Multiblock CEC 3-D Array Code

Figure 4.19 shows a multiblock CEC 3-D array code constructed from layers which
are equivalent to the CEC array code discussed in section 3.5.5. For each layer of the
multiblock CEC 3-D array code, the expressions for hardware demands and time delays
described in section 3.5.5 apply. These expressions can be reviewed by referring to section

3.5.5.

4.5.6 Code Performance of CEC 3-D Array Codes

According to section 4.5.4, each layer of the uniblock CEC 3-D array code is
equivalent to the CEC array code discussed in section 3.5.4. From section 4.5.5, each layer
making up a multiblock CEC 3-D array code is a replicated version of the multiblock CEC
array code discussed in section 3.5.5. Therefore, the CEC 3-D array codes have code
performances for each layer which are equivalent to the CEC array codes discussed in section
3.5.6. The reader is referred to section 3.5.6 for a discussion of the CBER performance of

CEC array codes which are used as layers in CEC 3-D array codes.

118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 5

Block 3—D Unequal Error
Protection Array Codes

This chapter presents an introduction tc block 3—-D UEP array codes. The
construction and characteristics of these codes for use on single bit random errors are
considered. Next, an analysis is performed to provide some insight on the hardware
complexity of the encoders and decoders for UEP codes. The CBER performance of 3—D
EEP and UEP codes is discussed. Finally, an algorithm is presented for converting 3—D EEP

codes into 3—D UEP codes programmatically.

5.1 Terminology

When some information bits are expected to have a greater number of errors than
other information bits, UEP codes may provide a more optimal solution than EEP codes.
Because selected or particular groups of information bits in UEP codes are provided different
levels of protection, this leads to a more complicated expression for the distance parameter

[DUN88, MOR95].
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The separation vector [PIN88] for a linear (n,k) code C over the alphabet GF(q) is
denoted by s(G) = s(G)1, s(G )2, ..., S(G)k and is defined with respect to a generator G of C

by Equation 5.1.
S(G); = min{wi(mG)lm € GF(g),m; = 0},i = 1,2,..k (5.1)

s(G); — 1
2

where wt(mG) is the Hamming weight of GF(q)X. If no more than errors have

occurred in the transmitted code word and decoding is based on a maximum likelihood
algorithm, s(G) provides the correct interpretation of the /! message symbol. For a linear

UEP code (n,k,5(G)), let the protection level [PIN88], /; be defined by
_ | sG)i— 1
= I_—-——z J (65:2)

where j is the information bit position.

5.2 Analysis of 3—D Unequal Error Protection Array Codes

Consider the 3—-D array code shown in Figure 5.1(a). There are several direction sets
(e-g., rows, columns and layers) of parity bit checks. Since the direction sets used are
orthogonal to each other, these direction sets can be used to increase the minimum distance
of the code. By using the direction sets in combination, EEP codes with different (n,k,d)
parameters can be formed. For the codes shown in Table 5.1, neither the check—on—checks

nor the check—on—check—on—checksis used. However, if all of the parity bit checks making

Table 5.1: Direction sets of parity bit checks for corresponding 3—D EEP array codes.

Direction Sets of Parity Bit Checks n k d

Rows 24 18 2

Rows and columns 30 18 3

Rows, columns and layers 45 18 7
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up a direction set or combination of direction sets are not used collectively, UEP codes are

produced [GAR98].

Assume a 3—-D UEP code (n,d,s(G)) shown in Figure 5.1(b) is constructed for an
application that requires information bit positions 1 to 12 be protected at level /1 and
information bit positions 13 to 18 be protected at level /; where [; > ;. For information bit
positions 1 to 12 and 13 to 18, s is 7 and 3, respectively. The parameters of the UEP code

are (38,18,s) where s has the values 3 and 7.

J P13| P14 P15| P P13| P14 P15| P
x Pi7] P20 P21| /P22 P17} P20
Z/ o p1s| P23| Pl Pas P18
P19] P2el /627 P19
/ s| 7| 8]|p 6| 7| 8|p
ks 9 ﬁ 15 | g 9 /11 15| fg
/ 19| 13 17/ Po 19| 13 1§/ P9
P10| P11 /1412 P1o{ P11 /612

I T 1 7/ 31 p1 1 Z 3 | p1| p denotes parity bit
k| 4 /12 16| py 4 /12 16| p»
ny number only denotes
Y| 171 18} p3 Y| 17| 18| P3| information bit
P4 P5| Pe P4 Ps | P6

4————712——>

(a) EEP (45,18,7) code (b) UEP (38,18,5=3,7) code
Figure 5.1: Information bit arrays with parity bit checks for 3—D (a) EEP and (b) UEP
array codes.
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Length of code: n=nmn,— Hn; —7
Information bits: k=(mn;— 1@, —1(n;—1)
Distance vector: s=3,7

(ny — Dy — (3 — 1)
(niny — Dngy — 7

S&

Code rate: r=

Coding overhead: n—k=(mn;+n,—2y;+(n;—n, —n;—6
Number of errors that can be detected:  ¢=1 (fors=3),3 (fors=7)
Number of errors that can be corrected: ¢ =1 (fors =3), 3 (fors=7)
Type of errors that can be corrected: random

The parity check bits are generated along the rows, columns and layers of a
k1 Xk X k3 data array as was done for the 3—D row and column array code discussed in
section 4.2. When more than three errors occur in locations protected using a distance vector
s = 7, or morc than one error occurs in locations protected using a distance vector s = 3, this

code can not provide a corrective action.

A multiblock 3—D UEP array code can be constructed for applications having page
sizes as large as 100 bits. Using a m X m array of 3—D UEP code block components having
size nq X ny X n3 , the multiblock 3—D UEP array code obtained is shown in Figure 5.2. The

parameters of this code are given by the following expressions.
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Figure 5.2: Multiblock 3—-D UEP array code.

Length of code: n =mmynn, — )ny —7

Information bits: x=mms(n;, — 1)(n, — 1)(n3 — 1)

Distance vector: s=3,7

Code rate: r= ;]g- = (7 — Dy ~ D — 1)
(nny, — Nng =7

Coding overhead: n—k =mm,[(n; +n, —2)n; + (n; — )n, — n; — 6]
Number of errors that can be detected: ¢ = {{mjn =1, tmax = myma} fors =3
Number of errors that can be detected: ¢ = {fin =3, fmax = 3mymy} fors=7
Number of errors that can be corrected: ¢ = {cmin = 1, Cmax = mimy} fors =3
Number of errors that can be corrected: ¢ = {Cmin = 3, Cmax = 3mymz} fors =7

Type of errors that can be corrected: random
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This code can provide a corrective action as long as three or fewer errors occur in
locations which are associated with distance vector s = 7. For locations associated with
distance vector s = 3, a corrective action can be performed when a single error occurs.

Otherwise, no corrective action can be taken.

5.2.1 Encoding a 3-D Unequal Error Protection Array Code

Figure 5.3 shows data encoding for a 3—D UEP array code. The row, column and
layer parity bit checks are computed using even parity. The code block stored in memory

consists of the data array and parity bit checks.

Layer 2 Layer checks—*
Layer 1 + Row checkS‘j
v
3-D data array [.Column checks
B on pixel
OFF Pixel

Figure 5.3: Data encoding for a 3—D UEP array code.

5.2.2 Decoding a 3—D Unequal Error Protection Array Code

Data decoding for a 3—D UEP array code is shown in Figure 5.4. After a page of data
has been received at the photodetector array, computation of the row, column and layer
checks occurs. The row, column and layer checks can be used to locate the occurrence of

CIrors.
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Layer 2

v RPBisH —
CPBs_J_H —
LPBia D— CORRECTED_BIT
DBy yn

Error Layer checks —»
(LPBy.3)
Row checks
3-D data array (DB, ) (RPBish)
Read bits
Error ——

B on pixel I:' ]
C

(] oFF Pixel olumn checks (CPBs,; 1)

Figure 5.4: Data decoding for a 3—-D UEP array code.

5.2.3 Encoder for a 3-D Unequal Error Protection Array Code

The encoder for the array code shown in Figure 5.1(b) must compute parity bit
checks across rows, columns and layers. After adjustments are made for not using all of the
parity bit checks in the parity bit check layer, the expressions for the time delay and hardware
demands described in section 4.2.3 can be used here. Specifically, the hardware needed is
H3ae = (k1 — Vkoks + (k1 — 1) + (k2 — Dkiks + (k2 — 1) + (k3 — 1)(n1n — 8) gates. The time
delay is T3ae = T3re = max([logaky 1, [logaks 1, [logoks ]) gate delays and T3, is defined in
section 4.2.3. The time delay expression for the 3—~D unequal error protection array code is
identical to the 3—-D row and column array code (i.e., equal error protection array code)

developed in section 4.2.3 because the number of layers used in these codes are the same.
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5.2.4 Decoder for a 3-D Unequal Error Protection Array Code

The decoder hardware expression discussed in section 4.2.4 need some modification
before they can be applied to the unequal protection array code being discussed. However,
the decoder time delay expressions developed in section 4.2.4 can be used unchanged for the
UEP array code considered here. For example, the hardware required to latch the data is
H3,41 = (nnp — 1)ks + (n1ny — 8) gates. From section 4.2.4, the time delay experienced in

latching the data is T3,4; = T} = 6 gate delays.

The expressions for the hardware needed and the time delay encountered to compute
the row, column and layer syndromes make use of the corresponding expressions developed
in section 4.2.4. The hardware needed is H3ag4s = 2k1kpks+ k1 + ko + (k3 —1)(n1n; —8) gates.
The time delay is T3ad4s = T3rds = max(flogon |, [logzny ], [logansl) gate delays and the

meaning of T3.4s is explained in section 4.2 .4.

The analysis given in section 4.2.4 for error detection an correction applies to Figure
5.1(b). Accounting for hardware needed to detect an uncorrectable error, the hardware
required can be shown to be H3aqc = 2k1koks + 2(k1ky ~ 8) + (ki + k2 — 1)k3 + k1 + kp — 1 gates.
The time delay expressions from section 4.2.4 are repeated here for convenience.
Specifically, if an uncorrectable error has not occurred, T3aqc = T3rdc = 2 gate delays
otherwise T3,4c = T3rdc = max([iogan |, [logans |, [logons]) + 2 gate delays.

Therefore, the total hardware required is H3aq = H3adl + H3ads + H3adc =
[9(nina — 1) + dkiky + ky + ko + nyny — 9k3 + 2(k1 + kp) + 8ning + 2kikp — 81 gates.
If an uncorrectable error has not occurred, the total time delay is
T3ad = Ty + T3ags + T3adc = max([logonyl, [logony], [logonsl) + 8 gate delays

otherwise T3,4 = 2max([logany |, [logons |, [logans 1) + 8 gate delays.
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5.2.5 Encoding and Decoding a Multiblock 3—-D UEP Array Code

The hardware requirements and time delay associated with the multiblock 3—D UEP
array code follows the same analysis given in section 4.2.5 with minor changes. The
expressions given in section 4.2.5 are valid for the multiblock 3—D UEP array code after
replacing the encoding delay T3, with T3,¢, the decoding delay T34 with 73,4, the encoding
hardware needed H3g with H3,g4 the decoding hardware needed H3.q with H3,q. For the
global-AND—gate the time delay T3gar must be replace with T3g4, and the associated

hardware required H3ga, must be replaced with H3ga,.

5.2.6 Code Performance of 3—D UEP and EEP Array Codes

Code simulations were used to study the code performance of the 3—D EEP and UEP
array codes. These simulations assume a Gaussian noise channel introduces random single
bit errors during the intensity detection process. The EEP code shown in Figure 5.1(a) has
parameters (n,kd)=(45,18,7) and supports detection and correction of three errors.
However, the UEP code has parameters (n,&5(G))=(38,18,5=3,7) with s = 3 supporting
detection and correction of 1 error and with s = 7 supporting detection and correction of three
errors. From section 3.2.6, we know the probability, Pcorrect, that no error, e, passes through

the decoder can be expressed in terms of e, n, and RBER given by

{
Peores = (& |RBER*(1 — RBER)"™*. (5.3)

e=0

with ¢ = 3 corresponding to d = 7 for the EEP code, ¢ = 1 corresponding to s =3 for the UEP
code and ¢ = 3 corresponding to s = 7 for the UEP code. According to Equation 3.4, repeated
below for convenience, the probability, Peorect, that all bits are correctly decoded can also

be expressed in terms of CBER and n as

P orrece = (1 — CBER)". 54
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Using Equations 5.3 and 5.4, CBER can be expressed in terms of e, n and RBER. One
equation with ¢ = 3 is obtained for the EEP array code. Two equations, one for £ =1 and
another for ¢ = 3, are obtained for the UEP array code.

The simulated performance of the 3—D EEP (45,18,7) and UEP (38,18,s) array
codes, where s has values of 3 and 7, against random single bit errors is shown in Figure 5.5.
Comparing different codes with the same separation (i.e., distance structure) in Figure 5.5,
shows CBER depends on both the distance structure and rate of the code. The protection
received by certain information bits in the UEP (38,18,5 = 7) code is the same as that received

by the information bits in the EEP (45,18,7) code.

(38,18,5=3)
(45,18,7)
-8 (38,18,5=7)

log(CBER)
N
P2

log(RBER)

Figure 5.5: Performance of 3—D EEP and UEP array codes on single bit random errors.

When cross talk noise occurs, this noise source increases the NSR by a greater amount
at the edges than at the center of the output plane and decreases the storage capacity of the
memory system. The code parameters and CBER performance of EEP and UEP codes offer
different approaciies to providing error detection and correction for this type of noise source.
The 3-D EEP array codes provide the same level of error protection to all the information

bitsin a page. The 3—D UEP codes provide selected groups of information bits with different
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levels of protection in a page. The algorithm presented in the next section shows how EEP
codes can be changed to UEP codes programmatically [GAR99]. The CBER performance

of the codes depends on both the distance structure and rate of the code.

5.3 EEP Code to UEP Code Conversion Algorithm

Suppose the probability density function [GOO85, JAI89] py(«) of the random
variable U = 0 is known. To transform U to random variable V' = 0 with a specified

probability density function py(v), a uniform random variable can be defined as
u

c = qu(y)dy = G(u) (5.5)
0

that also satisfies the expression

v

c = Ipv(z)dz = Gyv) (5.6)
0

Eliminating c in Equations 5.5 and 5.6 leads to the expression [JAI89, CAS96]

v=Gy 1(GL,(u)). 57

When U and V are discrete values with values y; and v; with probability density functions

pu(w;) and py(v;) respectively, Equation 5.7 can be implemented approximately using

equations
k
c= > pylu) (5.8)
i=1
and
k
cs = va(vj). (5.9)
j=1

For the smallest value of j, let & be the value cs such that cs — ¢ = 0; then the input « maps

to a corresponding A = v;.
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The major steps of an algorithm are described which provides a way to change from
the original histogram of parity bit checks for an EEP code to a desired histogram of parity
bit checks for a UEP code programmatically. First, for the direction set of interest, compute
the original histogram (i.e., the relative frequency measure) of parity bit checks. Second,
compute the cumulative distribution function, (CDF) for the original histogram of parity bit
checks. Third, use a specified or desired histogram of parity bit checks. Fourth, compute
the desired cumulative distribution function, CDFgpecified- Fifth, compare the cumulative
distribution values and use the single parity bit check rule for proper assignment of the parity
bit checks.

The algorithm in a more detailed form is given below:

1. yes < 1, no < 0, first < startNum, last <= endNum

2. Initialize arrays parityBitNum][ ], parityBitFreq[ ], specParityBitFreq[ ], ttmpNum[ ]},

tempFreq[ ]
3. IF parityBitFreq[ ] = specParityBitFreq[ | THEN exit algorithm
4. Compute cumulative distribution function (CDF) using Equation 5.8
5. Compute specified cumulative distribution function (CDFspecified) using Equation 5.9
6. FOR i = first to last
7. j<1,stop<no
8.  WHILE stop = no

9. IFcs[j] —c[i] = 0 THEN

10. tempFreq[i] < 1
11. tempNum][i] < parityBitNum[j]
12. Stop < yes

13. ELSE increment j
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14. FOR i = first to last

15. IF tempNum[i] = parityBitNum[i] THEN continue

16. ELSE
17. tempFreq[i] < 0
18. tempNum[i] < parityBitNum][i]

An example is used to illustrate this algorithm. A section of the information bits and

parity bit checks for the array code from Figure 5.1(a) are selected and shown in Figure 5.6.

The desired or specified histogram of parity bit checks shown in Figure 5.7 is a modified

version of the original histogram shown in Figure 5.6. The relative frequency measure is

defined in Equation 5.10

N

—

Relative Frequency

14

20

23

Parity Bit Checks

Figure 5.6: Histogram of parity bit checks for a section of the EEP (45,18,7) array

code.

n.
Pu(”i) =7

where #; is the ith parity bit check and # is the total number of parity bit checks for a direction

(5.10)

set. From the histogram in Figure 5.6, the specific values for py/(i;) are shown in Equation

5.11.

Puuyy) = py(usg) = py(uys) =

131

= 0.3333 (5.11)
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The cumulative distribution function, CDF, is given by

k
¢ = EPU(ui) (5.12)

and from the histogram in Figure 5.6, the specific values for ¢; are shown in Equations 5.13

to 5.15.
c, = 0.3333 (5.13)
¢, = 0.3333 + 0.3333 = 0.6666 (5.14)
c; = 0.6666 + 0.3333 = 0.9999 (5.15)

Assume the desired or specified histogram is as shown in Figure 5.7.

[\S]

—

Relative Frequency

14 20 23
Parity Bit Checks

Figure 5.7: Specified histogram of parity bit checks for desired UEP array code.

The cumulative distribution function, CDFgpecified, IS given by

k
<= ;"’ o) (5.16)

and from the specified histogram in Figure 5.7, the specific values for cs; are shown in

Equations 5.17 to 5.19.
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cs; =05 (5.17)
cs, =05+05=1 (5.18)

cs3=1+0=1 (5.19)

Observe the single parity bit check rule shown in Figure 5.8. This rule states that parity bit
check, p14, is computed from information bit positions 2 and 7, parity bit check, pyg, is
computed from information bit positions 12 and 11 and parity bit check, p23, is computed

from information bit positions 17 and 13.

2 71 p14
12| 11| pa
17| 13§ p2s3

Figure 5.8: Information bit array with parity bit checks for a section of the EEP
(45,18,7) array code.

From Equations 5.13 and 5.17, ¢cs; —¢; = 0, ¢; =0.3333 < 0.5 = ¢s; = h; = p14, Use p14.
From Equations 5.14 and 5.18, cs; —¢x = 0, ¢2 =0.6666 < 1 = csp = hy = pp, use p2o.
From Equations 5.15 and 5.19, cs; ~¢3 = 0, ¢c3 =0.9999 < 1 = csp = hy = pp, use pao.
Using the single parity bit check rule, parity bit check pyg can not be used or assigned to row
3. Therefore the parity bit check, pg, for row 3 is omitted and the desired histogram shown
in Figure 5.7 is obtained.

The algorithm presented shows how EEP codes can be changed to UEP codes
programmatically. Although, the UEP codes can be used in place of EEP codes to provide
different levels of protection to information bits stored in volume optical memories, UEP
codes will most likely be used to provide different levels of error protection in other

applications. For some numerical data applications (e.g., target data may have reliability
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requirements that vary within a block of data), errors in the sign or in the most significant
digits can be more serious than errors in the least significant digits. For some applications
involving multiuser channels or computer networks, messages may require more protection

against different noise levels with different levels of importance.
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Chapter 6
Performance Analysis

In this chapter, a theoretical analysis of several features of a holographic data storage
system is described. Specifically, storage capacity, decode time, transfer rate and data
encoding are the features considered. Storage capacity and transfer rate are features in which
volume holographic storage systems promise to provide significant gains over conventional
(e.g., magnetic and optical disks) storage methods. From this analysis, insight is gained

regarding the interactions of these features.

6.1 Storage Capacity

For a holographic data storage system storing uncoded holograms, the storage

capacity, Ny, in bits can be expressed as
N, = nmM,L (6.1)

where 7 is the length (i.e., the number of bits) of a code block,

m 1s the number of code blocks,
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M, is the number of uncoded holograms which are multiplexed pages per location
and L is the number of locations in which holograms are stored.

When coded pages are stored the storage capacity, N, in bits can be expressed as
N, = kmM_.L (6.2)

where k is the number of information bits in a code block, M. is the number of coded
holograms which are multiplexed pages per location and the other factors have the same

meaning meniioned above.

7

S

4 =
nl kl 2
m,
v
- -—
ny

!

m') bl

Figure 6.1: Multiblock 3-D row and column array code.

For the multiblock 3—D array code shown in Figure 4.3 and duplicated in Figure 6.1,
the pages of data are represented as a mjXmy array of nyXnyXns 3—D code blocks.

Equation 6.1 can be rewritten as
N, = mymynn,n.M,L (6.3)
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and Equation 6.2 can be rewritten as
N, = mym,kk,k-M L. (6.4)

The page size is given by the product mymonn;. For ny = ny =8 and m; = mj = 64, a page
size equal to 5 122 bits is obtained. Similarly, when n; =n; =8 and m; =m; = 128, a page
size equal to 10242 bits is obtained. The simulation shown in Figure 6.2 is obtained using
Equation 6.3 with L = 100 and page sizes of 5122 and 10242 bits. A memory capacity

exceeding 30 Gbits is attainable where 40,000 to 50,000 1Mbit pages are stored.

Lok Page size = 10242

Page size = 5122

6 1 L 1 L 1 Il 2 t 1
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
ML
Figure 6.2: Storage capacity for different page sizes and number of pages.

The memory capacity N, and N given by Equations 6.1 and 6.2 ignore constraints
imposed by the SMR and loss in diffraction efficiency. Important issues regarding error
correcting codes such as code rate, code gain and Hamming distance of the code impact

memory capacity. These constrains and issues are now taken into account.

The loss in diffraction efficiency, #, goes as I/M? where M is the number of
multiplexed pages or holograms [NEI94]. Loss in diffraction efficiency is one factor which
limits the useful storage capacity of a holographic memory. For a given noise floor, cross

talk effects also act to limit memory storage capacity [MOK93]. To establish an upper limit
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on storage capacity assume the cross talk effect can be ignored. However, the value of 7 must
be chosen to meet a desired SNR for a given optical readout power level and required CBER.
Since the SNR associated with interpage cross talk effects decreases as I/M for angular
multiplexed holograms, this is a valid assumption for large M (e.g., M > 200). Error
correcting codes can be used to increase SNR so a required CBER can be obtained. The
improved storage capacity can be obtained by selecting an appropriate code rate to produce

a corresponding coding gain value.

Let the SNR expression for uncoded and coded pages be given respectively by

SNR, = —— (6.5)
Mll
and
SNR, = 1 (6.6)

[
where y depends on physical and optical system quantities which are constant and
independent of the encoding [NEI94]. After dividing Equation 6.4 by Equation 6.3 and

using Equations 6.5 and 6.6, a ratio is obtained given by

N. _ _ /SNR,
N, = r SNR. (6.7)

where r is the code rate (i.e., r =&/n). As mentioned previously, coding gain, g, is a parameter

of an error correcting code used to measure the error correcting capability of a code and can

be defined as

SNR
g = 10log o gp" (6.8)

Using Equations 6.7 and 6.8, a storage capacity coded—to—uncoded-ratio, CUR, containing

coding gain can be derived and is given by

CUR = 2£ = r10%. (6.9)
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Using Equation 6.9, simulations can be performed to determine an optimum code rate for
an error correcting code. A plot of the simulation for code size n = 512 is shown in Figure
6.3. For a given code size, this simulation shows the CUR approaches an optimum code
rate range. The specific component codes and code parameters used to produce a code of

a given size are shown in Tables 6.1.

1.0
0.9-

o
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0.7-

Capacity, CUR
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=

o
7

&b 0.4}
0.3~
0.2-

0’1‘ 1 t L L L o L .
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Code rate, r

Stora

Figure 6.3: Storage capacity CUR versus code rate for n = 512 and CBER <10712.

Table 6.1: Parameters for 3—D row and column array codes with n = 512.

nj code | ny code | n3 code n k d c r
8,8,1 8,7,2 8,7,2 512 392 4 1 0.7656
8,7,2 8,7,2 8,7,2 512 343 8 3 0.6699
8,7,2 8,7,2 8,4,4 512 196 16 7 0.3828
8,7,2 8,44 8,4,4 512 112 32 15 0.2188
8,4,4 8,4,4 8,4,4 512 64 64 31 0.125

6.2 Decoder Time Delay

The decoder time delay is inversely related to the transfer rate of the decoder.

Therefore, to maximize the transfer rate of the decoder, the decoder time delay must be
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minimized. To have a technology independent measure, the time delay is measured in gate
delays. However, if a particular technology is selected, a specific gate delay can be used
or specified. The time delays of decoders developed for multiblock array code range from
12 to 231 gate delays and are shown in Figure 6.4 for ease of comparison. The decoder for
the random single bit error correction code exhibits the lowest time delay. However, it can
only correct one error type. The decoder for the cluster error correcting code has the longest
delay. In addition to correcting cluster errors, this decoder can correct burst and random

single bit error that may occur in place of the cluster errors.

3.0

Decoder for Multiblock CEC Array Code

D
(%31
T

Decoder for Multiblock BEC Array Code

Gate Delays
N
@

1.5F
Decoder for Multiblock RAC Array Code
1_0 il 1 ! !
3.5 4.0 4.5 5.0 5.5 6.0
log(page size)

Figure 6.4: Decoding delay of different decoders for different page sizes.

6.3 Transfer Rate
In general, transfer rate for a VHDS system is design dependent. The design in turn
is based on selected technologies which constrains the architecture and components selected

for use in the decoder. The transfer rate for the read operation is given by

rC
- 6.10
T T decode ( )

where r is the code rate, C is the storage capacity of a page (i.e., page size) and Tgecode i the

decode time for the decoder. Figure 6.5 is a plot of Equation 6.10.
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Figure 6.5: Transfer rate versus decode time.

6.4 Data Encoding Scheme

We know from sections 2.4.2 and 2.4.3 that the threshold detection process is
susceptible to errors caused by noise sources such as optical scatter and detection noise.
Modulation codes offer a way to reduce detection errors caused by spatial intensity variation
[BUR97, VAD99]. These codes impose constraints on the number of on—-pixelsto off-pixels
which can be used in a spatial region to represent a data symbol. For example, balanced
modulation codes require the same number of on—pixels to off—pixels in representing a data
symbol. The adverse effects of intensity variation can be reduced by the modulation code
constraints such that the CBER is reduced. A disadvantage of using a modulation code is
the loss in storage capacity caused by a decrease in code rate. For example, a 6:8 balance
code (i.e., six user bits get encoded as eight balanced bits) has a code rate of 75% (i.e., a

storage capacity loss of 25%).

As shown in Figure 6.6, array codes can provide a data encoding scheme to both

modulate and encode information for storage in a volume holographic storage system. This
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encoding converts each symbol of a character set into a column of 14 binary bits [GAR99].
In each column, only three bits are ON (high intensity). One of the first six bits being ON
specifies four 4—symbol character groups out of six 4—symbol character groups and one of
the next four bits being ON specifies which 4—symbol character group out of four 4-symbol
character groups and one of the last four bits being ON specifies the symbol within the
4—-symbol character group. The total number of characters that can be represented using this
encoding is limited to 96 but it is adequate for representing character sets used in word
processing and database applications. A sparse encoding is produced which provides a high

reconstruction contrast ratio between ON and OFF bits [NEI93].

Manufacturer Model Suggested Retail
ImaroCo PCWS450 2798. 00

Defines group
of 4 4—-symbol
groups symbol
is in.

Defines one of
4 4-symbol i
groups symbol )
is in.

Defines symbol
within 4-sym- 1

N

N/

[~

bol group.
B on pixel L— Parit; Bits ___T
O[] OFF pixel

Figure 6.6: Array code applied to arrays of 7 symbols without column parity bits.

The 24 4—symbol groups are shown in Table 6.2. The selection of which symbols
to include in 4-symbol groups and 4 4—symbol groups is somewhat arbitrary. However, to
minimize the chance of creating horizontal lines across numerical symbol fields (e.g.,
checking and saving accounts numbers) and fields of upper and lower case alphabetical

symbols, the symbol groups can be assigned in an essentially pseudorandom fashion.
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Table 6.2: One arrangement of 4—symbol groups (not using pseudorandom number

strategy) for encoding.

Symbeol Group 1 2 3 4

4 4-Symbol Group 1 T“# |18D&° ] ()*+ »—-/

4 4-Symbol Group 2 0123 | 4567 89:; <=>7?
4 4-Symbol Group 3 @ABC|DEFG | HIJK [LMNO
4 4-Symbol Group 4 PQRS |[TUVW | XYZ[ | \]"_

4 4-Symbol Group 5 ‘abc defg hijk Ilmno
4 4-Symbol Group 6 pqrs | tuvw | zyz{ [}~

Table 6.3: Arrangement of 4—symbol groups (using pseudorandom number strategy)
for encoding.

Symbol Group 1 2 3 4

4 4-Symbol Group 1 <c#s S\u$8 y:dN |R1&Y
4 4-Symbol Group 2 05‘Q | T.”’U | hkaD | 7f*P
4 4—Symbol Group 3 A”En | [Ix$ ~wz9 | |vm)
4 4-Symbol Group 4 » 149 {eOj | C!Mb (74
4 4—Symbol Group 5 ;iVL | +Bg_ | >2KX | 6@/}
4 4-Symbol Group 6 H"tZ | I3%) | pG=r | W=-0F

Using a pseudorandom number strategy the symbol groups shown in Table 6.3 can
be obtained. The corresponding encoding is shown in Figure 6.7. If the ratio of horizontal
and vertical lines containing two or more ON pixels to the number of ON pixels in the region
of interest is used as a figure of merit, the pseudorandom number strategy may provide a
small improvement. In Figure 6.6, out of the 84 ON pixels there are approximately 23 pixel
lines, giving a pixel lines to ON pixels ratio (PLOR) of 27.38%. In Figure 6.7, out of the

82 ON pixels there are approximately 20 pixel lines giving a PLOR of 24.39%.
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Figure 6.7: Array code applied to arrays of 7 symbols (using pseudorandom number
strategy) without column parity bits.
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Chapter 7
Conclusion and Future Work

We conclude this dissertation by briefly discussing goals for future work and

summarizing the analyses and results previously detailed.

As storage intensive applications (e.g., databases, multimedia and network—based
computing) continue to proliferate, greater demand for storage systems with large capacity,
fast transfer rates, short access times and low bit error rate is expected. The volume
holographic storage system is a mass storage system which can be configured to provide the
required attributes of storage capacity (= 1012 bits), transfer rate (109 bits/sec) access time
(< 40 psec), RBER < 10~ and CBER < 10712, These promising attributes have led
researchers and companies to investigate the performance or capabilities of VHDS systems

for storage intensive applications.

7.1 Conclusion

The main goal of the research described in this dissertation has been to evaluate the

potential of error correcting codes that span multiple pages for use in a VHDS system.
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Several key interests motivated this research. First, a VHDS system operates on data in a
2-D format as pages or bit arrays and requires at least 2—D error detection and correction
techniques. Second, the RBER for a typical VHDS system does not meet the industry
standard for binary data storage and leads to a need to use error correcting codes. Third, error
events can span multiple pages thereby generating a need to study EDC techniques to address
these error events. EDC techniques using 3—D EEP and UEP array codes were shown to be

effective on error events spanning multiple pages.

An introduction to some of the system issues regarding a typical VHDS system were
provided. The system interaction during recording and reconstructing holograms were
reviewed. Important system considerations were found to be cross talk, scattering and
detector noise sources. These noise sources interact complicating the intensity detection
process through the introduction of different error types. The specific error types mentioned
were the random single bit, burst and cluster errors. These error types require effective error
correcting codes be used for encoding and decoding data pages to achieve acceptable CBER

performance in a VHDS system.

The attributes of block 2—D array codes for detecting and correcting the error types

were described. The row and column array code used to detect and correct
random single bit errors were shown to be effective in providing a CBER < 10~12 for

a 105 =RBER = 104. Although, the wing array code can correct random single bit errors,
the code proved to be the least flexible of the array codes considered. For example, the wing
code required the use of an odd parity strategy for data encoding and decoding. Additional
codes are required to protect regions not protected by this code. The row and column array
code was adapted to be a burst error detection and correction code. Compared to random
single bit error correcting array codes, the burst error correcting array code required up to

an order of magnitude more hardware and increase in the time delay for data encoding and
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decoding. The cluster error correcting array code was found to be the most complex of the
array codes considered. For an 8 X8 array code capable of correcting a 2 X 2 cluster error,
approximately 1950 gates are required to implement the decoder design considered.
However, the time delay was approximately the same as for the burst error correcting array
code. Using a decoding scheme which limits the number of on-state pixels per symbol, leads

to a more simple decoding process and allows encoding and modulation to be combined.

The discussion of 3—D array codes focussed on the structure and attributes of these
codes. A uniblock 3—Darray code for detecting and correcting random single bit errors were
shown to have a Hamming distance of 8. This distance value allows this code to detect four
errors and correct three errors. For application with page sizes as large as 106 bits, a
multiblock version of the row and column array code was described which used a collection
of uniblock 3—-D array codes arranged in a row and column format. The 3—D wing array code
constructed to have a parity bit check layer was found to have a Hamming distance equal to
five allowing this code to detect and correct two errors. The analysis showed a 3—D wing
array code using two layers and no parity bit check layer was also capable of detecting and
correcting two errors. These observations provided the motivation for using the more simple
3-D wing code structure for analysis. This idea of not using a parity bit check layer was
utilized in developing the structure of the burst and cluster error correcting array codes. By
not using a parity bit check layer, the hardware required and associated time delay are

reduced for the burst and cluster error correcting 3—-D array codes.

The nature and attributes of the UEP 3-D array code allows this code to provide
particular groups of information bits different levels of protection. Since this code is
constructed such that not all of the parity bit checks in the 3—D row and column are used,
this code is a subset of the 3—D row and column array code. The UEP code in effect sacrifices

structural regularity and corresponding error correcting capability to achieve the
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characteristic of unequal error protection. This type of code can be utilized in application
(e.g., numerical data, multiuser channels and computer networks) where data may have
reliability requirements that vary within a block of data or require more protection against
noise levels with different levels of importance. The EEP to UEP conversion algorithm
presented in this work we believe is for the first time. This algorithm contributes to the

flexibility of array codes.

The performance analysis point to several important features of a VHDS system. A
VHDS system offers simultaneously large storage capacity, high transfer rate and fast access
times. The storage capacity of the system is expected to be = 102 bits, a transfer rate =107

bits/sec, and a read access time < 40 psec.

7.2 Future Work

The noise sources and related error mechanism require further study. The design of
lower bit error rate VHDS systems is highly desirable. Therefore, a better understanding of
potential noise sources and characterization of error statistics are required. We know from
section 2.5 that several error types (e.g., random single bit errors, burst errors, and cluster
errors) occur in a VHDS system. Since potential noise sources are implementation
dependent, a database of system implementations, probable noise sources and corresponding

error statistics will be helpful to VHDS system designers.

Data encoding schemes to both modulate and encode data for storage in a VHDS
system are desirable. Discussions of these codes exist in the literature but the performance
of these codes on the various error types needs more study. For example, which modulating

and encoding scheme, provides better code performance on a specific error type?

More efficient decoding will likely involve more sophistication in manipulating the

redundancy of the array code. For the bursterror correcting array code, instead of computing
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the parity bit checks over a diagonal direction set which has a slope, m, of eitherm =1 or
m = —1, a diagonal direction set with a higher slope value (e.g., cither m =2 orm = -2) can
be investigated. Moreover, there seems to be an endless need for more sophisticated

interleaving techniques regarding burst and cluster error correcting array codes.
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