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Abstract

The problem considered is that of recovering digital information stored on a magnetic disc after the disc

has been erased. Even after erasure, the signal that represents the information is present on the disc,

though at a very reduced level. Communication theory techniques are applied to detect the erased signal

in the presence of noise. For this purpose, the signal and noise in the readback channel are characterized.

The signal dependent and nonstationary nature of particulate recording media is investigated. The

average power spectral density description is studied in detail, and its inadequacy in characterizing

media noise is discussed. It is indicated that media noise is completely characterized stochastically by its

autocorrelation function. A time-domain model for the noise is then proposed which makes it possible to

determine the autocorrelation function of the noise, for any general signal written on the disc, from a

simple set of spectrum analyzer measurements. The models for signal and noise are used to design

optimal and suboptimal detection bit detection schemes. The probabilities of bit error that result when

these schemes are employed are calculated numerically for four representative case studies. Conservative

estimates for the probability of detecting digital information from erased magnetic discs are obtained.
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Chapter 1

Introduction

Recovering digital information stored on a magnetic disc after the disc has been subjected to erasure is a

problem of interest in magnetic recording. A specific instance of this problem, which is the motivation

for the work discussed in this thesis, is the quantification of the security of information stored in the

discs, in terms of the probability of retrieving the information after they have been erased. Even after

the erasure, the signal that represents the information stored on the disc is present on the disc, though

at a very reduced level. Noise, which comes from various sources in the recording system, hinders the

accurate retrieval of the stored information, and more so when the disc has been erased. Based on the

statistics of the noise, detection schemes can be designed to recover the stored information. The goal of

this project is to predict the probability of recovering the erased data at various levels of erasure when

these schemes are used for detection. For the specific problem of interest we need to obtain conservative

estimates of ( or upper bounds on ) the probability of information retrieval. We have applied

communication theory techniques to the problem of detecting the erased signal in presence of noise. For

this purpose we consider the readback system as a communication channel over which the information

stored in the disc, is transmitted. The first part of this project concentrates on characterizing the

readback channel to the best possible extent. This characterization involves modeling the signal and

noise in the readback channel. The second part applies these models to estimate the probability of

accurate information retrieval.

1.1. Modeling the Signal

In digital magnetic recording, a m 1 m is represented by a transition in the direction of magnetization on

the disc, and a ~0~ is represented by the absence of such a transition. We consider that an inductive

head is used in the readback channel. Consequently, when a string of bits is stored on the disc, the

readback voltage at the output of the read head is a sequence of positive and negative going pulses

which we shall refer to as the signal. The presence of such a pulse within a clock period indicates a u I u,



and its absence indicates a J0u. The shape of an individual pulse, to a very good approximation, is a

Lorentzian [20]. We shall be using this Lorentzian pulse model in our analysis.

1.2. Noise Models

The sequence of pulses described in the last paragraph is not the only contribution to the readback

voltage. There is also an undesirable noise component. As a broad classification, we can consider that

the noise comes from two sources, the readback electronics and recording medium itself. The noise from

the readback electronics can be very accurately modeled as white noise, and is not difficult to

characterize. The noise from the recording medium, which we shall refer to as media noise, is more

interesting. We shall be concentrating only on particulate recording media in this thesis. The media

noise in this case arises due to the randomness in the locations and orientations of the magnetic particles

that constitute the medium. ~

Previous theoretical and experimental work [18, 1, 16] has shown that the noise from particulate

recording media consists of a signal independent background noise term and a signal dependent

modulation noise term. This signal dependence causes the media noise to be statistically nonstationary.

This nonstationarity nature is what makes the noise in magnetic recording systems different from the

noise in conventional communication channels. One of the ways to partially characterize the noise in the

stochastic sense is through the use of an average power spectral density description. In the past, models,

based on the physics of the recording process, have been developed [12, 18, 1] for the average power

spectrum of the noise when periodic signals are recorded on the disc. The emphasis in these models has

been to evolve an exact formulation for the average power spectrum in terms of the various parameters

associated with the recording system. Very little attempt has been made to characterize the noise for the

purposes of designing bit detection schemes based on the statistics of the noise. Since this is our goal we

have taken a different approach to characterize the noise.

With the assumption that the noise is zero-mean Ganssian, it can be completely characterized by its

two-dimensional autocorrelation function. We have proposed a model for the nonstationary media noise

in terms of two stationary stochastic processes and one deterministic function of time. The deterministic

function of time depends on the signal and it reflects the signal dependent nature of the media noise.

The autocorrelation functions of each of the component stationary stochastic processes are determined

from a set of spectrum analyzer measurements. These are then used to determine the two-dimensional

autocorrelation function of the non-stationary media noise when a general deterministic signal is written

on the medium.
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1.3. Bit Detection

The existing schemes for bit detection, i.e., deciding whether a particular bit in a bit string is a ~1~ or a

N0~, include level detection and peak detection. In level detection, if the readback voltage at the center

of the bit period is greater than a prespecified threshold we decide ~1N is present, and otherwise we

decide a ~0N is present. This scheme is simplistic and results in very high error rates. Peak detection is

an improvement over level detection; in this scheme the readback voltage is first differentiated, and then

the presence or absence of a pulse is established by detecting a zero crossing in the given bit period.

Both these schemes are ad hoc, in the sense that their design does not directly make use of the statistics

of the noise.

The detection schemes that we shall discuss in this thesis are more sophisticated; their design is based on

the stochastic characterization of the noise in terms of its au~ocorrelation function. We formulate the

detection problem as a hypothesis testing problem and evolve a decision strategy for the optimal

detector, i.e., the detector which yields the minimum probability of error. We also analyze the

performance of some subopt~.mal detectors which are easier to implement than the optimal detector. As

one would naturally expect the probability of error increases with the reduction in signal level that is

caused by erasure. We have computed the probability of error for all these detection schemes at various

levels of erasure. For the present problem of estimating the probability of erased signal retrieval, we { if

at all ) must err on the conservative side. Thus, we must consider the optimal bit detection schemes

yielding the highest bit detection probabilities even if it is impractical to implement these schemes.

These can, in turn, be used to predict the probability of correctly retrieving a long sequence of bits.

1.4. Prologue

The organization of this thesis is as follows. Chapter 2 provides an introduction to the readback

channel. A model for the signal pulse is derived in this chapter, and response of the channel to the

magnetization of a single particle in the medium is analyzed. Starting with this single particle response,

a model for the average power spectrum of the noise is developed in Chapter 3. Chapter 4 concerns the

time-domain model for particulate media noise, which allows us to obtain the two-dimensional

autocorrelation function of the media noise from simple spectrum analyzer measurements. The design

and performance evaluation of bit detection schemes which are based on the noise statistics is discussed

in Chapter 5. This chapter contains a major portion of the work done in this thesis. Conclusions and

suggestions for continuing work in this area are presented in Chapt.cr 6.



Chapter 2

The Readback Channel

2.1. Introduction

The use of magnetic recording has become widespread in the last two decades for numerous reasons. A

discussion of these reasons and an excellent introduction to the various aspects of magnetic recording

can be found in [12]. In all types of magnetic recorders, the information to be stored is applied as a

time-varying current in the coil of a gapped-write head; the time-varying fringing magnetic field,

emerging from the gap, magnetizes the magnetic medium which is moving past the head. The magnetic

materials used in magnetic recording have properties similar to those of permanent magnets, such as

high values of remanent magnetization and coercive force. Also the elementary particles that constitute

the medium must be physically small enough and magnetically sufficiently independent of one another

to permit short wavelength recording, and to give a high signal-to-noise ratio ( SNR ). There are two

types of magnetic media which satisfy these requirements; particulate dispersions and thin metallic

films. We shall be concentrating mainly on particulate recording media in this thesis.

In the specific application of interest to us, namely, longitudinal digital magnetic recording, the

magnetic medium is completely saturated parallel or antiparallel to the track direction. The most

popular scheme for storing binary digits on the medium is the NRZI ( non-return-to-zero-interleaved 

code in which a binary N I~ is represented by a transition in the direction of magnetization of the

medium in a prespecified bit period, and a ~0N is represented by the absence of such a transition . Fig.

2-1 shows a typical magnetization waveform that is obtained by using this code. The details of the

writing process, i.e. process of writing transitions on the medium, are not directly relevant to us in the

analysis of the readback channel, and hence not discussed in this report. A reasonably detailed analysis

of the writing process is available elsewhere [20]. It is shown that the written transition can be

approximated by an arctangent function. We shall use this arctangent transition model as the starting

point for our analysis.
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Figure 2-1: Magnetization waveform obtained by employing the NRZI coding scheme

2.2. Frequency Response of a Karlqvist Head

Fig. 2-2 shows the head-medium configuration of a typical digital magnetic recording system in which

an inductive head with gap thickness g, is used for readback. The medium shown is a particulate

recording medium with thickness ~ and width w. A particulate recording medium is a dispersion of

magnetic particles in a binder. Each of these particles can be considered as a tiny bar magnet oriented in

approximately the same direction as the track. The head moves with respect to the medium at a

constant velocity in the X-direction; and hence, in any analysis, we consider two coordinate systems, one

fixed to the medium and the other fLxed to the head. If ( zm, ym, zm ) are the coordinates of say point

in the medium with respect to the medium coordinate system, then the corresponding coordinates,

( zh’ Yh’ z~ ), with respect to the head coordinate system are given by

z~ ~ zm , (2.1)

where z ----- t~; v being the velocity of the head with respect to the medium.

To find the flux that links the read head when a certain magnetization pattern is written on the

medium, we make use of a powerful result which comes from an application of the Reciprocity Theorem
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Figure ~-$: Head-medium Configuration

[20]. Let H(zh,yh,zh) be the fringing field produced by the resd head when it is excited by a current

which results in a deep gap flux of unity. Then, the by Reciprocity Theorem, the flux linking the the

read head due to the magnetization M(Xm,Ym,Zm) of the media is given 1,

oo M(=t~+~t’Yh’Zh) " H(=h’Yh’Zh) d~th dyh dzh ’

where ̄  denotes the dot product operation.

(2.2)

In general, M has all three components Mz, M~ and M~. On the other hand, if we ignore end effects in

the Z-direction, the head field H lies in the JCF-plane, and it does not depend on zh. Hence, we can

expand the dot product in Eq. (2.2) to get

1We shall be using c.g.s, unite in thi~ chapter



~0
w d~6

=

+ My(Xh+X,Yh,Zh) Hy(~h,Yh) }dxh dYh dzh̄

The readbaek voltage2 , V(x) at the output of the read head is given in terms of ~(x) 

where n is the number of turns in the readhead, ~d q is its efficiency.

Recognizing the integration over xh in Eq. (2.3) ~ a convolution, we c~ rewrite it 

(2.3)

+ 4~rfo w fd+~dd

where * denotes convolution.

[ %(x,Yh,Zh) * Hy(--X,yh) ] h dzh,

From the above equation it is evident that the response of the readhead can be considered as the output

of a linear system to which the magnetization, M(zm,Ym,Zm), is an input. Taking the Fourier transform

of ~b(x) with respect to the space variable z, we get

f~w+ 4~

where superscript * denotes complex conjugation, and

¯ Mit(k,Yh,Zh) .~t*(k,Yh) h dzh̄ (2.6)

£

2We shall be writing the readback voltage and flux as a function of either the space variable z or the time variable t, depending
on which is more convenient, keeping in mind that the z and t are related as z ~ yr.
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~x(k’Yh’Zh) = oo Mz(X’Yh’Zh) e-jkz

"MY(k’Yh’Zh) = oo M~(x’Yh’Zh) e-Jkz 
(2.7)

From Eq. (2.4), we can see that the Fourier transform of V(x) is given by

~ (~) = y k., ~(~). (~.~)

Using the Karlqvist approximation [9], the fringing field produced by the head, when the deep gap field

is Hg, has components, ~ and/~y, given by

¯ h + g/2 ~ - g/2
~r Yh Yh

for Yh -> O. (2.9)

We mentioned earlier, when we applied the Reciprocity Theorem, that the field H(xh,Yh) is the fieldproduced by the read head when the deep gap flux is unity ,i.e., when Ha g ~ 1. Hence, by substituting

1/g for Ha in Eq. (2.10), we get

1 Xh + g/2 Xh --

Yh Yh

1 (Zh + g/2)2 + yh2-~
InIH.(~h,~~) = _ __2~-g (~h -- a/2)2 + 2 ’ for Yh >- O. (2.10)

It can be shown [20] that the Fourier transforms ( with respect to xh ) of the field functions in Eq. (2.10)

are given by,

sin(kg/2) e-I~l~h,
~zC~’~h) = (k~/2)

~(k,~h) = isgn(k) ~(~,~) for yh ~ O. (2.11)

I0


