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~ Abstract

Holographic data storage is a promising data storage technology because of its potential for high
data storage density (more than 1 Tbyte/in®), high data rate (more than 1 Gb/s) and short access
time (less than 1us). In contrast to conventional data storage systems, holographic data storage
systems use a parallel two-dimensional or page-like format in recording and retrieval.

In this project, we have investigated different methods of 2D channel identification,
equalization and detection for holographic data storage channel. To evaluate different 2D
equalization and detection methods, we needed the channel model. Therefore, we first developed
a physical channel model based on the physical impairments. We evaluated the performance of
this physical channel model using 60 real recorded and retrieved pages, provided by Inphase
Technologies. The advantage of the physical channel model is that it allows us to control the
impairment amounts and study their impact. We also investigated linear and nonlinear channel
identification methods and compared their performance. We investigated the minimum mean
square error (MMSE) equalizer, the zero forcing equalizer (ZFE), the adaptive decision feedback
equalizer (ADFE) and the adaptive Volterra equalizer (AVE). For detection methods, we
investigated fixed threshold, adaptive threshold, log likelihood ratio (LLR) and iterative detectors.
To evaluate the performance of these equalization and detection techniques real pages as well as
simulated pages (using physical channel model) have been used. The results show that MMSE
equalizer outperforms the other equalizer for low signal to noise ratio (SNR) real data as well as
simulated data. Iterative detector works well for higher SNR simulated page but adaptive

threshold detectors performs better for real data.



Chapter 1

Introduction

In this chapter, first the basic principles and a brief history of holographic data storage system
(HDS) are provided. Then, we describe the main components of HDS. Finally, we explain the

motivation for investigating 2D signal processing for HDS.
1.1 What is holography?

The physical principles of holography involve the recording of the interference pattern,
formed by interfering two coherent wavefronts (loosely called “beams”) of light, and the
subsequent illumination of that recorded pattern by one of the beams to recreate the other beam.

The intersection of two wavefronts creates an interference pattern of bright and dark regions.
The interference pattern is stored as chemical and/or physical changes (e.g., absorption, refractive
index, thickness) in a photosensitive medium. The hologram is the image of the interference
pattern stored within the medium. Light from one wavefront shining on the hologram reconstructs

the data pattern (Fig. 1-1).
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Figurel-1, (a) Recording, (b) Hologram, (c) Reading
In the specific case of holographic data storage, one wavefront is a signal wavefront

containing a two dimensional pattern (or page) of 1s and Os representing digital data. The other



wavefront is a reference used to form the interference pattern and construct the signal wavefront.

Both amplitude and phase information are stored and retrieved in HDS.
1.2 Brief history of holographic data storage system [1]

Tn 1891 Lippman demonstrated the first method of color photography by interfering a beam
of light with its own reflection. The process was termed “interference heliography”. While some
amazing color photographs were made on black and white films, very little was done with this
process until 1960s, when it was applied to white light holography using counter-propagating
laser beams. Data storage based on Lippman process was explored briefly at IBM.

In 1948 Dennis Gabor made the insightful observation that the phase information in a wave-
front could be recorded by interfering it with a coherent background. He showed that the original
wavefront could be reproduced exactly by illuminating the recording with only the coherent
backgfound. The process was termed “holography”.

It was not until the early 1960s with the invention of the laser that the technology became
practical for storing and retrieving images. The concepts of holographic data storage (HDS) were
established by Van Heerden . In his seminar paper in 1963 on the theory of optical information
storage in solid materials, Van Heerden postulated that the recording of interference pattern in a
three-dimensional medium could be used as a means of storing and retrieving information. The
arrival of the laser provided the necessary coherent source. Although Van Heerden discussed the
multiplexing of numerous holograms in a common volume by changing either the angle of the
reference beam or the wavelength of both beams, it was not until 1973 that angular multiplexing
was actually applied to the storage of information.

Although data storage using volume holography was proposed in 1970’s, it has failed to
become a commercial product mainly because of lack of suitable recording materials. Recently
with significant improvement in supporting devices, optical systems and media materials and also

using advanced signal processing, commercial HDS systems appear to be on the horizon.



1.3 Main components of HDS

The most. important components in a HDS system are the spatial light modulator (SLM),

optical lenses, the medium and the detector. The schematic of a HDS system is shown in Figl-2.

Fourier Detector

Lens
\«

Spatial Light
Modulator

Reference
beam

Figurel-2, Main component of HDS

Light from single laser beam is split into two beams, the signal beam (which carries the data)
and the reference beam. During recording, a page of digital data (1’s and O’s) is represented by
the SLM as a pattern of bright and dark pixels. The exact number of data bits.is determined by the
pixel count of the SLM. Common size of SLM is 1024X1024 pixels. The signal beam passes
through the SLM and becomes modulated in two dimensions by the pattern on the SLM. The
SLM wave-front travels trough optical lenses and the interference of reference beam and the
Fourier transform of the signal beam is stored in the medium. In order to read the data, the
corresponding reference beam reconstructs the stored information. This wave-front passes
through optical lenses so reconstructed information is back in spatial domain, and then is
projected onto a detector array that reads the intensity of this wave-front.

The Fourier transform hologram is a useful configuration for holographic storage. In this
arrangement the most useful components of the frequency spectrum can be formed into a

relatively compact signal beam. This increases the information density and allows more effective



use of the recording material. Another benefit is that Fourier transform holograms are less
sensitive to misalignment and to imperfections in the SLM.

By using multiplexing, several data pages can be stored in the same volume of medium.
Holograms read out by applying a reference beam identical to that used during recording. Most
important multiplexing method are angular multiplexing where the angle of reference beam
changes, wavelength multiplexing where the wavelength of reference beam changes and phase
multiplexing where the of reference beam changes phase. With multiplexing methods, storing of

1000 data pages in the same volume of medium is possible.
1.4 Motivation for 2D signal processing for HDS

Due to the rapid growth of internet and digital communications, the need for storing huge
amounts of data with fast access capabilities has increased dramatically. Conventional (i.e.,
magnetic and optical) data storage technologies are expected to reach their physical and
engineering limits in the near future, and as a result investigating new, more unconventional data
storage systems is necessary. Holographic data storage is a promising data storage technology
because of its potential for high data storage density, high data rate and short access time. In
contrast to conventional data storage systems, holographic data storage systems use a parallel
two-dimensional or page-like format in recording and retrieval, leading to high data rates and
short access times. The ability to multiplex several data pages into a given volume of the medium
leads to potentially high volumetric storage densities.

Similar to conventional data storage systems, holographic data storage systems suffer from
inter-symbol interference (ISI) and noise. Consequently advanced signal processing techniques
need to be used to recover reliable data. Because of the two-dimensional (2D) nature of
holographic data storage, 2D signal processing techniques have to be considered. 2D signal

processing techniques are not limited to page-oriented data storage systems. With the increase in



track density of conventional data storage systems (e.g., hard disk drives), the interference from
adjacent tracks will increase leading to 2D ISI.

2D signal processing has an important role to recover reliable data for HDS. Utilizing
advanced 2D signal processing techniques along with suitable supporting devices, optical systems

and media materials are necessary to have a commercial HDS in near future.
1.5 Organization of this report

This report consists of six chapters. In first chapter, holographic data storage is introduced.
The basic principles and brief history of HDS is described also. Chapter 2 consists of the
explanation of the physical channel model. Chapter 3 covers channel identification. Linear
minimum mean square error (LMMSE) estimation and nonlinear look-up-table are explained in
this chapter followed by the comparison of these methods. In Chapter 4, the minimum mean
square error (MMSE) equalizer, the zero forcing equalizer (ZFE), the adaptive decision feedback
equalizer (ADFE) and the adaptive Volterra equalizer (AVE) are discussed. Their performances
based on bit error rate (BER) are compared using real data and simulated data. Issues such as
practicality and complexity are also considered in this chapter. Chapter 5 discusses the detection
methods. Fixed threshold, adaptive threshold, log likelihood ratio (LLR) and iterative detection
methods are analyzed. The BER results of these methods for raw input data are shown. The

summary of this project is described in chapter 6.



Chapter 2

Physical Channel Model

In this chapter we describe a holographic data storage (HDS) physical channel model. This
model is based on physical channel impairments and gives us a tunable simulator. Tunable
simulator is important in investigating signal processing options. We discuss the channel
impairments that we have considered in the channel model. Physical channel model is developed
using MATLAB. A binary data page and channel parameters are the inputs and the detector
(camera) output intensity page is the output of this simulator. All the parameters are tunable with

the default values given by Inphase Technologies. The evaluation of this simulator is given in the

next chapter.

2.1 Channel impairments and physical channel model

The channel impairments for main components (light source, SLM, storage medium and
detector) of HDS are listed as following.
» Light source: Non-flat input illumination
= SLM: Finite contrast ratio, Non-full fill factor, Non-uniformity, Electronic noise and
Phase mask
» Storage medium: Frequency plane aperture and Optical noise
» Detector (Camera): Dark noise, Electronic noise, Non-full fill factor and Quantization
We model the impairments based on their physical functions and related mathematical
equations. The details of these impairments and their models in the simulator are explained in this
part. For physical channel model, a MATLAB-based simulator has been designed and
implemented. This simulator starts with a page of binary (i.e., ones and zeros) data, applies all the

above channel impairment and determines the camera output intensity. All the parameters are



tunable. We have defined the default values for each of these parameters based on the information

given by Inphase Technologies.
2.2 Light source

The input illumination is not flat. The coherent light source has a Gaussian wave-front. By
using the central portion of the Gaussian, one can achieve a flatter illumination, but at the expense
of light loss. Thus, there is a tradeoff between the light loss and input wave-front flatness. This
non-flatness impairment is modeled as a two-dimensional centered Gaussian wave front. The
width of this Gaussian wave front is determined based on the decrease of the intensity of the input
illumination from the center to the corners of the SLM (Fig. 2-1). In the default model, 10%

decrease in intensity, from the center to the corners is assumed.
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Figure 2-1, Gaussian light wave front; Light amplitude as a
function of position; N=number of columns in the data page

2.3 Spatial Light Modulator (SLM)

Following SLM impairments are included in the channel model.
2.3.1 Ainplitude contrast ratio (ACR)

The input of SLM is a page of binary data, but in a real SLM, pixels cannot achieve zero
intensity. Instead, the zero bits will have a non-zero amplitude leading to a finite Amplitude
Contrast Ratio (ACR) €. ACR is defined as the ratio of the average amplitude of ‘one’ bits to the
average amplitude of ‘zero’ bits. Thus, in the computer model, all the zeros in SLM plane are

replaced by 1/¢ (Fig. 2-2). € = 10 is the default choice.
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Figure 2-2. Amplitude Contrast ratio

2.3.2 Non-uniformity

The SLM non-uniformity is a measure of the amount of variation in pixel intensities across the
SLM. In this simulator, non-uniformity is modeled by a random number, drawn from a uniform
distribution. The non-uniformity percentage is an input parameter of the model and controls the
range of the uniform distribution. Non-uniformity is a tunable parameter and we use the default
value of 1%.
2.3.3Electronic noise

Electronic noise is another source of impairment in the SLM. The SLM electronic noise is
modeled as additive white Gaussian noise (AWGN). The mean and variance of AWGN are
tunable and this noise is added to the zero-noise SLM values.
2.3.4 Phase mask

The transmittance function of a two dimensional SL.M can be described as follows.

flxy)= NZ/Z Af f(m,n)Rect(x;ZA)Rect(y_nA) 2-D

n=—NI2 m=—MI2 oA

Where M is the number of columns in the data page, N is the number of rows in the data page,

A is the pixel pitch in the SLM and «is the SLM linear fill-factor. The 2D array f(m,n) contains

the binary data page except that 0 is replaced by (1/¢).



When the transmittance function f{x,y) of the SLM is illuminated by a plane wave-front, the
field in the back focal plane of the lens is the 2D Fourier transform of this function [1]. This
Fourier transform has a large dc peak in the recording plane because the input data has zeros and
ones and thus has a nonzero DC value. This large DC peak makes the dynamic range in the
frequency plane very large leading to potential saturation nonlinearities in the recording medium.
One way for making intensity more uniform in the frequency plane is to use a phase mask in the
SLM plane. In this method, a mask with randomly varying phase elements is used to multiply the

SLM pixel values. The transmittance function, in the presence of a phase mask, is given as

follows.
NIZ M2 4 —mA y—nA
X, y)= m,n)e’? " Rect x-m )Rect( )
fx3) n=—ZN/2m=—ZM:/2f( ) ( oA oA 2-2)

~w<P(m,n)<m

where @(m.n) is the phase element at the (m,n) pixel in the SLM page. Multiplication by a phase
mask results in the convolution of the original spectrum by the Fourier transform (FT) of the
phase mask. Convolution tends to broaden the peaks, making the dynamic range smaller and thus
more acceptable. The phase steps can have values of 2r/M where M is an integer. Phase mask
steps are drawn from a uniform random distribution with M levels in this simulator. The number
of phase levels or steps is tunable.
2.3.5 Fill factor

The active portion of an SLM pixel is typically smaller than the entire pixel. The ratio of the
active area to total pixel area is called fill factor. In the presence of non-full fill factors, we can

rewrite the transmittance function of the SLM as follows.

f(x,y)=( MZ/Z NZ/Z f(m,n)(s(x—mA,y—nA))*(Rect[Ex&jRect[gy&j) @3

m=-M12 n=-N/2



where * denotes 2D convolution, ¢ is the linear fill factor and &.) is a delta function. The field in
the back focal plane of the lens is the Fourier transform (FT) of the transmittance function (in
equation 2-3) and is given as follows.

F(u,v)= (FT{f(m,n)}* ZZ J(u —%,v ——i—)}sinc(uaA)sinc(vaA)
ko1

(2-4)

where Sinc(x) = Sin(7x)/(7zx) and where u and v denote the spatial frequencies corresponding to x
and y. In the frequency domain, as we can see from equation 2-4, fill factor «is a factor in the
sinc function envelope. We simulate the SLM fill factor effect in the frequency domain. The SLM

fill factor parameter () is tunable and its default value is 0.95.
2.4 Storage media

Storage media impairments are as follows.
2.4.1 Frequency Plane Aperture

An aperture is used in frequency plane and acts as a spatial low-pass filter. By using an
aperture in the recording plane, we reduce the amount of media used for storage of that hologram
and thus increase the storage density. However, smaller apertures result in more inter-symbol

interference (ISI).
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Figure 2-3, Frequency Plane Aperture
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