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INVESTIGATION INTO SUBMICRON TRACK
POSITIONING AND FOLLOWING
TECHNOLOGY FOR COMPUTER MAGNETIC DISKS

by Baolin Tan
Abstract

In the recent past some magnetic heads with submicron trackwidth have been
developed in order to increase track density of computer magnetic disks, however a
servo control system for a submicron trackwidth head has not been investigated. The
main objectives of this work are to investigate and develop a new servo pattern
recording model, a new position sensor, actuator, servo controller used for submicron
track positioning and following on a computer hard disk with uitrahigh track density, to
increase its capacity.

In this position sensor study, new modes of reading and writing servo
information for longitudinal and perpendicular magnetic recording have been
developed. The read/write processes in the model have been studied including the
recording trackwidth, the bit length, the length and shape of the transition, the
relationship between the length of the MR head and the recording wavelength, and
the S/N of readout. it has also been investigated that the servo patterns are
magnetized along the radial direction by a transverse writing head that is aligned at
right angles with the normal data head and the servo signals are reproduced by a
transverse MR head with its stripe and pole gap tangential to the circumferential
direction. It has been studied how the servo signal amplitude and linearity are affected
by the length of the MR sensor and the distance between the shields of the head.
Such things as the spacing and length of the servo-pattern elements have been
optimised so as to achieve minimum jitter and maximum utilisation of the surface of
the disk. The factors (i.e. the skew angle of the head) affecting the S/N of the position
sensor have been analysed and demonstrated. As a further development, a buried
servo method has been studied which uses a servo layer underneath the data layer,
so that a continuous servo signal is obtained.

A new piezo-electric bimorph actuator has been demonstrated. This can be
used as a fine actuator in hard disk recording. The linearity and delay of its response
are improved by designing a circuit and selecting a dimension of the bimorph element.
A dual-stage actuator has been developed. A novel integrated fine actuator using a
piezo-electric bimorph has also been designed. A new type of construction for a
magnetic head and actuator has been studied.

A servo controller for a dual-stage actuator has been developed. The wholly
digital contraller for positioning and following has been designed and its performances
have been simulated by the MALTAB computer program.

A submicron servo track writer and a laser system measuring dynamic micro-
movement of a magnetic head have been specially developed for this project.

Finally, frack positioning and following on 0.7 pm tracks with a 7% trackwidth

-—rms-runout-has-been-demonstrated-using-the-new-servo-method-when -the  disk-was

rotating at low speed. This is one of the best resuits in this field in the world.
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Chapter One
Background to the Investigation

1.1 Introduction

Magnetic recording technology is developing ~very fast towards higher
information storage density, larger capacity, faster access, smaller volume and lower
costs. For 30 years, up to 1990, the areal storage density of hard disk drives has
increased about an order of magnitude per decade. Since 1992, the pace of this increase
has picked up and currently is about 60% per year. Recently IBM has successfully
demonstrated magnetic recording at an areal density of 3.1 Gb/in® with 1.5 um
trackpitch [Tsang et al., 1996]. The areal density in 2000 and 2005 may go up to 10
Gb/in® (bits per inch (BPI) = 400 k bits, tracks per inch (TPT) = 25 k tracks) and 100
Gb/in® (BP1 = 1250 k bits, TPI = 80 k tracks) respectively [Wood, 1894]. Furthermore,
Chou has made a disk with a recording bit size of S0 x 50 nm (TP1 = 500 k) [Chou &
Krauss, 1996]. In the Centre for Research in Information Storage Technology,
University of Plymouth, hard disks with 10 Gb/in® are being researched by Mapps et al.
[Mapps, 1995]. A bit density has been achieved of about 150,000 BPI in the production
of hard disks, but the track density is lower about 15,000 TPI. So large increases in track
density are anticipated in the 21 st century [Ottesen, 1994].

The increase in track density is limited by the track width of read and write heads
and the accuracy with which the heads can be positioned. In the recent past, a number of
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very narrow-track heads, e.g a trackwidth of 1.2 ym, 1 um, 0.4 um have been
developed [Takano et al., 1991] [Tsang et al., 1996] [Nakamura et al., 1994].
However, the study of a head position servo control system corresponding to the above
heads is very late. The servo control system for a submicron track-width head has never
been investigated.

In studying the head positioning and following on micron-sized tracks, Akagi
used a laser-diode optical system fixed to the side of a magnetic head to obtain a servo
signal on 1.5 um of trackwidth on rigid disks [Akagi et al., 1991]. Mori developed a
dual-stage actuator used to seek and follow on 1.5 pm magnetic tracks [Mori et al.,
1991]. Watanabe achieved 5.2 pum track-seeking and following based on discrete track
media using a servo signal reproduced by the data head [Watanabe et al., 1993]. More
recently, Zhang reported a new method using etched patterns on hard disks to obtain
head positioning of 4000 TPl [Zhang et al, 1994]) Fan described a rotary
microactuator for fine positioning of recording heads with a stroke of + 2.54 ym [Fan et
al., 1994].

This project was proposed to meet the technical challenge of increasing track
density. The aim of this work i1s to: (a) demonstrate a servo (positioning) measuring
system, actuator and controller for ultra-high recording density (10 Gb/in®) computer
magnetic disks, and (b) to investigate the design and development of a dual-stage
actuator and controller, with particular emphasis on the position measuring system.
Following the introduction, the fundamental theories of magnetic recording and the
principle of the computer hard disk drive are discussed. A systematic review is presented
of an assortment of various servo control systems including the position measuring

system, actuator and controller.



Chapter Two describes a new servo pattern recording/reading model suited for
submicron servo track positioning and following. A systematic discussion of the model is
presented in more detail and related to the main recording and reproducing performance
parameters.

Chapter Three describes the development of the main experiments and
equipment including the submicron servo track writer and real-time measuring system for
submicron movement. Some experimental techniques for observation of the magnetic
servo pattern, signal measuring and analysis (using MATLAB) are also given. The
experimental procedure and some results are also descrbed.

Chapter Four presents detailed results and discussion of the main investigation
into the position measuring system. It contains four major parts as follows:

N Performance of the new position sensor on longitudinal ngid disks. The major
issues investigated included sensitivity, linearity and S/N ratio of the sensor and also the
effect of servo Magnetoresistive head gap and length. 3 Study of a new position sensor
for perpendicular rigid disks. ‘R Study of a novel 'buried' servo with separate servo layer,
including the effect of the gap and length of MR head, thickness and magnetic coercivity
of the data and servo layers as well as thickness of the insulating layer, and servo and
data frequency. ¢ Discussion of the design and result of the position measuring system.

Chapter Five presents detailed results and discussion of the investigation of a
new dual-stage actuator. The mathematical mode! of the actuator is developed. its main
performance is measured and studied. A new 'bimorph' actuator is also discussed.

Chapter Six describes the design of the controller including simulation results.
The initial hardware and algorithm employed in this design are given in more detail.

Chapter Seven presents the author’s conclusions, together with a

recommendation for further research.



1.2 Background to the Investigation

1. 2.1 Magnetic recording principles

1.2.1.1 Fundamentals of magnetic recording

The fundamental principles of operation of most magnetic recording products are
similar in all cases including recorded servo information, which 1s depicted in Figure 1.1.
As the writing current encoded by the information to be stored passes through the coil of
the inductive head, it produces a magnetic field. If the field around the gap produced by
the head is sufficient to overcome the coercive force of the media, the media will be
magnetized by the head field, and a “recorded” magnetization in the media is formed.

Thus a representation of the current waveform applied to the head (information) is stored

in the media.
W Read Read
> tte eq »
| Channel | Channel | Data
Write
Data o
inSpiy ;L? ﬁ%\
| i
5 Mk
j —» a4 —» <— —»> ‘ ( Magnetic Medla
Substrate
v
— Motion
Record Storage Readout

Figure 1.1 Diagram illustrating the fundamental magnetic recording configuration

Readout of previously-recorded information is accomplished by using the head to

sense change of the magnetic stray fields produced by the recorded patterns in the media
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when the recorded media is passed over the head. If the media is moved with respect to
the head, the flux passing through the coil around the head will change in a manner
which is representative of the recorded magnetization pattern in the media. By Faraday’s
Law of Induction, a voltage representative of the recorded information is thus induced in
the coil and is proportional to the rate of change of this flux [Bertram & Mapps et al.,

1994).

1.2.1.2 Theory of the magnetic recording process

In the writing (recording) process, the fringing field produced by the recording
head magnetizes the media as the media is moved past the head. Karlquist presented the
most commonly used analytical solution for the field in front of the write-gap of a ring
head. As indicated by the co-ordinates in Figure 1.2, the longitudinal.ﬁeld component H,

and the perpendicular field component H, of the head could be described by

& &
H =——|tan™ ~tan™' (1-1)
t2mg y
(x+g)2+ 2
NI 2) )
H, = zﬂgm ; (1-2)
6y

where N is the number of turns on the head and the contours of equal longitudinal field
are described approximately by circles passing through the gap corners as shown in
Figure 1.2, except at points of very near the gap corners.

In digital or saturation recording, some portion of the media see fields less than

those required for saturation, because of the gradient. This is illustrated in Figure 1.2

where the contours for three different longitudinal fields are drawn. In the Figure 1.2 H,,
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is the remanence coercivity of the media, H, and H, are fields which would generate
negative and positive remanent magnetization M, and M., respectively. H; and H, are
dependent on the head field gradient. Note that smaller head-to-media spacing and
thinner media both lead to narrower transitions being recorded, because the head field
gradient is the sharpest near the pole tips of the head. Another factor, the demagnetizing
field of the media itself produces transition region. However, those transition regions are

expected as short as possible, in order to achieve higher recording bit density

g
Head Pole a0 Head Pole
« A
X 77 W v d
| magnetic Media ¥
Ho o
Substrate H,
Y
v

Figure 1.2 Diagram illustrating the constant longitudinal field contours
in the gap region of a recording head [Bertram & Mapps et al., 1994]

A major target in designing the write process in digital magnetic recording is to
write data on the media as closely as possible. The ideal situation for this is that the two
discrete magnetization states in the media exhibit a step-like reversal upon switching the
direction of writing current. In reality, however, such a reversal is strongly affected by
the head field gradient, properties of the media, and for longitudinal recording in

particular, by the self-demagnetizing nature in the recording transition. Such a transition
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region_ eventually limits the ultimate recording density [Bertram & Mapps et al,
1994].

Taking into account the head field gradients, the non-linear M-H loop
characteristics of the media and the demagnetising field, Williams and Comstock
[Willams & Comstock, 1972] developed a model for the recording process as

following.

(1) Longitudinal transition
A convenient approximation to the variation of recording media magnetisation
along the x-direction (M,) through a magnetisation reversal (recorded transition) in

longitudinal recording media is [Williams & Comstock, 1972])

2 A x l
M, =—M tan '| — (1-3)
oo a

where, a is the transition parameter, by which the transition length is defined as L. = 7.
Figure 1.3 illustrates the arctangent transition model for longitudinal recording

media.

v

Figure 1.3 The arctangent transition model for longitudinal recording media.



The demagnetizing field for an arctangent transition can be calculated from the

divergence of magnetization [Bertram & Mapps, et al., 1994].

K
2M aty :
H,=—"|t@n" 2 —tan"(g) (1-4)

T X X

where J1s the thickness of the magnetic medium.

The maximum value of demagnetizing field H4mq Occurs at x = a [Bertram & Mapps et

al., 1994], this leads to
H, =+— (1-5)

From equation {1-5) it can be seen the maximum demagnetizing field in the
longitudinal transition increases as the recording density increases. Accordingly the
maximum demagnetizing field can not exceed the /. of media and can only be equal to

the H.. For thin films, from eq. (1-5), we have:

M
a .. =
e 2n,

(1-6)

It can be seen from equation (1-6) that a small value of transition length requires
a high value of H. and a thin media.
(2) Perpendicular transition

In perpendicular recording the media has a preferred orientation, or easy axis, in
a direction normal to its plane [Iwasaki & Nakamura, 1977]. Thus the head field 1s
magnetising the media in an upward direction against a background of downward
magnetization. In perpendicular recording, bits of information are arranged as anti-
parallel magnets (to each other) for every half-wavelength of signal.

One of the fundamental differences between perpendicular recording and

longitudinal recording is the distribution of the demagnetizing field in the recording
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transition on media. Figure 1.4 shows the demagnetizing field distribution for a
longitudinal step-like transition and perpendicular step-like transition [Susuki &
Iwasaki, 1982].

The expressions of the transition width written by a ring head or a single-pole on

the perpendicular media are respectively [Mee, 1989]

o :_2 [d+£j_é (]_7)
0.3x 2 2
_ —4—[61 é] é 1-8
or a‘vpﬂ‘\/—iﬂ' +2 _2 (' )

where d is the space between the head and the media, and & is the thickness of the media.
oy 15 the transition width using the ring head to write and a, is the transttion width

using the single-pole head to write.

Middleton and Wright have used the Williams-Comstock model to concluded accurately that a
very narrow transition length could be realised in perpendicular recording [Middleton & \Wright, 1982].
It should been noted that it is possible to realise a step-like transition (zero transition length) .in
perpendicular recording as d is reduced to zero, if only considering the transition demagnetization when
d is reduced 1o zero. Therefore it is possible that the ultimate recording density for perpendicular

recording would no longer be transition demagnetization limited [Mapps et al., 1993].

1.2.1.3 Theory of the readback process

The readback or reproducing process in magnetic recording relatés to a head-
media interaction which produces the readback voltage. As opposed to the recording
process, the readback process can usually be modelled as a linear process. This is mainly
because the flux density levels are so low in the reading head. The corresponding output

voltages have been derived by other researchers such as Westmijze, Mee and Sebertyen.



The most common way to model the readback process is to use the principle of
reciprocity which states that the flux produced by the following equation:
= [[[ M () H (ryd’r
(1-92)
where M(r) 1s the magnetization distribution function in the medium, H(r) 1s the head
field function. For a magnetic recording head which produces the longitudinal field H, (x,
y), a recording media with magnetization M(x, y) and moving velocity (v) between the

head and the media, the reproducing voltage and waveform can be calculated by Eq. (1-

Ob) as follows:

= —N— =—u,Wv J'dﬂ r J’W” M (x XY —2— =2 f (x, y)dxdydz (1-9b)

W2

where W is the trackwidth of the head, 1, 1s the magnetic permeability of free space. Nis

the number of turns of coil of the head, and x is the movement in the track direction.
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Figure 1.4 {a)The demagnetising field distribution for a longitudinal

step-like transition. (b) and perpendicular step-like transition.



This expression shows that the readback voltage of the head is dependent upon
the magnitude of the magnetization in the recording media being sensed, the relative

head-media velocity, the track width and the number of the coil turns.

1.2.2 Data storage on rigid disks

A hard disk drive (HDD) is one of the most important peripheral storage devices
to date. It consists of a write/read magnetic head, a disk with a thin magnetic coating, a
head positioning and following (servo control) system, a data signal processing system
and rotating disk system as shown in Figure 1.5 The write/read head records and
reproduces data and servo information in circumferential tracks on the disk surface that
rotates at a high speed. The data channel processes the analogue read signal and digital
write current pulses. The high speed, accurate servo control system moves the head
across the disk surface so that it can position and follow over the desired track.

The main components of the HDD, such as the magnetic head, the media, the

data channel and the servo system, will be given in more detail as follows:

Magnetfic head

- = .-,j
/ ;%_ Actuctor

Disk Spindle
motor

\ J
Servo
cnannel |  Cenfo
Digltal
data

Figure 1.5 Schematic diagram showing the primary components of a rigid disk.
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1.2.2.1 Magnetic head

Basic constructions of all ring heads are shown in Figure 1.6 (a). Early head
cores were made of laminated mu-metal with the gap formed by a copper shim. Later,
recording heads consisted of toroids of magnetically soft ferrite, such as NiZn-ferrite and
MnZn-ferrite, with a few turns of wire for HDD around them [Warner, 1974]. For high
denstty recording applications, however, ferrite can no longer be used, because when the
deep gap field in the head approaches one-half the saturation magnetization of ferrite
saturation of the pole tips of a ferrite head begins to occur [Jeffers, 1986].

This limitation has been overcome with the invention of metal-in-gap (MIG). The
basic idea is simple by putting a magnetic metallic alloy with a much higher saturation
flux density than the ferrite on the gap faces, the onset saturation in the gap corners will
not occur until higher values of write current or clieep-gap field. The use of MIG
technology has extended the use of the ferrite heads.

The first operating thin-film head was built in 1970 [Romankiw et al., 1970],
thin-film heads also utilise high-magnetization materials but they are made by means of
photolithographic processes like those used to build semi-conductor devices. This gives
them two significant advantages: they are inexpensive and easy to miniaturise.

In the continuing trend to narrower recorded track, it is necessary to find read
element with great output. Magnetoresisitive (MR) sensors have been used as read head
parts 1970s [Hunt, 1971]. In a MR head, the interception of magnetic flux leads to a
modulation of the MR resistance through the magnetoresistive effect. This resistance
modulation is in turn converted into a voltage signal by passing a sense current through
the MR 1t has two great ad'vantages: the MR read head produces great output and

output is independent of the head-media velocity. 1t has also two disadvantages:
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embarrassingly sensitive to temperature changes [Mallinson, 1993}, more susceptible to
media noise than thin-film inductive head [Darragh, 1994].

Recently thin-film manufacturing techniques have been used to make dual heads,
combining an inductive write head and an magnetoresistive (MR) read head in one
structure [Tsang et al., 1990'] [Tsang et al., 1996] [Takano et al., 1991]. Because
the read and write parts are distinct, each can be individually optimised for its function.
For large readback sensitivity, for example, an MR film with a high magneoresistive
coefficient is desirable. For the inductive write head, the choice of material and the
fabrication method are basically the same as for a thin-film inductive head used for both
reading and writing. For good performance at high density, however, the write-only head
can be designed accurately such as with controlled pole-tip geometries, small throat

heights, and narrow gaps.

(1) The Theory of Inductive Head

To date, almost all heads for hard disk drives (HDD), such as early ferrite heads
and metal-in-gap heads, as well as the late thin film heads, have the same or similar
structures. They are all ring structures with a small gap as shown in Figure 1.6 (a).

(a) Equivalent circuit of a head

Figure 1.6 (b) shows its equivalent magnetic circuit of a write head and
Figurel.6(c) shows the equivalent circuit of a read head. Although the two equivalent
circuits are different, the head efficiency for reading and writing [Mallinson, 1993] is

R
n= £ 1-10
7 R+R, (1-10)

where R, and R. are two reluctances which appear for the gap and the core.
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(a) (b) (c)

Figure 1.6 Showing a gapped ring head (a) its equivalent magnetic circuit of a

write head (b) and its equivalent electric circuit of a read head (c).

For the analysis of a magnetic recording system, it is necessary to know the deep-
gap field [Mallinson, 1993].

Hy =2 (1-11)
. |

where, Hj is the deep-gap field in A/m and N is the number of turns, and [/ is the
magnitude of current in amperes. N/ is the magnetomotive force in amperes and g is the
gap length.in m.

(b) Fringing Field Shape

In Figure 1.7 [Mallinson, 1993] the H field is drawn in the region around the
gap of a ring head. In Figurel 7, line (1) 1s the closest to the head, line (2) 1s at a distance
y =0.28g above the top of the head.

Figure 1.8 [Mallinson, 1993] shows the horizontal or x, component of the
fringing field for four trajectories parallel to the top of the head shown in Figure 1.7. For
trajectory | the field component H,. is sharply peaked above the gap corners.
Mathematically, these peaks reach extremely high values, but in physical reality they are
limited in magnitude by the saturation induction (B;) of the magnetic material used in

making the head.
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Figure 1.7 The magnetic flux flow (B field) adjacent to the gap of a ring head.

(c). The Karlgvist Approximation

The fringing field sharp of the head in Figure 1.7 may be computed using several
more or less difficult techniques such as the Schwarz-Chrnstoffel Conformal
transformation, Fourier harmonic analysis, and numerical finite element or difference
methods. For most practical purposes, however, Karlqvist's simpler approximation
suffices. Except at points within about one-fifth of the gap length from the gap comers,
the errors are negligible.

In Figure 1.8, for a deep-gap field of H; (see Equation 1-11) the horizontal field

component can be expressed by the following equation

f,

,=— tan”'
Ty [g /)

and the vertical field component can be expressed by the following equation

H (1-12)
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» =, log, ; (1-13)
(x+%] +y?

Figure 1.8 The longitudinal component of the fringing field

above the gap of a ring head (1), (2), {3), (4) refers to Figure 1-7.

{(d) Side-fringing fields

Experiment showed that the side-fringing fields of the recorded head limit to
obtain high track density and reduce S/N, because they produce the side-write and erase-
band [Herk & Bijl, 1980] & [Zhu & Ye, 1992]. The potential of an infinite-permeability
head with a rectangular gap geometry shown in Figure 1.9 has been derived by several
workers [Van Herk, 1977]. In here the head is assumed to be one-sided, extending to
infinity in the z-direction. Calculated fields in the vicinity of the head edge are shown in
Figure 1.10 [Lindholm, 1977]. 1t should be noted that the longitudinal field A, begins to
decrease from inside the physical width of the poles. Outside the poles the half width of

the H,. peak in x direction is approximately proportional to distance z to the side of the
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head, which indicates a lower resolution in reading off-track recorded information. The
peak amplitude of the longitudinal field is approximately inversely proportional to the
same distance. The results for a head with a one-sided, semi-finite width can be used to

construct good approximations to the field for heads of finite width [Mee, 1989].

Figure 1.9 Polar and rectangular co-ordinate systems

at the side of a semi-infinite head [Mee,1989].

Figure 1.10 Showing the calculated field in the vicinity of the head edges

for a semi-infinite-width head [Lindholm,1977].
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(2) Theory of Magnetestoresistive Head

A magnetoresistive (MR) head for reproducing magnetic information 1s shown 1n
the Figure 1.11. In the MR head, bias technique is to use a soft adjacent layer (SAL).
Shielding the MR film not only prevents flux from transitions far from the gap from
affecting the MR film but in some cases helps to increase the flux picked up by the MR
film from a transition near to but not directly under it, because the shields help to
conduct the return flux back to the recording medium. The resistivity of the MR film i1s
dependent on the direction of magnetization. The relation of the resistivity and the angle

between the magnetization and the easy axis can be expressed as:
P=pPytp.. c0s’0 - (1-14)
where, pp is the normal resistivity, pmax 1S the maximum value of the change-in resistivity

and @is the angle between the magnetization vector and the applied current.

(a) (b)

Fig. 1.11 (a) A shielded MR head for reproducing magnetic pattern [Mee, 1989].

(b) An unshielded MR head for reproducing magnetic pattern.
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Another MR head, shown in Figure 1.11 (b) is unshielded, it is sensitive only to
the vertical component H, of the fringing field. The horizontal component plays almost
no role because high demagnetizing fields force the magnetization to remain in the plane
of the sensor film. The H,, of course, varies expongntially with distance. The change
from the medium in resistance of the sensor is just the average of the change throughout

the volume, it follows that [Bertram & Mapps et al., 1994]

H dy dz
V=2IRy A 2 h{yz)—— 1-15
0 ppngH L) (1-15)

where, /1, / and ¢ are the height, length and thickness of the magnetoresistor respectively,
I is the constant current, Hy = H, + N, M, ( where H, is the thin-film anisotropy field, N,
is the demagnetising factor in the vertical, M is the saturation magnetisation of the ideal
(single domain) state of magnetisation), and H, and H, are the biasiﬁg field and the
reverse field in the film of MR, respectively.

The biasing field is used to move the operating point to the linear part of the
magnetoresistance curve as shown in Figure 1.12, thus avoiding positive and negative
excursions of /, about zero which both produce a negative change in resistance

[Bertram & Mapps et al., 1984].

1.2.2.2 Magnetic recording media

There exists a wide variety of magnetic recording media. Particulate media
includes gamma-ferric oxide, cobalt modified gamma-ferric oxide, chromium dioxide,
metallic iron, and barium ferrite. Continuous media includes cobalt-phosphorus, nickel-

cobalt-phosphorus, and cobalt-chromium thin metallic films. Today, although such



particular media are still widely used for tape and floppy disks, thin film media have

almost entirely taken over the rigid disk business during the 1980's.

A (p-pyap
1.0 Polnt of Jr:ﬂecﬁon
Reslstivity vardation
AN
0 » »>
Hv \‘ +H
F'y Hv = Hn

C Signal field
from disks

Figure 1.12 The magnetoresistive transfer characteristic used in magnetic

recording [Bertram & Mapps et al., 1994].

(1) Longitudinal recording media

Thin film recording media generally have excellent magnetic and recording
properties for high density recording. Because they are nearly 100% dense, they can be
made to have the highest possible magnetization. Because of their high magnetization
they can be made extremely thin and still provide adequate signal during readback. This
helps to achieve the short transition in longitudinal media. Thin film media can also be
made extremely smooth today. To achieve the smallest possible head-to-media spacing,

smooth media are required.
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Early thin film media was composed of a homogeneous film of Co-P or Co-Ni-P
which 1s often sputtered on to thé rigid disk surface. Other deposition methods (including
electroplating, chemical plating and evaporation) are used for depositing magnetic films
on aluminium or glass substrates.

Later, among the sputtered Co-based alloy are CoNiCr, CoPtNi, CoPtCr and
CoCrTa. Some Co-alloys can also be sputtered (CoNi+Ny), or plated-(CoNiP).

After significant noise reduction was achieved in thin film media with
morphologically-decoupled magnetic grains by increasing the sputtering gas pressure
[Yogi et al., 1990], media with high coercivity (1800~2120 Oe) has been deveioped for
one and 2 Gb/in® [Yogi et al., 1990] [Futamoto et al., 1991]. In both cases the low
noise (23.5 ~ 25 dB) is obtained by isolating the magnetic grains using a Cr underlayer
S0 as to break the exchange coupling between the grains. The grain size is approximately
15 nm, and about 1000 grains are included in a magnetic bit.

A roadmap to achieve an areal density of 10 Gb/in® was published [Murdock et
al., 1992]. The development of a longitudinal media for 10 Gb/in’ recording has taken
two paths in the last few years.

The improvement of Co alloy media such as CoCrTa, CoNiPt and CoPtCr,
development of quaternary alloys such as CoCrTaPt, CoPtCrSi and others are examples
of this approach continue and may be successful in achieving 10 Gb/in® density. The Ta,
Cr, and B additives are thought to accumulate at the grain boundaries and break the
exchange coupling between magnetic grains, thus achieving magnetic decoupling and
low media noise [Zhu & Bertram, 1991]. Parker reported additional improvements in
magnetic properties of hexagonal Co alloy media by using alternative underlayer films

such as CrTi and CrV alloy [Parker et al., 1993].
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Another possibility for 10 Gb/in® media is the development of new alternative
materials with higher anisotropy than hexagonal Co alloys. The high anisotropy materials
systems investigated in some detail include Cr/CoSm bilayer films and sputtered Barium
Ferrite [Velu & Lambeth, 1991] [Velu & Lambeth, 1992]. Coercivities of Cr/CoSm
media in the range of 3 kOe have been achieved (Barium Ferrite), and recent data shows
little or no dependence on recording density up to 100 kFCI. However, it is necessary to
research further the chemical stability of CoSm. Because sputtered longitudinal Barium
Ferrite media has the high anisotropy and the mechanical hardness and wear resistance
combined with its chemical stability many researchers are interested in it. Sui and Kryder
[Sui & Kryder, 1993] [Sui & Kryder, 1994] have investigated CoTi doped
longitudinal Barium Ferrite and have presented detailed studies in the microstructure and
recording performance including S/N as well as tribological properties, and
demonstrating that CoTi additives can be used to adjust the coercivity from 1400 Oe to
nearly 4000 Oe. Ullah et al. have investigated the use of laser annealing to crystallise the
Barium Ferrite films without degrading the conventional glass substrate [Ullah et al.,

1994] & [Howard, 1994].

(2) Perpendicular recording media

In perpendicular recording, the plane of magnetization and easy axis of the media
are normal to the plane of the disk (the surface of media film). To reduce demagnetising
field is most important to increase the linear density in longitudinal recording media.
However in perpendicular recording the demagnetising fields actually improve at high
recording densities [Mapps & Pan, 1993]. The world record linear recording density
(1040 kFCI) for magnetic disk recording has been demonstrated on a perpendicular film

[Honda et al., 1996]. Due to thermal instabilities, longitudinal recording is not
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expected to be able to achieve a 100 Gb/in® recording density. Perpendicular magnetic
recording is more favourable at such a high density due to reduced demagnetising fields
in the recorded transition and the ability to use thicker media.

The usual perpendicular material is a sputtered film of Co-Cr about 100 nm thick,
which forms naturally into columns of about 50 nm in diameter, oriented normal to the
plane of the disk. Other new perpendicular material are CoSm and Ba ferrite thin film

[Mastsucka et al., 1982] & [Chandrasekhar & Mapps, 1996].

1.2.2.3 Data channel

Today, the data channel 1s not only for data signal processing but also for some
servo signal processing . The servo signal process.ing will be discussed in the next
section.

The data channel consists of a preamplifier, AGC amplifier, filter/equaliser, data
detector, clocking circuit; write precompensation and data coding circuits. In the Peak
Detector (PD), the signal waveform is strobed at the centre of each bit and the sample
value is compared with a threshold level. A “1” will result if the level 1s above the .
threshold level and a “0” will result if it 1s low. The peak detector 1s both robust and very
simple to implement. Ten years ago the PD was used in almost all HDD. However, as
the PD’s very nature it performs best at low linear densities. When linear density
increases, intersymbol interference and noise can cause both missing and peak shift bit
errors. It is because of this the threshold is fixed at some level above the zero signal
level.

An optimum detection process for correlated data uses threshold control based

on the past present and ‘future’ data signal. The delay method can be used to obtain the
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‘future’ data signal. In many ways, the data channel behaves just like a typical
communication channel. Therefore sampled amplitude detection has been propeosed for
use in magnetic recording systems [Kobayashi & Tang, 1970] & [Wood et al.,
1984]. Partial-response maximum-likelihood (PRML), demonstrates significant density
increases over peak detection with the same physical recording system [Kobayashi &
Tang, 1971]. Recently, an adaptive partial response data channel for HDD was

investigated [Darragh, 1994].

1.2.2.4 Servo control system

In the HDD, there are two servo control systems. The spindle (disks) rotating
controlv system and the servo system of the head position. The speed of the disk is
controlled by comparing a Hall sensor on the motor to a stable reference clock. The
accuracy of the speed is commonly + 0.1%. The head servo control system. which is the

key in this investigation, is discussed in the next section.
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1.2.3 Servo control system of the magnetic head

1.2.3.1 An overview of the development of a servo system for a disk drive head
(1) Measuring Position System (servo)

Unlike the first optical disk, the track density of the first magnetic rigid disk drive,
the IBM 350, was very low (20 TPI in 1956) and its servo system was very poor. The
average access time (7;) and accuracy of head positioning were 600 ms and 125 pm
respectively. The track access method was that a single magnetic head first sought the
disk address, then sought the track address. A motor and clutch were used as an actuator
in the IBM 350. In 1960, the IBM 1301 used a hydraulic drive for the head-arm. This
was a comb-type with one arm for each head on each surface of disk. Closed loop servo
control was first used. This reduced the average time to 165 mls,'and increased TPI and
the positioning accuracy to 40 TPI and 50 um respectively [Harker et al., 1981].

Stepper motors replaced hydraulics in the IBM 2311 (1964), which had a big
volume and slow motion. The seeking velocity and track density as well as positioning
accuracy increased twice using open-loop control. The IBM 3330 was produced in 1970,
using the long voice coil motor as an actuator and using a servo surface as a position
sensor system. Closed-loop servo control was used. The 7, and positioning accuracy
were further reduced and increased by a factor of two respectively. The short voice coil
motor was first used in the IBM 3340 in 1974. In order to reduce the track
misregistration (TMS) which is produced by thermal track shift, a key technology i.e.
sector servo + dedicated servo, was developed and successfully used for the IBM 3310
at the IBM Development Laboratory in Hurseley (England) in 1978. Digital control for
the head servo system with closed-loop b;mdwidth in excess of 1 kHz only became

feasible in the early 1980°s. The first products in the marketplace that relied on a
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processor for algorithmic computation of the control were the IBM 3380 models J and K
[Workman, 1987].

While most of the early developments in rigid disk drives centred on 356 mm (14")
and 133 mm (5.25") disks, more recently, disk drives with disks of 89 mm (3.5"), 65 mm
(2.5") and 33 mm (1.3") diameter are utilising some technologies developed for high-
capacity disk drives. Since 1980, many new companies have joined the HDD business
and technology for small-size disk drives including new servo technology was quickly

developed. The main servo technologies will be reviewed as follows:

(a) Embedded servo

Embedded servo, often called sector servo, was first ut_ililsed' in small-size disk
drives in 1978 [Commander and Taryor, 1980]. In 1981, HDDs-(e,g. the D160) with
embedded servos were developed [Maury, 1981]. The servo information needed for
head positioning is provided by the data head itself. The technology allows less t}-1an 5%
data capacity loss. The track density was as high as 1000 TPI. Positioning error was less
than 3 pum. Nakanishi reported that four-phase servo pattern encoding, modified RZ
recording for servo pattern writing (using compensated hybrid position signals) and
optimal design of the number of servo sectors were utilised. Access times as fast as
(servo surface accessing) 30 ms and positioning accuracy of 0.4 um have been achieved
[Nakanishi et al., 1983].

Ishii developed a new servo pattern encoding and position signal detecting method
in 1987 [Ishii & Mizukami, 1987]. The servo pattern encoding is composed of a two-bit
elements with magnetization reversal according to odd and even servo tracks. The

position signal is detected by differentiating the two-bit pulses. This is effective in
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suppressing elements with magnetization reversal according to odd and even servo
tracks. The position signal is detected by differentiating the two-bit pulses. This is
effective in suppressing undesirable lower frequency noise. With these techniques, a 5 dB
S/N improvement of the position signa! and high accuracy with £ 0.15 um positioning
errors were experimentally achieved.

In 1988, Jackson presented a novel way of formatting servo patterns to reduce the
servo gain variations on a HDD because the servo gain varies with the position -of the
head on the disk, from disk to disk and from head to head. In this method, the servo
patterns were written with the double write Dit Dah Dit pattern, in which the servo
pattern can be written with width equal to W, the width of a multiple written servo track,
and ¥ made to vary with read track width R such that R plus i is kept constant (e g. 27

(7 is the track spacing)), therefore, the servo gain could keep at constant, because the

servo Gain = k

2 , (where k and T are constant) [Jackson et al., 1988].
R+W-T

In order to improve the data rate of 'embedded’ servo disk drives, a data head
switching at a high rate is required. A control method of two degrees of freedom that
compensates for the computation time delay and phase lag of filters was developed by
Shishida. Head switching times were reduced by about 50% using this method [Shishida

et al., 1993].

(b) Optical servo

An optical servo method is very attractive because it is able to both position and
follow on tracks 1.6 um wide and provide a continuous position error signal (PES). In
1980, Koshino first tried to use this method. In his study, optical patterns depicting the

position of the data track were formed by colouring the anode oxidised surface layer of
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an aluminium substrate, and by forming a magnetic film over that. Three optical fibres
were imbedded in a hole in the central rail of a Winchester type ferrite head and were
used to read the optical pattern. The positioning accuracy of the head was + 0.3 pm
[Koshino & Ogawa, 1980].

The application of optical disk technology to magnetic disk systems to obtain a
high quality position signal with a track width 1.5 um was successful demonstrated by
Akagi in 1991 [Akagi et al., 1991]. In this method, a laser-diode optical system fixed
to the side of a magnetic head obtained a high quality servo signal from a magnetic disk ‘

which had about 2000 pairs of pits formed on each track.

(c) Discrete tracks for servo

Discrete track media (DTM) for magnetic disks was primarily proposed to increase
the track density [Lambert et al., 1987]. In 1990, Hua and Zhang first reported a head
position control system using an etched servo disk [Hua & Zhang, 1989] [Zhang et
al., 1991]. In this method, an etched area was formed in the adjacent media which is
used for recording servo information in the track direction. Zhang et al., further studied a
new method of the graphic head position (GHP) in which servo information is recorded
on the etched graphic media [Zhang et al., 1994]. Discrete servo tracks were also used
by Lambert [Lambert et al., 1991].

Wang proposed another servo method with an etched servo pattern [Wang et al.,
1991]. The media of a half trackwidth along the track direction is etched. The servo
head 1s an MR head with three electrodes having a central electrode two times as wide as
the discrete track. Continuous servo signals can be obtained from the MR head on the
discrete track on which data information is recorded. However, half the capacity is lost.

The width of the centre electrode limits the trackwidth of the discrete track.
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In another study of PERM (Pre-Embossed Rigid Magnetic) Disk, an embossed
disk with discrete magnetic tracks.and servo marks was made by etching the surface of a
glass or plastic disk. Using the disks, a head positioning accuracy of 0.09 pum (rms) and a
track density of 192/mm were demonstrated [Ishida et al., 1993] [Tanaka et al.,

1994].

(d) Buried servo

Buried servo means that the servo information is recorded in a lower layer of a
magnetic media whilst data 1s written on the surface of the media. It was proposed in the
1970’s.

This is a continuous servo system that shares the surface area of the media with
data on the same track, unlike a conventional media with a single head. A long-gap head
records low-frequency servo signals deeply into the media coating, and a short-gap head
then erases the surFacé portion to stabilise the servo amplitude. Short-gap read-write
heads then write and read high-frequency data signals without interference. Using
frequency-separation filters and an AC-biased pulse-write method, an inductive head
reads servo signals while simultaneously writing data [Haynes, 1981]. In this method,
the servo pattern consists of two single-frequency signals recorded deeply into the
magnetic media below the area used for data. The servo signals are detected by
synchronous detection techniques and provide a continuous head position error signal.
The servo system uses this head position error signal to follow a given data track with a

track width of 50 pm and to seek new data tracks [Hansen, 1981].
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(2) Actuator

Before 1970 actuators in hard disk drives were driven by motor and magnetic
power clutches, hydraulic cylinders and stepper motors. The actuator was made with a
wire-wound cylindrical bobbin supported by a carriage and moving in a magnetic field
structure similar to a loudspeaker (here referred to as a “voice coil motor”). It was the
first linear voice coil motor (VCM). An ingenious rotary voice coil actuator was
developed at the IBM development laboratory in Hursley (England) and used in the
IBM3310 disk drives.

Two closed-loop linear actuators for high performance disk drives designed in the
early 1970’s are discussed in detail by Hiyane [Hiyane et al., 1972]. Both of these
actuators were designed with a single magnetic path. They generate flux in a short air
gap and operate in conjunction with a long coil. In 1974, two short-coil and long-gap
actuators [Inoue et al., 1974] were developed. The magnetic flux paths for these two
actuators were a single path design even though two different magnets were used.

In 1977 [Patel, 1977], a multiple-actuator system was invented with a single
magnetic path for each actuator. In order to .improve the performance of the linear
actuator for a high performance servo systems, a dual path E-Core type actuator was
patented A dual path E-coil type linear voice coil motor was designed by Dong [Dong,
1983]. It has distinct advantages such as:

(1) Equal force constants in the push and pull directions;

(2) Evenly distributed flux lines with better orientation,

(3) Reduction in flux leakage so that the actuator is placed in closer proximity to the
disk.

In order to reduce friction and stiction, an air bearing was used for the voice coil

motor [Scranton et al., 1983].
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The dynamic performance of the actuator was carefully studied by Fazzio [Fazzio
et al., 1993] and a new method is used to reduce mechanical vibration.

In the past 20 years, actuators have not changed in basic theory, but they have
changed from linear to rotary, and their volume has become smaller. However, following
a narrow track requires a servo actuator with a high bandwidth. An actuator with a
single voice coil motor is not good enough. A dual-stage actuator is an efficient way for
achieving an increased bandwidth [Yen et al., 1990]. Mori reported a dual-stage
actuator using a VCM rotary actuator as a coarse actuator and a piezoelectric actuator
installed in a head-arm as a fine actuator. The actuator successfully follows on a 1.5 um

pitch track (17 kTPI).

(3) Controller

The IBM 3330 (1970) was the first production disk drive to incorporate a track-
following feedback controller with an analogue servo. A sector (embedded) servo
controller was first used in the IBM 3310. The IBM 3380 J or K first utilised a wholly
digital controller for head position servomechanisms:in 1987. Stich used adaptive control
technology for a HDD controller [Stich et al., 1987]. The controller has an on-line
adjustable gain characteristic for controlling movement of the actuator and an estimator
that estimates actuator velocity and bias. Forward gain is estimated from position and
coil current measurements and compared with a normal value to create an error signal
used to adjust the controller and estimator gain characteristics.

Horowitz presented a new self-tuning control scheme for disk file track following
servos [Horowitz & McCormick, 1991]. The main feature of the self-tuning control

scheme is its ability to maintain a specified nominal performance in the presence of

31



variations in the dynamics of the various disk files that the control system is expected to
operate on.

Anothér new digital servo controller was reported by Sir-Jayantha [Sir-Jayantha
et al.,, 1991]. This controller employs a steady state Kalman filter-like full state
estimator and a pole-placement technique.

Miu and Bhat (1991) presented analytical and experimental results, that deal with
power optimal control strategies for the point-to-point slewing of motor-driven flexible
structures which would result in zero residual vibration [Miu & Bhat, 1991].

A seek controller for a VCM which eliminates the control chattering and reduces
the high frequency flexible excitation modes was discussed by Lee [Lee et al., 1993].
Results were presented which show the effectiveness of the controller.

Later, another adaptive time optimal controller was reported by Weerasooriya
[Weerasooriya et al., 1994]. Controller adaptation is used to achieve time optimal
seek performance on individual drives with different plant parameters. Implicit model
identification is done through the use of overshoots of pre-determined seeks. Adaptation
is facilitated through a small, off-line trained, neural network Comparisons with a fixed
parameter PTOS controller indicate the faster access of the proposed control scheme.

In 1955, Weerasooriya presented the new discrete-time linear-quadratic Gaussian
control combined with [oop transfer recovery (LQG/LTR) design of a disk drive track-
following servo system. The servo compensatory designed through LQG/LTR consists
of a Kalman filter for state estimation and state feedback for control. The desired
tracking servo performance is first formulated through a frequency shaped retljrn ratio of
the Kalman fiiter and subsequently recovered at the output of the plant/compensator loop
through the automatic design of a discrete-time linear quadratic (LQ) .regulator

[Weerasooriya & Phan, 1995].

32



Lee used Internal Model Control (IMC) structure to design a new controller for
HDD. It is well known that one of the major problems in designing a high-performance
disk drive servo controller is the difficulty imposed by the high-frequency characteristics
of the actuator. In the method, a second order nominal model of the plant is used to
design an Hj-optimal controller to attain minimum integral-error-square (1ES)
performance. Then to maintain robust stability at higher frequencies, sufficient roll-off at
such frequencies is provided by an H,, optimisation procedure [Lee et al., 1995].

The earliest controller for a dual-stage actuator was in an optical disk drive. Inada
developed the controller in 1983 [Inada et al., 1983]. In their study, the controller used
a serial construction in which the output of a coarse actuator became the input of the fine
actuator for track seeking. The output of the fine actuator was the input of the coarse
actuator for track following. Using such a controller, stable and high speed accessing
with accurate track following for tracks of 1.6 um wide was achieved.

The study of a controller for a dual-stage HDD actuator was started by Yen [Yen
et al., 1990]. His paper addressed the apphcation of discrete- LQG/LTR method to the
design of a track following controller for a dual-stage HDD actuator. Performance
requirements for a state-of-the-art dual-stage actuator servo system were described in -
terms of the frequency response of the closed-loop tracking error rejection and the
transfer function from the reference signal to the actuator input.

Mori et al,, successfully developed a controller for dual-stage actuator by using a
piezoelectric device for the fine actuator and VCM for coarse actuator. The dual-stage
controller consists of a VCM controiler and a piezo-controller. The feedback signal 1s
supplied to both controllers. The output of the piezo-controller is added to the input of
the VCM controller, which prevents the piezoelectric actuator from going to the end of

its stroke. The servo system is designed so that the tracking error at 60 Hz decreases by
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16 dB in the piezo servo system. The total decrease of the tracking error is 40 dB when
both servo systems are used. The bandwidth of the VCM servo system is 250 Hz, with 1

kHz for the piezo servo system [Mori et al., 1991].

1.2.3.2 Basic system functions

The head-positioning servo system in a HDD provides a means for locating read-
write heads in fixed radial locations over the disk surface and allowing the repositioning
of these heads from one radial location to another. A block diagram of a typical head.

positioning servo system is shown as Figure 1.13.

Actuator

TTT— O\q
\ %

Arm electronics
model

h 4

Servo
demodulator

l Driver

A/D h

> DSP > D/A

Figure 1.13 Block diagram of a typical head-positioning servo system.
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Figure 1.13 indicates that on the rotating disk there are written equally-spaced
sectors of servo information (e.g. 80 sectors); these are prewritten on the disk by servo
track write (STW) during HDD manufacture only. This servo information takes up about
10% of the magnetic recording area on a disk surface. When the disk is rotating, the
read/write head will cross servo information and servo pattern encoded data is read. As
shown in Figure 1.13, this servo signal is amplified by the arm electronics module, output
of the module is cascaded with the demodulator that converts the encoded servo pattern
code data to a digital track address and an analogue position er-ror signal (PES). The
PES is converted and fed into the servo digital signal processor (DSP) (servo controller),
The controller provides advanced accessing and tracking servo. The D/A converts the
output of the servo DSP to an equivalent analogue value. The current power driver

drives the actuator (VCM) to move in a direction to reduce the PES.

1.2.3.3 Position measuring system

The position measuring system for a HDD measures the real-time head position (or
so-called position error signal) and the velocity of the head on the disk. In high track
density recording, the accuracy of the position sensor is of great importance. It 1s
possible to have a very good servo system, but still end up with mediocre tracking
performance due to sensor errors.
(1) Principle of measuring position

The position error signal (PES) is a signal proportional to the relative difference of
the positions of the centre of the servo head and the nearest track centre. Thus the
position error signal is a periodic function of x (the x is the position of the centre of the

servo head in radial direction) for stationary and ideal track centres [Oswald, 1974].
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that the servo signal frequency does not vary, the pattern is linear over four tracks and

single bit disk defects usually do not have a significant effect on the servo position signal,

since multiple cycles are averaged. Like phase detection, the peak detection will tolerate

small disk defects since many cycles are used in the burst. However the amplitude of PES

is not as linear as phase detection and there are two widely separated components in the

pattern DC and the burst frequency. Area detection is less sensitive to disk surface

defects and noise.

There are however physical defects and coercivity variations in the magnetic disk
media. The recording head both produces side-erase bands and has an offset when
writing the servo pattern. The sensitivity of the read head is not uniform across its width. |

The actual PES transfer function in the on-track following servo mode can be modelled
as PES(n, m) = Q(n,m) ° PE(n,m) + g(n, m) (1-18)
where, n is the sector index, m is the track index and the disk surface location is
identified as (n,m). O(n,m) is the PES gain at (n.m), g(n,m) is the pattern offset at (n,m)

and PFE(n,m) is the total off-track error at (77,m) [Ottesen, 1994].

(2) Performance of the measuring position system

There are four main performance specifications when measuring the PLS:
a) Sensitivity per unit of trackwidth;

b) S/N of PES;

c¢) Linearity;

d) Position accuracy.

(a).Sensitivity

Sensitivity is most important for servo systems and is affected by many factors. A

simple description of the sensitivity for measuring PLS is given by
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VS
K, =-2 (1-19)

where V), is the magnitude of PES with off-track distance x and K is dependent on the
sensitivity of the servo head. It is also dependent on /. and M, of media, head-disk
interface, shape of servo pattern and detecting method. It will be further discussed in

Chapter Four.

(b). SIN of PES

In the measuring position system, there are three types of noise to be considered:
media (disk noise), servo/data head noise and electronic noise. Electronic noise
originates in the first stages of electronic amplification of the reproduced signal, and it
" can be made almost negligible in most systems. The media noise 1s the main noise source
in the system when recording trackwidth is reduced to micro size.

The wide-band signal-to-noise ratio in particulate media for longitudinal recording

is expressed by [Mallinson, 1993],

Al
SNy, =— (1-20)
2T
for a servo pattern, Eq. 1-20 can become
2mwly
S/N)y, =— (1-21)
7 :

where, 17 1s the number of particles per unit volume, w is the track width, A, 1s the
mimimum wavelength, and Ly, is the minimum servo pattern bit length.

Note that the Eq. 1-21 suggests that if the media noise is in PES limited, from S/N
considerations, the best way to increase the S/V is to increase the servo bit length rather
than to increase the servo trackwidth. Therefore the head servo system for submicron

track is much more important in future.
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The (S/N)., expression in'metallic thin film media noise for longitudinal recording is
(S/N), =mwdl, . (1-22)
where, Jis the thickness of the media.
It should be noted that the trackwidth is assumed to be fixed, so S/N of the PES
can be increased by increasing the bit length of the servo pattern.
It should be noted that for longitudinal thin film media and for perpendicular films
media, noise occurs mainly at the transition centres and occurs away from the transition
centres respectively. However, both the longitudinal and the perpendicular media noise

increases and decreases respectively with increasing recording density. [Beardsley &

Zhu, 1991] [Pan, 1993]

(c). Linearity

The linearity of the measuring positioning system is obtained by analysing the
superposition of mono-polar pulses, mx, y) and side-cross-talk [Ishii & Mizukami,

1987]. Here, the position signal linearity, 1, is defined by:

I

= (1-23)

IJLO
where, L.y and L, indicate the features of the position signal shape. L.; 1s the interval
between zero-crossing and a position signal peak. L,; is the interval between zero-

crossing and the point where the tangent to the position signal at point zero meets the

95% peak level.

(d). Position accuracy

Position accuracy as indicated by PES means the positioning accuracy of the track

centre. It is dependent of the servo pattern writing accuracy. The process of recording a
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servo position pattern on the disk is referred to as servo writing. Servowriting can
generate write/write track mis-registration, which can not be removed by the servo

system.

1.2.3.4 Actuators

Actuators are one part of a servo control system used to control the movement of
the magnetic head across the disk surface and to maintain the heads on-track. They -also
minimise track misregistration during a read and write process::

A key performance parameter for HDD 1s the access time. The average access time
is specified for the worst-case conditions, including lowest power supply voltage, largest
movable mass, largest friction, and highest bias force from air movement and voice coil
motor cable.

Another key performance parameter for a HDD actuator is the ability to follow
tracks, i.e. the smallest résolution of the movement of the head. This ability can be
effected by friction, stiction, wear debris on the way rails,” and the response to external
force disturl;ances, e.g windage force resulting from air flow generated by the rotating
disks and by forces resulting from the actuator voice-coil motor power cable [Mee,
1989].

A model of a rotary actuator suitable for use with a servo system to predict
performance is developed below. Torque (AM,,) for a rotary actuator with bearing-to-
centre-of-force distance (/%) 1s given by

M, =Bl iR, =ki (1-24)
where, B, is gap flux density, /.., is length of coil wire in the gap flux region, / 1s coil

current and &, is torque constant [Mee, 1989].
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The average power dissipated in the voice coil motor when doing seeks of average

length N/3 (N, is the total number of tracks on a disk.) [Mee, 1989] is

(5

s

P,

11

where, x; is the total stroke length in meters, M is the movable mass of the actuator, r—n
is average seeking time and K is actuator force constant.

Therefore it is most important, for a chosen acceptable seeking time, to reduce the
power dissipated to according to Eq. (1-25). Once the maximum power dissipation 1s
fixed, it 1s necessary to have a large electromechanical bandwidth and large 4, small
movable mass of the actuator and small friction in order to reduce the average seeking

time.

1.2.3.5 Controller

The function of the controller for a magnetic head is divided into seeking mode and
following mode. The purpose of the seeking mode is to move the head from one track to
another desired track in the shortest possible time. The purpose of the track-following
mode is to keep the head on track in the presence of actuator disturbances such as bias
forces, external vibrations, disk spindlle bearing run-out and imbalance, and noise in the
position measurement.

Figure 1.15 [Mee, 1989], shows a simplified and linearized functional block
diagram of a controller with an analogue servo, where x, is the desired head location, r is
the position references of track centre, x is the position of the head in radial direction on
the disk.

This system is a traditional position and velocity control system [Mee, 1989].
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. 1 k :
In the Figure 1.15, — and — are the transfer function of the actuator. The box (3)
s )

is a voltage-to-current converter with the maximum saturating current. The box (1)
includes an integrator so that a servo control loop is constructed (type-1 position loop)
whilst track following, whereas during any seek, box (1) output is zero because of the
large transient in x.. Boxes (4), (5) and (6) comprises an analogue velocity estimator
which uses both the filtered integral of the acceleration (i) and the filtered derivative of
the position (x.).

Box 2 in Figure 1.15, which represents one quadrant of the system switching

curve, is defined by following equation [Mee, 1989,

V. = fix.) = Sgnfx, )}y 2a,.]x, (1-26)
where a_ =i _ K . In fact', the equation to minimum-time move problém is derived by
applying the Pontrayaging maximum principle.

In the Figure 1.16, box (2) 1s a current driver, box (3) 1s the transfer function of the
actuator, box (1) expresses a control-law, box (4) is a state estimator which estimates the
position, the velocity and the bias force from the PES signal and the current through the
VCM.

Figure 1.16 shows a sampled data sector servo implemented with an analogue-
control structure. It 1s a discrete-time system. The essence of this design is the use of a
state estimator to obtain continuous position, velocity and track-crossing pulses. The
plant model must contain a model of the continuous-time position error signal with
track-pulses [Stephens & Workman, 1986]. Once this is established, the estimator
error is derived at the sampling intervals by subtracting the model output from the

position error signal samples. An important feature added to the estimator shown in
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The basic design procedure of the digital discrete-time-control system using state-
space methods is shown as follows:
(1) Construct a digital state-space model for the plant from the point of the output (#(2))
as shown in Figure 1.17. Check the model using MATLAB.
(2) Design a state-space model of a control-law and check it by using MATLAB.
(3) Design a state-space model of an estimator.
(4) Combine the controi-law and the estimator.
(5) Combine the digital state-space model for the plant and the controller, check it by
using MATLAB.

(6) Place the complete state-space model in a design program executed by the DSP.

1.2.3.6 Position error sources
(1) Track misregistration

The track misregistration (TMR) means the offset between the actual data read
head position and the track centre. It is not a number but a statstical distribution. The
maximum track misregistration in a HDD has to be less than 12% of the track-to-track
pitch [Mee, 1989). The TMR has an approximate Gaussian normal distribution with
mean zero. The TMR has two parts: the first is called write-to-read TMR which is the
difference between the TMR of writing a track to the TMR of reading the same track
(see Figure 1.18); the seconcli is called write-to-write TMR which is the difference in
relative head-to-track position between a recorded track and an adjacent track, resulting
in track encroachment or track-to-track “squeeze”, depending on the direction of the

misregistration on the adjacent recorded track (See Figure 1.18) [Mee, 1989].
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(2) Radial Nonrepeatable Runout

Radial nonrepeatable runout is non-repeatable radial motion of the track or heads,
which is produced by mechanical vibrations in the actuator, disk, and spindle assembly.
The effect between the arm and the disk is due to flutter; resonant modes with motion
perpendicular to the head arm and disk structures are induced by buffeting from the air
carried along with the disks. In the case of the spindle, the nonrepeatable runout
produces from dynamic spindle tilting {Mee, 1988]. Typical values for the total
nonrepeatable runout following random seeks is 0.5 to 1.5 um base-to-peak value. A
significant contribution to nonrepeatable runcut is from the spindle bearings. Naruse
presented an analysis of the contribution of spindle ball bearings with deformed inner and
outer bearing races to nonrepeatable runout [Naruse et al., 1983]. The frequency-
separation of the radial nonrepeatable runout was measured by Richter [Richter &
Talke, 1988]. Note that nonrepeatable and repeatable runout, within the bandwidth of
the actuator servo system, could be followed by the servo head controlled by the servo

system.

1.2.4 Summary

Magnetic recording principles are introduced and discussed in section 1. The main
components of a hard disk drive (HDD), the magnetic head, the media, and the data
channel are described and reviewed in the second section. In the third section, the profile
of the head servo system is described and reviewed. The main performance of the head
system is discussed by reviewing and discussing the technology. It is shown that the
development of a position measuring system is of most interest to current HDD industnal

research. A few new servo methods have been developed and reported. However,
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because they use etch or stamp technology to make marks, grooves and lands on the
surface of the disk for recording servo patterns, the surface of the disk would be not
suitable for near-contact or contact recording which is the objectives of tomorrow’s
HDD’s. On the other hand, adding etching and stamping processes will increase cost.
More detail can be seen in sections 4.3.11 and 4.3.13. The current studies using a dual-
stage actuator have produced exciting results, and it seems that it is quite possible to
apply these methods in the development of a servo control system.

The author believes that this new technology and the development of the new
measuring position system for a submicron track HDD. is the most important
development for an ultra-high track density HDD. As J.C. Mallinson said, in his book on
magnetic recording, "It is important to realise that the essence of the problem is not in
the implementation of the servo feedback loop or the head actuator, for submicron track
positioning and following . The basic problem 1s, where does the track error signal come

from?" [Mallinson, 1993].

48



Chapter Two

A New Recording Mode

for the Magnetic Servo Patterns

2.1 Introduction

Three magnetic recording modes, namely -for longitudinal recording,
perpendicular recording and transverse recordin-g have been used or studied in current
magnetic recording systems. These three recording modes are schematically shown in
- Figure 2.1, (), (b) and (c) respectively. In the longitudinal magnetic recording mode, as
shown in Figure 2.1 (a), the recorded data and the servo patterns are magnetised along
the media moving direction. The gap lengths of the recording head and the reproducing
head are parallel to the direction of media motion [Mee, 1888]. [n the perpendicular
magnetic recording mode, the data and servo bits are magnetised perpendicular to the
media plane. The gap lengths of the recording head and the reproducing ring head or the
thickness of single pole head are parallel to the media moving direction [lwasaki &
Takemura, 19795]. In the transverse recording mode, the data bits are magnetised along
a direction perpendicular to the recording track. The gap lengths of the recording head
and the reproducing head are perpendicular to the direction of the recording track

[Sauter et al., 1972].
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Almost all commercial magnetic recording systems operate in the longitudinal
recording mode at present. The perpendicular magnetic recording mode has been widely
studied, but the transverse magnetic recording mode is still at its early development
stage, though the transverse magnetic recording mode was proposed in the sixties, as a
promising method to achieve high density magnetic recording [Machinski, 1967]
[Sauter, 1971]. Only a few people have shown interest in it, partly due to successive
improvements in longitudinal and perpendicular recording introduced by thin film
technologies. Researchers took no.further interest in the transverse magnetic recording
mode, partly due to the fact that the reproduction .of the recorded signal is very difficult.
Sauter reported the results of an experiment in the transverse magnetic recording mode
using a thin film recording head in 1972 [Sauter, et al., 1972], in which the recording :
densities with flux changes per inch (FCI) = 18.5 k and track per inch (TPT) =0.5 k were
obtained with the recorded bits being reproduced by optical methods rather than a
magnetic read head. Desserre presented experimental results of transverse recording on a
radially anisotropic disk in 1985 [Deserre, 1985]. In hi; work a radially anisotropic disk
coated with Co-Sm media with coercivity of 300 Qe and thickness of 0.35 pum was -
developed. The simple reading and writing experiments made on the disk yielded
recording densities of FCI1 = 10 k and TPl = 690. A hierarchical micromagnetic mode of
longitudinal thin film media was employed by Miles et al. to investigate the high density
performance of transverse recording [Miles & Middleton, 1991].

In these recording modes, the output of the reproducing head, v(x), is
proportional to the width of the head, i.e.

v(x)ocw- f(1) (2-1)

where, /(1) is the readout function per unit of head width and w is the width of the head.




In general, the head width is equal to or less than the recorded trackwidth and
when recording trackwidth is reduced, so is the reading head width. Consequently the
readout and the values S/N of the data and servo signals are reduced. Therefore in the
above three magnetic reading modes, the head, when reading servo information, suffers
from low S/N and poor linearity of the position error signal (PES). This problem
becomes worse as the trackwidth reduces to submicron size [Akagi, et al., 1991].

. On the other hand, it 1s well-known that there i1s an asymmetrical off-track
response for a longitudinal read MR head [Zhu & Ye, 1992] [Lee et al., 1991] Ifa
MR head is used as a servo head, these phenomena will result in low both linearity and

S/N of the position signal. More details will be given in the section 4.3.

2.2 The New Magnetic Recording Mode

The new dual-transverse read/wnite modes, for longitudinal media and
perpendicular media are shown in Figure 2.1 (d) and (e). In these modes, the gap length
of the write head is perpendicular to the direction of media motion. The MR head is
aligned at a 90° angle compared with conventional heads in other modes. Information is .
recorded along the transverse direction of moving media.

The obvious advantage of the transverse MR reading mode 1s that the
performance of the read head is no longer affected by the data track width in the
direction of moving media. Further discussion on its advantage will be given in the

Chapter Four.
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2.3 Recording and Reproducing in the New Mode

Because the recording and reproducing processes are very different from those in
conventional longitudinal magnetic recording, the aim of this section is to discuss mode’s
characteristics, such as recording trackwidth, shape of the transverse bit and the
transition length, and the reproducing process including output voltage waveforms and
the S/N ratio.

In this co-ordinate system, shown in Figure 2.2, the x co-ordinate has become the
direction of recording. trackwidth, The z co-ordinate is parallel to the recording track
direction or moving media direction (uniike the usual case for magnetic recording).
Hereafter, letters ¥ (w) and L (/) indicate width x co-ordinate and z coordinate,

respectively.
2.3.1 Recording trackwidth and bit length

The length (L.) of a recorded bit in the track direction in the new mode is defined

as:
Le=v.T (2-2)
where, v: is the speed of media motion and T is the pulse width of writing current per bit.
The recording trackwidth is defined by the write head trackwidth in conventional
magnetic recording, although there is a side writing phenomenon which is much smaller
than the head trackwidth. Figure 2.2 is a schematic diagram of transverse recording
trackwidth. It should be noted that the recording track direction is perpendicular to the
paper. In Figure 2.2 the equal magneuc field of H, is shown by dotted line. Thus, the
Karlgvist equation can be used in this case and its horizontal field component is

expressed as:
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when — < 1(in the case of using ultra-thin medium), Eq. (2-10) can be simplified, that is
a

<

Az, =276 " (2-11)

m

T

A number of deductions can be made from Eq. (2-11). Firstly, the expression for
the transition length in radial direction on in-plane isotropic magnetic media in new
recording mode 1s similar to that in the conventional longitudinal recording. Secondly,
the transition length 1s proportional to medium thickness and the value M, It 1s also
inversely proportional to A.. Thus for all media, it is necessary to keep M, small, A, high

and ¢ small in order to achieve sharp transitions in the new mode.

2.3.3 Shape of the transverse bit

To study the shape of the recorded pattern we first need to consider the edge-
fringing field of the write head. The edge field affects the written trackwidth, partially -
erases adjacent tracks, and increases the reading width of the head and the pickup of
signals from adjacent track in longitudinal recording. A three-dimensional mode! of the
head is used to study the field by Herk, Lindholm and et al. [Herk, 1877] [Lindhclm,
1977].

In the model shown in Figure 2.7, the solid line is a geometrical construction for
a conventional inductive recording head. In a Cartesian Coordinate System, labelled by

(x' y’', z’), the horizontal component of the field from the Karlqvist approximation 1s

NI '
Hx'(x.=y|):_tan_l[ 2 g;g 2 ] (2—I2)
g x' +y"—(g‘ /4)
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Supposing that the dotted and solid lines in Figure 2.7 are geometrical
construction of a conventional inductive recording head where length L is infinite, and
that a new Cartesian coordinate system labelled by (x, y, z) is set up as shown in Figure
2.7, according to the Karlqvist approximation, we have the similar form with Eq. (2-12).
The contribution (semi-infinite) of the top half (z > 0) of the construction to a point in
the x-y plane (z = 0), according to the theory of linear superposition and supposing that

the material of the head pole is isotropic, is

N ¥g
Hx(x:y) ~ A tan 2 P P (2_|3)
2 g X +y'—(g“/4)
y' .
ry « ./A
1 ——
/ L
Z A
i /T( ///,//
rd e rdid
’ < L e s
él Y S ) ) ) ) ;/ _
C A . )//

\

Figure 2.7 A three-dimensional model of the writing head and medium in
transverse read/write mode.

When H, (x, y) > H., the magnetization changes, that is:

NI '
H, = tan | ——28 (2-14)
2g x4y -(g°/4)

which can be rewritten as:

2gH .\ yg
ta"( NI ] - |:x2 (g /4)} (2-15)
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ng“JE 2-15) red
N q. (2-15) reduces to

Assuming that & = tan(

2
. g] _ (_g_ o1 jz
_ | = ¥ 2-16
g *(y 2 ~\2 e 2-16)
which represents a circle with radius equal to i: /l+yk2. The displacement of off-

centre of the circle is 2%: It is noted that the leading edge of a bit is a sector of circle

and is not a straight line as in the conventional recording. Simulation results show that
the radius (R) of the circle is dependent on the gap length of the head (g}, the H. of the

media and the write current, which is illustrated in Figures 2.8 and 2.9.

0.9
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Figure 2.8 The relationship between the radius and the coercivity of media.

Curve A for the write current is 60 mA; Curve B for the write current is 80 mA.

Simulation results in figure 2.8 shows the variation of the radius with the values
H. of the media with the write current equal to 60 mA for Curve A and 80 mA for Curve

B, respectively, which indicates that R reduces as H. increases. Figure 2.9 shows the
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relationship between the radius and the write current with the value H, of the media =

2000 Oe for the dotted curves A and 1500 Oe for the solid curve B, respectively.
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Figure 2.9 The relationship between the radius and the write current, Curve A for

media coercivity of 2000 Oe; Curve B for media coercivity of 1500 Qe.

Though the above modelling and simulation are based on this special case,
sufficient information can be provided to explain why the shape of a transition region is a
curve and how parameters g, / and H. affect it. It should be emphasised here that the
radius » is very important and it will be discussed further in what follows:

It is well-known that the transition region is the main source of media noise
(Vamoise) I high density longitudinal recording and the noise is inversely proportional to
the recorded wave-length (1) {see Eq. (1-24)}(4 is inversely proportional to the number
of transitions per unit length) when only considering in one dimension. Considering mn
two-dimension, thus, Vinnoise € St (2-17)
where, Sr is transition area per unit recording area. Supposing that the recording

trackwidth is w and that the transition length is Az, then transition area (S) 1s
S=4Az R-sin” — (2-18)
2R
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It can be seen from Eq. (2-18) that § is proportional to Az and R, which means

that reducing Az and R will result in an increase in S/N of a MR head during readback.
2.3.4 Experimental observation of the recorded bits

The recording and reproducing experiments in the new recording modes were
undertaken on the submicron servo track writer (SSTW) which will be explained in detail
in Section 3.1.2. The read/write head is a commercial thin film/MR head. The length and
width of the gaps of the read/write head are (0.7 um and 4 pm)/(0.7 um and 6 pum),
respectively. The head was maintained at right angle to the normal data head when it
reads or writes in the new mode. The head 1s moved by the positioner of SSTW. A 3.57
rigid disk (made by [BM) with in-plane isotropic longitudinal media of 1800 Oe and B-H
loop squareness s~ = 0.81 was used in the experiment. The write/read circuit will be
explained in detail in Section 3.2,

Figure 2.10- shows the magnetic force microscopy image of two transverse
recorded tracks which are produced by the University of Malnchester Information
Storage Group. It can be seen that transition regions exist between the recorded bits and
between the recorded tracks. It can also be seen that the shape of the transition regions
between the bits in the track direction are curves and the shape between the bits in the
transverse track direction are straight lines. The write currents for recording track A4 and
for recording track B are 40 mA and 80 mA respectively. The results for both
trackwidths show that the recorded trackwidth increases with write current, which

coincides well with the above calculation and analysis.
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2.3.5 Reproducing processes

As discussed in Chapter One, there are two ways by which the MR readout
shown in Figure 2.1 (d) and (e) can be calculated, such as Eq. (1-15).

It is noted that it is very difficult to solve these two equations in general cases
because a 3D transmission-line model would be needed. However a 2D model can be
used for some special cases.

We consider a simple case, i.e. transverse unshielded MR reproducing signals on
perpendicular media as shown in Figure 2.1 (¢). Assuming that the recorded patterns in
the media have been written with a perfect, undistorted sine wave of longitudinal
magnetization, which has the samé magnitude and phase angle throughout-the coating
depth, then it follows that

M.=M, -sinsz (2-19)

Further, the fringing field produced by the medium can be obtained by integration.
over these poles, which gives the analytical expression for the vertical component of the
fringing field by

H, = =27M, cos(2mz | A)e ' (™' — ¢™') (2-20)

y

and supposing that the trackwidth is infinite, then Eq. (1-13) reduces to

Lh

Ap. H
V() = [aAR(E) = 2R, =2 e [ [ i gy (2-21)
P H, od
: : Ap... H
if k, = -2mM |e™'t — e ™2 IR, 0 (2-22)
| oo, 2
0 -z R z
then, V(z)= ku,{sin 22(0-7) _ g 22U Z)] (2-23)
p) p)
kvl — kv(e—brdll "e—thIi) (2_24)
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where, L is the length of the MR in the track direction, 4 is the height of the MR, M, is
the peak sinusoidal remanence, & is the coating thickness, d is the head-media spacing,
and A is the recording wavelength.

It is noted that the output of the MR head is proportional to the coercivity of the
media, the current and the parameters of the MR material and that the output of the MR
head is not dependent upon the head-media speed.

It is interesting to study the behaviour of the length of the MR head (L) and
recording wavelength 4. To this end, by using the Newton-Raphson method to solve
numerically Eq. (2-23), we have

Ve = kot when L = (n/2)2 (2-25)
Vien = 0, whenl =n 4 (2-26)
wheren=1,23... .

In Figure 2.12, both the numerical result (that the output of the MR head varies
with L/1) and the experimental ones are shown by line A and line B respectively (4 is the
recording wavelength, L is the length of the MR head in track direction in the new
mode). Comparison between the numerical results (calculating it according to Eq. (2-
23)) and the experimental ones shows that good agreement is obtained, except for the
regions near points where L/A = s, which is due to the fact that an anisotropic flux
propagation has occurred in the MR head in these regions. In other words, it is due to
that the magnetic centre offsets from the physical centre of the MR head, and the output
1s not equal to zero near points where L/A = n.

In the above experiment, conditions were same as Section 2.3.4, except (1) the
writing signal frequencies change from 31.4 kHz (n = 0.1) to 942 kHz (n = 3) by step of

n=20.1, (2) a 3.5 glass disk coated with CoCrTa single layered perpendicular media
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with coercivity of 2000 Oe [Mapps et al.,, 1993] was also used. Note that when
reproduced the head must be moved a gap (e.g. 4 um in the experiment) between the gap
of the write head and the gap of the read head in radial direction, after writing recording
bits.

Further, it is seen that the extreme values of the output of the MR head in the
longitudinal recording media are the same as those 6btained by Eq. (2-25) and Eq. (2-
26). In fact the outputs of the MR head in longitudinal recording and the new mode are
the same when the ratio of L to A is optimised, which can be demonstrated by the
following experimental results.

Figure 2.13 shows a waveform reproduced by a shielded MR head with
trackwidth equal to 4 tm on a track on which recorded patterns have a trackwith of 4
pum and bit length of 0.7 pum on a 3.5” rigid disk with longitudinal recording media of
coercivity 1800 Oe (note that 1 Oe = 79 A/m), which was rotating at 3600 rpm. Figure
2.14 shows a waveform reproduced by same MR head on a track with 0.7 pum
trackwidth and 4 pm bit tength on the same disk in the new read/write mode. It 1s noted
that in both cases the experimental conditions are the same, except the speed of the
medium (300 rpm). The result shows that the readouts for both are approximatély the
same, whereas the trackwidth for the new mode reduces from 4 pm to 0.7 pm.

In order to remove the effects of different flying heights of the MR head and
different medium moving speed, the gain of the amplifier for Figure 2.13 has been
increased by 62%. This was found by experiment to be the adjustment needed to equalize

the outputs for the longitudinal recording mode at the different flying heights.
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2.3.6 Signal/noise ratio of the output in the new recording

In this section S/N of the readout in the new mode on longitudinal media will be
discussed (comparison with the experiment results can be seen in section 4.3.7).

As discussed in Chapter One, the readouts of an inductive head and a MR head
on the thin film media in conventional recording mode are expressed by Eq. (1-9b) and
Eq. (1-15). However these equations have to be changed in the new mode. In the new
mode, the effective read width of the MR head does not reduce when recording bit
length is greater than the MR length, even though the data trackwidth is reduced, while
the effective read width for the inductive head is reduced from the head’s trackwidth to
the length of the gap in the new mode, that is,

Swr = Laaw fur (1) (2-27)

Sind = 8§ fina (1) (2-28)

where, fi;z and fns are sensing functions in the output of the MR head and inductive

head respectively. Suz is the signal level of output of MR head and S« is the signal level

of output of an inductive head. The inherent noise for both heads does not change.

Therefore the S/N of the output of the MR head is independent of the trackwidth of the
recorded track, but is roughly proportional to the MR length in the ideal case. We have,

S/N o Lur fsun. whenlL > A1/2 (2-29)

In the new mode, the S/N of the output of the inductive head is dependent on the
gap length of the head and is lower than that in longitudinal recording. It can be
expressed by the following equation

(S/N)ia o (S/N)i - g/ wy (2-30)
where, w;, is trackwidth of an inductive head and (S/N); is the S/N of the inductive head

in longitudinal recording.
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2.4 Summary

Three kinds of magnetic recording modes were reviewed in section 2.1,

In section 2.2 the new recording/reproducing mode was introduced and
described, to obtain servo (position) signal with high quality when recording trackwidth
is reduced to submicron size.

In section 2.3 the recording process for the new mode is investigated. Unlike the
conventional recording model, the recorded track width in the new mode is mainly
dependent on the gap length-(g) of the write head, magnitude of the write current, H, of
the medium and the space between the head and the medium. There is a transition region
between tracks, which is similar to that between bits in longitudinal recording. So in
theory, the limitation of TP1 in the new model equals the limitation ofh BP! in longitudinal
recording.

A track of width 700 nm was recorded on rigid disks with in-plane longitudinal
media of coercivity 2000 Oe, by a head with g = 700 nm. The three-dimensional model
of the edge of gap in the write head was simply set up to study the transition region from
bit to bit. Results show that the magnitude of the write current strongly affects the width
of the transition region because of the component of the head field in the track direction.
The shape of the edge is a dual-curve and must be symmetrical with the centre of the
track. Some results were observed by MFM, and microscope indicated by ferro-fluid. In
the reproduce process, when the length of the MR equates to one or half of recording
wavelength, the MR head output respectively is maximum or zero in the experiment and
computer simulation. Finally, a better S/N can be expected (for the same number of
bits/in’). It is found that the S/N of the output of the MR head is independent of the
trackwidth of the recorded track, but it is proportional to the MR length, as the L and g

of the MR head are less than the recording bit length and track width, respectively.
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Therefore, the number of TPI is limited by the width of the zig-zag walls in the
new mode. However, the same limitation applies to longitudinal recording for the bit
density and on the new mode for the track density. It is a great advantage for reading and
writing bits or servo patterns for submicron tracks, because the readout of the MR head
is proportional to the length of the MR in the track direction and'is no longer limited by
the trackwidth of the recorded track, even the number of BPI is limited by the length of
MR head. It seems that the new model is a potential candidate for reading and writing a
submicron-servo-pattern as it is not necessary to have high BPI for recording a servo

pattern. Further discussion will be carried out in Chapter Four.
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Chapter Three

Experimental Development

This chapter describes the development of a submicron servo track writer,
measuring systems and associated equipment for this project. The main measuring and
observing systems and equipment used in the project are also discussed. The major

experimental techniques are described in detail.

3.1 The Submicron Servo Track Writer System
3.1.1 Introduction

The submicron servo track (pattern) writer system (SSTW) was developed by the
author using a “Spin Stand” disk testing station installed at CRIST facility. This station
had been manufactured by Speake and Co. Ltd. for a disc manufacturer [Speake,
1985]. It had been developed into a Hard-disk Experimental Test Station by N. Darragh.
The Hard-disk test station was used in his Ph. D project, “An Adaptive Partial Response
Data Channel for Hard Disk Magnetic Recording” [Darragh, 1994]. Further hardware
and software development were carried out by the author, designed mainly to convert the
system for recording submicron servo tracks on rigid disks and for all recording
experiments and signal analysis in this project. It 1s the fundamental experimental tool for
this project. Moreover, it is a powerful and effective development system for the HDD
industry. To date, the servo track w.riter can be offered by only a few companies in the
world, and there is no submicron servo track writer on the market. The best servo track
writer presently is only able to record 3 um trackwidth. The servo track writer is shown

in Figure 3.1.
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The operation of the system can be described as follows. The servo patterns are
written on one side of disk surfaces. In our project, the servo pattern is written by a
transverse inductive write head mounted on the servowriter to perform this task. The
servowriting process is a repetitive process of writing a track, test the track and moving
the head to the next track. The process is repeated until all tracks are written. The
process of writing the servo pattern is relatively straight forward, but since it must be
precisely done, the system can become quite complicated.

In order to position with submicron accuracy and write perfectly pre servo
patterns in both radial and circumferential directions of a disk that is running at high
speed (for example 3600 rpm), many techniques have to be employed. There are two
bases of position on the disk, one for radial and one for circumferential position systems.
An encoder or servo pattern generator supplies the correct servo code to the head. for

writing on the disk, and the disk rotating system is mounted on air bearing spindle.

3.1.2 The submicron servo track writer system

Figure 3.2 is a schematic diagram of the Submicron Servo Track Writer (SSTW)
system. As shown in Figure 3.1 & 3.2, the main aspects are the head positioning system,
angular clock subsystem, servo pattern generator, testing subsystem, spindle, clamp and
control computer. In order to suppress any external vibration being transmitted to the
head/disk interface, all of these are mounted on a granite bed supported on air cushion.
The granite bed and mechanical assembly are placed within a class 100 air booth which
itself is located within a class 1000 clean room facility, so that the disk and head will not

become contaminated with dirt particles.
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3.1.2.2 The basic system of circumferential position

In this investigation, the angular position of the head on the disk is required when
writing a servo pattern on the disk to line up every adjacent servo pattern radially. The
basic circumferential position control system for a disk, or angular clock system, can
employ an optical grating to achieve an angular output signal. But its accuracy (e.g.
0.0025°) is much lower than what is needed for this project (e.g. 0.00002°).

For this task, a sensor is used to supply fine .resolution clock pulses that are
synchronised to the angular position of the disk. This sensor is typically a stationary R/'W
head called a clock head (See Figure 3.3 and Figure 3.3 (a)). The special clock R/W head-
is placed at the outer diameter of the disk. After the R/W head writes the clock data on a
round track called the clock track on the disk, the clock head can reproduce a series of
highly accurate clock pulses. As the spindle motor speed varies due to random
disturbances, the clock pulse follows the speed changes accordingly.

After writing the clock track, two tests immediately check clock track accuracy.
One determines if the correct numbers of pulses have been produced and the other
measures the timing gap between the last and first pulses on the clock track. If the clock
track is perfect, this gap will equal the bit period. In this case of which the clock track is
no perfect but acceptable, a condition called closure is achieved when the correct number
of pulses has been written and the measured gap equals the bit period to within a
specified accuracy, typically + 10 - 15 ns. At a drive spindle of speed of 3600 rpm, the
hard disk revolution period is 1/60 s and the required clock pulse position accuracy is +
0.9%10° revolutions. Along the circumference of the disk, this corresponds to 0.26 pm
at a radius of 45 mm.

An index mark is encoded in the clock track to indicate the start of the clock

track. This index is used to synchronize the pattern generators at the start of each servo

80









3.1.2.4 Servo pattern test

Writing servo patterns on a disk at exactly the correct locations does not
guarantee a correctly-written disk. Because there are some defects on disks, the servo
information was not recorded at those points. This becomes more serious, when the
trackwidth is reduced to submicron size. The recording head may have been broken a
shorted turn or other defect that prevented the servo pattern from being written on the
disk.

Therefore the servowriter must check that each servo pattern bit has the correct
amplitude and timing. Thus immediately after writing the information for a track, the
servowriter’s read/write head remains on track, reads back the information just written to
the track and identifies incorrect, missing, or extra bits. This process of on-track
verification is important to the high quality servo writing. After all servo patterns are
written and passed, it is necessary to test: (a) servo pattern alignment in radial direction,
(b) servo track width and (c) all servo pattern bits [Tan et al., 1991]. In the servo track
writer, the test is simple and incorrect, missing, or extra bits are identified. Its circuit can

be seen in the Appendix Hardware A.

3.1.2.5 Spindle motor speed control

The servo track writer is designed to write as circular a servo track as possible.
The non-repeatable radial runout has to be as smali as possible. The spindle system of the
“Spin Stand” was used for this purpose. For the servo track writer, the disk is mounted
on a spindle with an air bearing and the non-repeatable radial runout of the spindle and
the disk is less than 0.1 um. The spindle is driven by a 3 phase brushless motor and
digitally-controlled electronic drive and can operate at speeds between 160 and 5400

rpm (160 rpm was set by adjusted the resistor at the PCB board of the spindle control
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box in the experiment), and the resolution (Av) and accuracy of the rotating speed are
0.01 rpm and + 0.1 %. The disk is clamped firmly in place by a sprung rod which pulls
the clamp face against the disk surface and down onto the spindle [Darragh, 1994] &
[Speake, 1985].

The speed control of the disk is very important during clock writing and clock
readback. If the speed varies too much during clock writing, the correct number of the
clock pulse and good closure (there is an exact integral number of clock bits making up 1
circumference of the clock track) will not be obtained. The PLL that generates the
system time base will go out of lock during read-back, if the speed varies too much. This
will ‘make the wnting of good servo patterns impossible. The speed of the disk is
controlled by comparing the motor Hall-effect sensors to the stable reference clock. For
the servowriter, the reference is derived from a high-precision (six to seven significant
digits) frequency source. The £ 0.1% accuracy of the speed is achieved.

The + 0.1% accuracy of the speed is suitable during clock readback but not
suitable during writing of the clock track without using a new clock-writing method as

described in Section 4.3.10.

3.1.2.6 Adjustable skew angle unit

In this project, it is necessary to adjust both the skew of the head pole/gap with
respect to a recorded track and the loading force. The head mounting unit developed by
N. Darragh shown in page 35 of his Ph. D thesis [Darragh, 1994] is used to adjust the
skew of head of the servo track wrter. The head mounting unit provides z-height
adjustment in the plane perpendicular to the disk to adjust the loading force and
therefore, the flying height of the head. The dial gauge allows z-height adjustment to an

accuracy of + 12.7 um. The bed onto which the head 1s attached can be rotated through
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+ 360° [Darragh, 1994]. In order to increase the rigidity of the head mounting unit, the

vertical angle of the head is fixed in the experiment.

3.2 Read/Write Channel

3.2.1 Read/write channel for data

Figure 3.5 shows a schematic diagram of the data read/write channel developed
by author, which is similar to one developed by N. Darragh [Darragh, 1994]. Recording
data is generated in an 8165A programmable signal source. For an inductive write/read
head a SS1 521R-6H read/write device was employed. In our design, the magnitude of
write current i1s set externally using the adjustable resistor. The write drive and data
generator are triggered by the “index pulse” created by clock angular system, so that it
produces a write data enable signal that only wrnites a round. Drawings of the circuit and

PCB board are in Appendix Hardware B.

8165A
signal
source
R/W head —
Vi SSH251 NE 592 Fiter LeCroy
[ 1 9310
Disks T

Index signal
Witter Write R/W i
current curent controller N T
controller monttar

Figure 3.5 Schematic diagram of the data read/write channel.

Noise from the preamplifier is key since this noise will dominate the noise of
following amplifiers. To minimize the noise, the technology in the design and

development was used as following:

85



I. A special read amplifier (32R521R-6H specially designed as a preamplifier for
HDD) with an input noise figure of only 0.5 nV/YHz.

2. Mounting the amplifier as closely as possible to the read head (such as 20 mm
in the design) to reduce external pick up and transmission line effect in the
interconnection,

3. Substantial grounding for every part to reduce ground noise and transmission
line effect in the interconnectton.

4. Connection of a 10 pF capacitor between the outputs of the preamplifier to
reduce high frequency noise.

Fbllowing the read amplifier a video amplifier, NE592, was employed as a second
amplification stage, NE592 provides wide-band gain up to 50 MHz.

The output of the read amplifier of NE592 is observed e;t a digital storage
oscilloscope (LeCroy 9310). The oscilloscope can sample at up to | G Sample/sec and
store up to 50,000 consecutive samples. The outpui is also connected to a HP 4195A

network/spectrum analyzer to measure spectrum of the readout.
3.2.2 The MR head read/write channel for servo

The MR head Read/Write Channe! is similar to read/write channel for data
(Drawings of the circuit and PCB board are in Appendix Hardware C, D and E).
However, there are some differences between them, e.g.

1) A Read/Write device (type SSI32R1510R made by the Silicon Systems Ltd in USA)
for MR head replaces the SS1 521;
2) The servo pattern generator in the servo track writer replaces the 8165A signal

source.
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3) The servo pattern generator has the function of controlling read/write operation of the
MR head.
4) The cut-off frequency (designed at 200 kHz) of the low-pass fitter in the servo
channel is much lower than that in the data channel. This 1s because the servo frequency
1s lower than the data frequency.

It should be noted that electrostatic protection must be used during operating a

MR head because the electrostatic can easily break the MR head.

3.3 Other experiments

3.3.1 A measuring dynamic micron movement system

[n order to measure the dynamic movement of the head or actuator, a micron.
movement measuring system was developed as shown in Figure 3.6 (a), (b) and (c).
Figure 3.6 (a) is a photograph of the measuring system. In Figure 3.6 (b), the optical to
electrical transducer was an integrated photo sensor. This transducer, known as a
TSL214, consists of 64 charge-mode pixels arranged in a 641 linear afray [Texas,
1991]. The mirror A was an adjustable plane mirror and the mirror B was a low mass
mirror weighing less than 2 mg (a range of mirrors was used with weights between 1.0
mg and 2.0 mg). The laser was a He-Ne laser.

If the rotary bar is rigid and can freely rotate, referring to Figure 3.6 (b), L,/ L>=

S/ x4, so the movement, x,, of the head at the b point on the mirror B is

_S-L

3 (3-1)

Xp

where, § is the distance that the laser spot moves on the photo detector, L; is the
distance between the reflecting light point 4 on the mirror B8 and the photo detectors, L,

is the distance between the point b and the fixed end of the bar.
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It should be noted that Eq. (3-1) is not correct when the rotary bar is a PZ
bimorph and the end of the bimorph is fixed. In this case the bimorph bar 1s not rigid but
bends. According to reference [Riley et al., 1989], we have the final angle (6) between

the end of the bar and the original bar axis position is,

k]
8 — QL'.Z
6£J

(3-1a)
where O is the distributed force, L; is the bar length, £ is the Young’s modulus of

elasticity and ./ is the moment of inertia of the cross section.

In Figure 3.6 (b), the deflection (x;),

oL

X, == 3-1b
* 8EJ (3-10)
On the other hand, we have sin oz =~ (3-1c)
When a = 0, az;l (3-1d)

According to Eq. (3-1a), (3-1b) and (3-1d), we have,

Q|

|

That i1s, Eq. (3-1) becomes,

3L,
"4l

(3-1e)

In the 64 photo sensors of the TSL 214 detector, each pixel measures 120 um x
70 pm with a 125 um centre-to-centre spacing. The operation is simplified by internal
logic requiring only clock-pulse and start-integration-pulse signals. On completion of the
integration period, the change contained in each pixel is transferred in turn to the sense
node under the control of the clock (CLK) and serial-input signals. The output-signal is

serial. Each output period occupies 64 clock bits which correlate with the 64 photo
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sensors. High-level voltage, ‘1° bits, in the output signal means that the spot of the laser
is on the corresponding photo sensors. Deflection of the bimorph causes the laser beam .
to be reflected by a different angle and indicated by a change of position of ‘1’ bit pattern
in the output of the 64 bit photo detector, which is shown in the Figure 3. 6 (b).

Therefore, we have

S=A4P 125 um (3-2)
x,,zlzsx%APxi*’L (3-3)
~
3APL
V, = ! 3-4
T (3-4)

where, I, is the velocity of the point b on the mirror B, 75 1s sampling time or 64 7. (7. is
the clock period) and AP is the number of '1' bits moved.

This measuring system was tested by comparison with the value measured by the
system and the value measured by the BH-Z microscope with calibrated television image
when the PZ actuator was supplied with a stable voltage. The result is 15% error when
measured small movement (less than 250 pm). It should be noted that the system is
suitable for measuring small movement( less than 250 um).

Figure 3.6 (c) shows the measuring circuit of the equipment.

Clock pulse output

> TMS 320C50
S| TSL214 Computer

> (05]9]

Figure 3.6 (c) The circuit for measuring the head movement system.
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Its software can be seen in Appendix Software C.

The substrate of the mirror B is a silicon disk of thickness 150 pm. The reflection
layer is a sputtered thin film of chromium with thickness of 1 um. A 40 nm gold film is
used as a protection layer on the top of the mirror. When the size of this mirror is 1.5 x
2 mm, the weight of the mirror is only 1.0 mg, and can therefore assure the measuring
system of the desired accuracy.

Figure 3.7 shows the real-time movement curve of a PZ bimorph actuator
(dimension 45x3x 1 mm, the drive voltage 0 — 215 V) measured by the above measuring

system. This shows the time constant of the actuator to be approximately 3.4° ms.

160
140 4
120 |
100 1

Displacement (um)
(0]
o

Time (ms)

Figure 3.7 A real-time movement curve of a PZ actuator

3.3.2. Piezoelectric drive source

The block diagram and the circuit of the close-loop analogue voltage-drive circuit
developed for a PZ actuator is given in Figure 3.8. The voltage on the actuator is
compared with an input servo signal in the regulator stage of the amplifier. The actuator
is then charged or discharged by variable amounts as required.

The PZ actuator is essentially a capacitive device, and therefore discharge time is

long when the actuator is operated at a high frequency. In order to reduce the discharge
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time, a pull down circuit is employed. This will be described and discussed in more detail

in Chapter Five.

The electronic circuit can be seen in Appendix Hardware F.

Input servo signal l +180/350 vV
0-+i50/300 Vv
| | |
»  rolower h ’ ’I
and Adjustable
comparatol
pa driver
7 3 Pull
Sampling down -
circut =
Pz
actuater
Short clreutt .
protection
Feadback

Figure 3.8 Diagram of the driver circuit for PZ actuator.

3.3.3 DSK development system

A TMS320C50 DSP Starter Kit (DSK) made by Texas Instruments, Figure 3.9,
is used to design and develop the Hardware and Software of the above application
systems. The DSK is a simple and effective developing tool for TMS320C50 DSP. The
DSK has a TMS320C50 on board to allow full-speed verification of the TMS320C50
code. The DSK also provides the freedom to create dedicated software to run on the
DSK board, allows the building of new boards, or to expand the system in many ways for
different application systems.

The DSK software mainly consists of a powerful assembler and debugger. The
DSK’s assembler and debugger are software interfaces that help to develop, test, and
refine DSK assembly language programs. The supplied debugger is Windows-oriented,

which simplifies code development and debugging capabilities. The debugging is capable
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3.4.3 Uitra-high speed microscope

An ultra-high speed microscope consists of two main subsystems: an ultra-high
speed colour video camera with signal processing unit (type Kodak HS) loaned by the
EPSRC Ruthersord Lab. and a BH-Z microscope given a resolution up to 0.5 um (see
Fig. 3.12). In the system shown in Figure 3.12, the ultra-high speed video camera was
fixed in the normal microscope eye piece position using a C-mount adapter. Optical
adjusting i1s needed, to ensure good quality pictures are obtained. For the ultra-high
speed colour video camera with signal processing unit, -several settings cover the range-
from 200 frames per second (fp.s.) to 4500 fp.s. with a full size picture, and up to
40,000 fp.s. with a reduced size picture. The pictures are sampled and stored in the
RAM of the system, then stored (recorded) on a magnetic tape if necessary. The amount .
of RAM allows a continuous series of 3000 pictures to be stored. These cameras are
supplied complete with lighting and the facility to download pictures to VHS video and
the RAM of the system [Kodak, 1991].

In the project, the system was employed to measure real-time movement of the
magnetic head and the actuator ‘using the position change of the head in a series of
pictures. Figure 3.13 1s a series of pictures of a moving head, in which the sample rate
was 1000 f.p s. [n the figure 3.13, the real-time movement of the head is indicated by the
movement of point (x, ) on the head in a series of pictures. According to the values of x

and y, the curve of the movement can be drawn and the movement can be calculated.
3.4.4 Thin film deposition by sputtering
C/CoCrTa/Cr/CoCrTa/Cr multilayer films with different thickness were deposited

on disks by rf-planar diode sputtering or rf-planar magnetron sputtering in a Nordiko
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NM2000 rf-sputtering unit to make the disk with data and servo layer for the study of
the buried servo used in the project. This sputtering unit consists of a vacuum chamber,
target and substrate electrode, a vacuum pump system and an rf power supply as well as
its impedance matching network [Nordiko, 1987]. In rf-sputtering, the materials of the
target are passed into the vapour phase by ion bombardment. These ions are provided by
the inert gas (such as argon in the range of about 10 x10  Torr), which is introduced to
the sputtering chamber to form a plasma with the aid of an r.f power supply, once the
chamber is pumped down to a pressures as low as 107 Torr. The power supply maintains -
the target at a negative potential (1500~2500V) relative to the plasma. The argon ions-
are accelerated with sufficient energy resulting in the ejection of target materials from the
tafget surface. The substrate is suitably positioned to intercept these atoms. The films,
which have similar composition with target material, are formed on the substrate surface.
During the rf-sputtering, A substrate bias can be applied and the magnetron sputtering

can be used to increase deposition rate of thin films [Mee,- 1989] [Nordiko, 1987].

3.4.5 Vibrating Sample Magnetometer

The Vibrating Sample Magnetometer (VSM) is a commonly used instrument for
the measurement of M-H loops and the magnetic properties of recording media, e.g.
magnetization curves and remanence curves of recording media. Figure 3.14 is a
schematic drawing of the VSM used in this work. It is a commercial mstrument (Type 1s
the V.S.M. 2001 made by Aerosonic Ltd.)

A magnetic field of up to 7,000 Oe is produced by an electromagnet and is
applied to the sample. The sample is suspended on a nonmagnetic red which vibrates

perpendicular to the magnetic field at 60 Hz. When the sample vibrates, the pick-up coils
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Chapter Four

Position Sensor System

4.1 Introduction

[BM demonstrated the technology of a magnetic recording density of 1 Gb/in® in
1989. They achieved a high signal to noise ratio (§/N) of about 20 dB including head,
media and electronics in the data channel. Thereafter, a S/N ratio of 20 dB has been
regarded as a basic requirement for high density magnetic recording, even for ultra high
density magnetic recording up to 10 Gb/In*or beyond.

It is well known that the Equation for calculating the S/N s

S/N = (4-1)

where, A is the 0 - peak value N, is the noise-frequency density, and f is the signal
frequency.

Assuming that the f; (frequency of data) is five times of the f, (frequency of

servo), then (S/N) = /S(S/N), = 27dB . However, the S/N of 27 dB which is used in

the current embedded servo method for aimost all HDD products, is not adequate. This
is because the S/N of 27 dB which is the resolution of the servo (position) signal is equal
to or less than 4.5%, thus the allowable servo error is less than 5 - 10 % [Mee, 1989]. It
is clear that the quality of a servo signal with S8/N of 27 dB is not good enough, even

though other factors that may affect the quality of servo signal are not considered here.
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more like a stepped wave as the width of the servo pattern is much greater than the
transition region, so the simulated result is slightly smaller than the experimental result.
In the experiment, the side read and the side write are removed by increasing the
length of the servo pattern. The maximum signal level of the MR head is cbtained when
g« < w,. This may be explained as follows:
(i) When g, < w, only a part of the magnetic field produced by the servo pattern could
be introduced to the MR film because the shielded layers shield part of the magnetic
field. However, the maximum combined field is not reduced. For this reason, the
maximum combined field can be measured by the MR film when g. <.w;,.
(i) When g, > w,, the maximum leave out field will be reduced by the fields of the
adjacent servo patterns between the shielded poles. So the maximum signal level of the

head will be reduced.

4.3.1.3 Linearity of the PES

The linearity of the PES signal is very important. The definition of the linearity
can be found in section 1.2.3.3.(2).(c). This section investigates how the width and
iength of the gap of the MR servo head and the servo pattern affect the PES linearity.

The experimental condition is the same as Section 4.3.1.2.

1. Size in the radial direction

In this study, a few hundreds servo tracks with widths ranging from 0.3 pm to
8.3 um were magnetised along the transverse track direction on the disk. A MR shielded
head, used as a reproduce head, was turned 90° degree with respect to a normal data
head. A typical PES signal (or the envelope curve of the peak of the reproduced signal of

the MR head) is shown in Figure 4.9. In this case, the gap width is equal to the width of
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The total S/N of the PES consists of two parts, one is the S/N of the disk and the
another is the S/N of the 'non-disk’. The disk noise includes the media noise and the
transition noise. The non-disk noise includes the head noise and the electronics noise.
More details about the media noise and the head noise for narrow tracks can be found in
the study of the data channel [Tsang et al., 1990'] [Tsang et al., 1990

In this project, two kinds of the PES S/N, the on-track S/N and the off-track
S/N, are defined. The on-track S/N is the output signal reproduced by the servo head
when it is positioning or following at the centre of track or very near the centre of servo
track. The off-track S/N is the output signal reproduced by the servo head when 1t is off
the track centre of servo track by a distance x.

1. Measuring the S/N of the PES

(1). The On-track S/N of the PES

When the MR servo head is in the centre of a track, S/N of the output of the
servo head is the on-track noise. 1ts measuring method is similar to that of data channel,
which is presented a method of measuring in data channel by Darragh [Darragh, 1994):
(2). The off-track S/N of the PES

Measuring the off-track S/N of the PES is more difficult than measuring the on-
track S/N of the PES, because the off-track S/N of the PES is a function of the off-track
distance x_ In our experiment the method used to measure the signal to noise ratio of the
servo channel is illustrated in Figure 4.13. The circuit is shown in part of the Appendix
Hardware G. In the experiment, each servo pattern or servo track is written with equal
width. At this track density the replay waveform is approximately sinusoidal. The PES
signal is passed through a zero crossover detector which detects the cross-zero location
of the PES signal. The outputs of the cross-zero detector are fed to a timer. The timer

produces m timing pulses to trigger the A/D converter when sampling the PES signal.
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Therefore, theory shows that the transition noise in the PES signal in the new
method is less than 0.5 » times that of the data signal when the data frequency is greater
than » times that of the on-track servo signal.

3. Results and discussion

Using the above measuring method, the results of the off-track S/N of the PES
signal versus the servo trackwidth and the length of gap of the servo MR head on
longitudinal media are shown in Figure 4.14. The experimental condition is the same as
Section 4.3.1.2. The S/N measunng method in Section 4.3.1.4 is used.

Note that the measuring method of the off-track S/N of the PES cannot be used
to measure the value of PES near zero, but the value of the PES near zero can be
obtained from the measurement of the on-track S/N of PES.

It is seen in Figure 4.14, that the maximum S/N of the PES signal occurs when
x =0 or when the servo MR head 1s aligned with the track centre. This is because only at
the track centre can the MR film sense the weakest field produced by the transverse
transition region at the track edges. Secondly the mimmum S/N of the PES signal occurs
at x = W/2 or when the MR head is aligned with the track edge. This is because at this
point, the MR head senses not only the strongest field produced by a transverse
transition at the track edges, but also the transition region between the bits in the track
direction. Thirdly, the S/N of the PES signal increases as the g of the MR head reduces.
Therefore, the greater the ratio of g and W, the smaller the difference between the

bl

maximum and minimum values of the S/N of the PES signal.

4.3.2 The skew angle

The use of a rotary actuator in present-day magnetic disk drives causes

read/write heads to be skewed with respect to the track direction over most of the disk
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4.3.2.2 The effect of skew angle on the read and write heads

When a head writes and reads a servo pattern, with a skew angle « in the new
models, it can be seen that the readout of the MR servo head is inversely proportionai to

skew angle. The readout is zero when a = ay. The ay can be expanded by

W, '
a, =sin~ (4.21)
0
43

[t is clear that « has to be less than ay in the new application.

1. Write with the skew angle

Eq. (4-2) defines the trackwidth of the servo pattern when the write head has no
a skew angle Including a skew angle, Eq. (4-2) becomes,

wo=g +g -sina gs < AR (4-22)

= AR gw > AR
where, AR=R-R.;

2. Experimental results

In order to understand further the relationship between skew angles (from 0° to
ay) and the readout of the MR servo head, experiments were carried out using a specially
developed submicron servo track writer (SSTW). The servo trackwidth, the length and
width of gap of the servo MR head are 0.7 um, 4 um and 0.7 pum respectively. The
selected range of skew angle adjustment is -20° to +20°. The skew angle was adjusted
on the submicron servo track writer (see section 3.1.2.6). The experimental conditions
are the same as Section 4.3.1.2.

Figure 4.17 shows the relationship between the skew angle and the readout of

the MR servo head.
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(5) Compared with the current embedded servo method, this position sensor system is

more sensitive to skew angle variations.

3. Summary

In summary, the variation of the skew angle affects the readout of the MR servo
head. This is not a serious problem for recording systems with a linear or even a rotary
voice coll motor. This is because the skew angle variation throughout the data area is a
function of the actuator arm length, (measured between the actuator pivot and the
spindle motor centre). Accordingly, the head skew angle varnation of a HDD could be
limited within £1° with a long-arm rotary actuator. This has been reported by Yoshikawa

[Yoshikawa et al., 1996].

4.3.3 The asymmetry effect of the MR head

‘For longitudinally recorded magnetic rigid disks, it is well known that the off-
track response for a MR read head on narrow track is asymmetrical [Tsang et al.,
1990"]. For a perpendicularly recorded rigid disk this eftect is more serious than for the
longitudinal nigid disk. Figure 4.2 shows experimental results showing an asymmetrical
off-track readout produced by an MR head on a perpendicular ngid disk. The
asymmetrical phenomenon of the MR head has been studied and analysed by Yen [Yen
1982]. The component of the MR stripe magnetization along the stripe axis (x-direction)
results in the asymmetrical off-track response. In theory, the phenomenon can not be
removed in either disk. However, as is discussed below, this phenomenon does not affect

the quality of servo signal in those position sensors.
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When the MR servo head moves along the track or z coordinate direction, the
waveform of the readout of the head may be asymmetric due to the component field in
the z coordinate. The magnitude of the peak of the readout will indicate the off-track
distance in a direction at 90° to this, i.e. the x-direction. After the head and the servo
pattern have been selected, the asymmetry effect on the magnitude and position of the
peak is to be fixed. Since the envelope curve of the peaks at different x points will be
used as the PES signal, it will correspond to the readback waveform produced by the
MR head in a similar way to its output when used as a normal data head. The PES signal,
therefore, is symmetrical at the peak point, and at the zero point [Tsang et al., 1990%.

From these experiments, it seems that the asymmetry effect of the MR head could

be neglected for the PES signal in this method.

4.3.4 The MR servo head

4.3.4.1 Consideration of the MR servo head

Another main advantage of these new methods is to enable optimisation of the
designs of the data head and the servo head, as well as their channels by using an
independent MR head as a servo head. Therefore, the function of each head can be
optimised individually.

The optimisation of the MR data/servo composite head in the new servo method

1s as follows:

(1) The data head can be reduced to 70 % of the track pitch for effective data reading.

The gap width of the servo head can be equal to the track pitch.
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(2) The servo reproduced signal can be designed to be independent of the data signal.
For example, the frequency of the servo reproduced signal can be optimised by using the
method of Patapoutian [Patapoutian et al.,, 1996] and it is not limited by the
bandwidth of the data channel. In his method, this optimal frequency of servo signal
depends on the estimation scheme used, that is whether we estimate the amount of signal -
from peak rectified area or matched filter estimator.

(3) The servo signal can be detected at the same time as the data head writes data on a
data track. This is impossible for current embedded servo methods because a single head

1s used for both tasks.

4.3.4.2 Effects of a different position between data head and servo head

In this study, since the data head and the servo head haye to work on different
tracks, the temperature and the skew angle of the heads may affects the position
accuracy. The error produced by the skew can be compensated for by accurate
calculation. Thus the temperature effect is small in this case. For example, if there is a
temperature change of 40°C or a temperature difference of 10°C between the disk with
sodalime glass and the composite head, the position error will be about 16 nm and 12.8

nm respectively.
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4.3.6 Writing the servo pattern and data bits

From Eq. (1-12) and Figure 1.8, it can be seen that the magnitude and gradients
of the writing field of a head are dependent on its gap length (g), the space between the
gap, the position near the gap and the magnitude of the write current. Therefore the
servo pattern and the data bit can be written independently by carefully selecting the gap
length and the magnitude of the write current.

In this study, a servo write head with a large gap (0.7 um) was used to write the
servo pattern, so that a gradual reduction of the writing field with depth can be
produced. To keep the integrity of servo patterns, a data head with a smaller gap (0.25
Hm) was used to write the data bits. The relationship between the write magnetic field
for data and servo heads and the space between head and medium can be estimated by
measuring output of the MR, which is shown in Figure 4.19. Curve A is for the write
head with 0.7 um gap. Curve B is for the data head with 0.25 pm gap. Write Current is
50 mA for both.

Further experimental results of reading and writing on the disk show that the
recording magnetic field H., produced by the data write head, must be less than 0.5 /.,
(H 1s the coercivity of the servo layer) at the upper boundary of servo layer, to keep the
integrity of the servo layer. In addition, the H,, should be twice more than the coercive
field at the bottom boundary of the data layer. The servo.recording field H., produced by
a servo write head must be one and half times greater than the H. of the bottom

boundary of the servo layer. In the experiment, in fact, the fninging field of the magnetic

head was controlled by adjusting the current through the head.




increase is not really clear. It is fact that the data head can rewrite data bits on which the
servo pattern has been written on the data layer, but the remnant servo pattern in the
guard band between two data tracks will form a new noise source for the servo MR
head. Thus results in a reduction of the S/N of the PES. In other words, the S/N of the
PES signal is increased if the remnant servo pattern on the data is erased.

To optimise the above system it is necessary to estéb]ish the S/N of the data
signal by choosing H. (data) and then adjusting the isolation layer thickness, H,, (servo)

and the trackwidth of the servo head to increase the S/N of the servo signal.

4.3.8 Multilayer media with servo layer

The dependence of the coercivity of Cr-CoCrTa media for longitudinal magnetic
recording on the substrate temperature has been studied by a few researchers [Maeda &
Takei, 1991] and [Cord, 1993]. This phenomenon was also observed in our initial
experiments. The experimental results of coercivity vs substrate temperature is shown in
Figure 4. 22. This indicates that the desired coercivity can be obtained by controlling the
substrate temperature during film deposition.

It was reported that the thickness of the Cr separation layer (in the range 0 to 30
nm) in a double-magnetic-layer film also can affect coercivity and squareness [Min et
al., 1991). Similar effect has been experimentally found in this project wheﬁ Cr layer
thickness changed from 0.1 um to 0.3 pm.

The effect of overall thickness of multilayer films on disk was observed by atomic
force microscope before and after deposition with a total film thickness of about 0.25
um. Results. show that the surface roughness increases slightly after deposition as seen

Fig 4.20 and Fig 4.21.
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1993]. The servo pattern was written by a newly developed submicron servo track
writer. 98304 clock pluses were written on the clock track by a 5 MHz source at the
speed of 3051.76 rpm (on how to write the clock track see Section 4.3.10). A servo
written signal was formed by the clock signal divided by 64. 1536 servo patterns with 0.7
nm trackwidth were formatted on a series of circles on the disks at the disk speed of 300
rpm. Each servo pattern bit length is about 6 um. They occupy about 6.8 % of the data
area.

A PES signal is produced by the demodulation of the position signal and this 1s
shown in Appendix Hardware K.

In fact the demodulator is a sample-and-hold chip triggered by the delayed
angular clock signal with a fixed delay to ensure that the output peak of the servo MR
head was held.

The overall experiment’s hardware and software are shown in Appendices
Hardware G and Software D. .In the Appendix Hardware G, the SH-ADA board .was
supplied by San Huan Electrons Ltd. [San Huan, 1992]. In this board, the A/D is a .
TLC08220 v_vith a transfer rate of 2.5 ps and resolution of 8 bits, the D/A 1s a DACO0801
with transfer rate of 1 pus. ICES-G3 board is a Intel 8032 simulating board which was
supplied by Wei Fu Ltd. [Wei Fu, 1993]. Technical details of other boards can be
found in Appendix Hardware B, C, D, F, H and K. The sampling rate of the system was
at 768 Hz, because the digital filter is used to reduce PES noise and the sampling rate.
The digital PID (proportional integral differential) was used as a regulator in the system.

The dual-stage actuator consists of a coarse actuator (voice coil motor-VCM)
and a fine piezo-actuator (PZ). The VCM was taken from a commercial hard disk drive
made by Seagate. The PZ bimorph is supplied by KNT Co. and has been used by the

author as a fine actuator having a dimensions of 15 x 1.5 x 0.6mm (free length 8.2 mm),
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a maximum piezo deflection L,n = 4 um, the resonant frequency f,.. = 2.7 kHz. The
VCM has Ly.pey = 50 mm, f,, = 350, the motor torque constant K; = 0.05 N-m/rad Their
details can be seen in Chapter Five. The circuit of driving VCM can be seen in Appendix
Hardware H.

The 0.7 um track following experiments using longitudinal and perpendicular
recording media were undertaken on the SSTW with air bearing spindle. Because the
MR head was turned 90° to its normal operation condition and so can only be running at
very low speed, the experimental disks were running at slow speed (300 rpm) and so the
head and the disk were running in contact.

A PES waveform reproduced from longitudinal Imedia when seeking track was
shown in Figure 4.23. The first part of the curve shows an accelerating period for the
servo head. The S/N, linearity and servo gain of the PES are sufficient for the track
following. Figure 4.24 (a) and (b) show the PES signals when the servo head seeking
track across 45 tracks and 22 track respectively. Figure 4.25 (a) shows two PES -
waveforms with and without track following for a disk mounted on an ordinary rigid
disk drive. 4 and B on waveform (i) are the points where the crossing direction of the
head changes. The waveform (ii) in Figure 4.25 (a) shows the residual following error
on 0.7 um tracks is less than 0.07 pum (rms). Figure 4.25 (b) shows two PES waveforms
with and without track following for a disk mounted on the spindle of SSTW.

The servo MR head accesses 22 iracks on perpendicular media in Figure 4.24 (b).
The S/N and linearity of the accessing waveform are sufficient for reliable operation and
optimal seek performance. A degree of eccentricity always exists because the centre of
the disk as written on an air bearing system, and the centre of rotation of the spindle
motor in a disk drive are bound to differ. The left half of waveform (i) of Figure 4.26

shows that servo MR head crosses 8 tracks towards the inner; its right half means that
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servo layer were written by a thin film inductive transverse head with trackwidth 6 um
and gap length 0.7 um. The servo signal was reproduced by a shielded transverse MR
head of trackwidth 4 pm and an inter-shield gap length 0.7- pm. A data write head with
shorter gap length (0.25 um) was used, so that it did not rewrite servo bits. After the
servo patterns were recorded, the data layer was D.C. or A.C. erased with a magnetic
field whose strength was less than the servo write field. Then data tracks on the data
layer were written with an all "1" 's pattern. A dual-stage actuator with piezo-electric
bimorp‘h was used in‘ the track-following servo experirﬁent. The servo \);ras tested c;n,-O.’l
pm Servo trac-kwidth, as the d‘isk was running at a speed of 300 ri)m wnth the servo head
running "in contact" with the disk. The waveform (1) in Figure 4.27 shows the PES
waveform without track follo'wing.'and with a degree of eccentricity to test the track
following proberties. The wavefbrm (iij shows that the residual folloWing error on 0.7

um track is less than 0.1 pm.
4.3.10 A new method for writing the clock track

In order to format equally all servo patterns on a circular path on a disk and to
line up every adjacent servo pattern radially, the clock pulses are synchronised to the
angular position of the disk for the servo writing head [Tan et al, 1991] and a new
method of writing the clock track with low rotary accuracy of the spindle was studied
and developed. The following four subsections give details of this new method, including

the theory, derivation, results and conclusion.

4.3.10.1 Theory
Clock track writing is difficult because spindle motors have a typical accuracy of

only + 0.1 percent of the specified spindie speed. If the spindle speed is at 3600 + 3.6
141



rpm, for example, this amounts to a bit period tolerance of + 16.6 ps, which is 1,000
times more than the required tolerance of + 15 ns.

The new method of writing a clock track is given by

N=fir=2ES (4-19)
w

where 1 is the frequency of the writing clock, @ is the angle speed of the disk, and M 1s
the total number of clock cycles per track.

In theory, an integral number of complete clock cycles around a particular clock
track can easily be achieved by adjusting f/ or w. However, in practice, the variable f and
@ are not constants and are changing with time.

It was found experimentally that variables f and w follow a normal distribution
(see Figure 4.28 and Figure 4.29). Thus a random variable x may be defined as the time
of one revolution and a random variable y as the time of counting N writing clock pulses,

so that their probability density can be given by

plx) = Toeg ¢ 2l (4-20)
and
| ~{s-a,}
plyy=——oc ™ (4-21)
2w e o,

It can be seen that writing N clock pulses per revolution is met in the case when x
= y. Assuming that a vanable z 1s defined by
I=x-y (4-22)

then, the distribution function of z s

£ =plz <z =[] 7(xy)ady  (xy 52) (4-23)
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Choosing the integrating area of the line z = x-y for Eq. (4-23), so that

£ =[] fle,yxdy (4-24)

From Eq. (4-23), differentiation of f,(z) yields

o o prty
7= [ = syl + vy =[ 1+ y. 00y (4-25)
z o
As x and y are independent of each other, it can be written

f(xy) = £ £,(v), (4-26)

which, in view of Eq. (4-24), leads to

7@ = 1lz+ )7,y (4-27)
fx(z +y) and f_v(y) are given by Eq. (;1-20) and (4-21). On substituting Eq. (4-20) and
(4-21) into Eq. (4-27), it follows that

2
—(:—a, +av)

] gisa?
o 2ot (4-28)

f(Z) i 27r(of + O'j)

which implies that is also following the probability density of z the normal distribution.
In what follows, some special cases of Eq. (4-28) are discussed:

(1). When z=0 (x = y), Eq. (4-28) reduces to

F(2) = e ) (4-29)

271f(ax2 +o)

S

which is the probability density of writing N clock pulses round a track.

(2). When a, =a , Eq. (4-28) reduces to

£.0) - ————— (4-30)

J2rol + o)

which stands for the maximum value of writing N clocks around the track.
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It is shown from Eq. (4-29) that the probability of writing N integral clocks
around the track is maximum when the central frequency of the writing clock is equal to
the central frequency of the speed of disk.

The values of o, and o, are the steady properties of the disk speed and writing
frequency, which are constant for the given system. The probability of writing N integral

clocks around a track also depends on these values.

4.3.10.2 Calculation

Supposing that x and y are independent, the probability (P) of. writing N integral

clock pulses per track in a different case can be given by -

Plx=y)= iP(x =n,y=n,) (4-31)

As an example, when distributions are given by Figure 4.28 and Figure 4.29 with

a.—a,=0, we have P(x = y) = 20.9 %. For the same distribution as above but with

=20, wehave P(x =y) =53 %.

a -a,

4.3.10.3 Experimental Results

In order to measure accurately the angular speed of the disk, the period per
revolution is counted by a standard source. The index pulse is produced by a Hall
element, which is mounted on the spindle. The period is measured by the TF830 1.3 Ghz
Universal Counter. The curve of probability distribution of the rotating speed period 1s
obtained as shown in Figure 4.28, which is approximately the normal distribution. From
Figure 4.28, it was found that g, = 165,832 and o, = 93, which are estimated by the
number of puises source of 10 MHz. The pulse width (7) consisting of 165,888 puises

with a 10 MHz writing clock is also measured in the same manner and its probability
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(3) Accordingly p{u—30 <x < u+30)=1,ifa, -30<a, <a,+30, then Pix = ) =1, and

P(x = y) increases with reducing in

|

4.3.11 Comparison of the magnetic servo method with an optical servo

method used on a hard disk drive

There are increasing interest in using optical servo method on HDD, however,
there are very few publications concerning the fundamental magnetic performance of
these methods. The application limits are not yet known. Such limits will depend on
some factors such as the optical spot diameter and the height of the bump (pits, lands and
grooves). For example the minimum track pitch on the disks is determined by the
diameter of the spot. When the light wavelength is approximately 0 8 jum, the minimum
theoretical diameter of the spot is about 0.5 pum, using a conventional lens system
[Mailinson, 1993] & [Knight, 1997]. In this case, servoing on a track pitch of 0.74 um
on a digital versatile disk (DVD) has been achieved by using a red laser (0.65 um}, which
has a mimmum spot size of ~0.4 pm. It was recently reported that the minimum
theoretical diameter limits has been improved by the use of a “solid immersion lens”
(SIL) as used in liquid immersion microscopy. The resulting spot is approximately half
the size of the spot obtained by a conventional system which uses only an objective lens,
giving a spot size of 0.26 pum for a red laser [Knight, 1997]. Therefore the optical servo
method could theoretically work on a submicron track servo on a hard disk drive.

Secondly, most optical disk drive servo signals (position signal) come from
permanent physical features (pits, grooves and lands) on disks. The bump height of A/4
(such as 130 nm for a red laser) is much more than the flying height of 20 nm [Mutoh et
al., 1996]. In this case, the pits, grooves and lands used to indicate position on the disk

would reduce the stability of the flying height for near-contact recording and producing a
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disturbing force on the slider. The disturbing force changes with the position on the disk
[Hua, 1990)]. Consequently, the pits, grooves and lands may also increase the wear of
the head in the case of contact recording,.

Finally, if an optical servo method to be used for a magnetic disk, which means
adding an additional optical head system to the disk, something should to be keep in
mind, such as the need for optical head alignment and increased cost.

in our ﬁew servo method, the wicith of a servo MR head is not limited by data
track pitch and the width of the head can be a designed value. Mori et al. found that the
S/N ratio of an isolated servo signal of an optical head is about 2.5 times more than that
of the MR head in a normal servo method (both of 2 um trackwidth) [Mori et al, 1991].
However, it 1s well known that the S/N ratio of MR heads ris proportiopal to its
trackwidth, which means that if an MR head with a trackwidth of more than 5 um is used
for a 2 um track servo in the new method, the S/N ratio of an isolated servo signal of the
MR head should be near that of the laser diode (LD) head. In our experiment, a high
quality servo signal on the track of trackwidth 0.7 pm has been obtained using an MR
head of trackwidth 4 pm (sée Fig. 4.23) and this servo signal quality is sufﬁcient to servo
the head withiln 5%~10 % error of the data track width of a HDD.

Finally, in our new servo methods, MR servo head can be integrated with data
head and the cost of making the integrated data/servo head may slightly increase, but this
new servo methods do not require spectal disk with bumps. The new method uses a rigid
disk which is totally featureless i.e. with smooth surfaces. Such disks can easily be

manufactured.
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4.3.12 Comparison of the new servo method with embedded servo method

All currently available commercial hard disk drives employ the embedded servo
for head positioning and following. The demodulation of the readback signal in the
embedded servo method to obtain a position estimate can be described by

PES=A-B (4-32)
where 4 and B are the amplitudes of the peaks of pulse A and B respectively.

For the new servo method

PES=A (4-33)

Note that the point with PES = 0 in both methods corresponds to a data track
centre.

In what follows the new servo method is compared to the embedded servo

method, using for example the sensitivity, linearity, and the S/N of the signal.

4.3.12.1 Sensitivity

Assume that the value of head sensitivity is K for both heads, the trackwidth of
the MR head is W, for the embedded method and ¥, for new servo method and W is the

servo trackwidth. The readback for the embedded servo method is given by,

Ve =KW, (4-34)
. o g W,
and its sensitivity 1s, K,=Ke ”; (4-35)

Similarly, the readback V, for the new servo method is

V, = KW, (4-36)

n

L W
And its sensitivity Is, K =Ke W" (4-37)

The substitution of Eq. (4-37) into (4-35) leads to
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K

[3

Kﬂ

=

= (4-38)

RS

Note that, ¥, is limited by ¥, but W, is not limited and can be adjusted by the
designer. Therefore the sensitivity of the new servo method is W,/W, times than that of

the embedded servo method.

4.3.12.2 Linearity

Comparison of the linearity of the new method with the that of the embedded
servo method is similar to that of the on-track readback of the MR data head with a
crosswalk curve of the MR head. The linearity of the new servo method is much better

than that of the embedded servo method, which can be seen in more detail in section

43.13.

4.3.12.3 S/N of the PES signal

In general, the S/N ratio is defined by,

SIN=3S 4-39
/Nlaml ( )
in WhiCh’ Nrora! = mon—disk + Nji.rlc + N{::‘-ansin'on (4-40)

For the embedded servo method, (5/N). is given by

KelW
(S/N), =—= e (4-41)
\/N(-nan—di.rk)c + N(df.\'k)t' + N({ran.\'in'on)e
and for the new servo method, (S/N), is given by
KelW
(S/N) = u (4-42)

! ’ 2 2 2
N(non—di.\‘k)n - N(disk)n + N(-‘mm’iuun)n

where W, is servo head width in embedded servo method, and ¥, is in the new servo

method, Nyig, is the noise of disk media, excluding the noise of the transition range.
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On substituting Eq. (4-42) into (4-41), we have

(S/ N)e _ ”/eJN(znon—d&‘k)n + N(zdl'.\‘k),, + ]\[(z.l'rcm.s‘l'l‘:'an'),,I
(S / N)" u/n JN(znon—a‘i.rk), + j‘\’r(:!dl'.rk)f + N2

(transition),

(4-43)

Due to using the same disk N ., =N g, and it is assumed that

(non-disk }n = N(non—di:k)e and N(rran.n'n'an)e = N(Iran:irfon)n’ which ylelds
(SIN), W »
(STN), W, (49

From previous argument (see section 4.3.1.4), the maximum value of

N ,
(—-——("""“""")" < 2), now consider the situation when the value of (Niansiion) 18 the worst

(transition)n
Case, N(rmn:iu'on) B N{nan-dixk) and N(rransr.rion) Q N(disk)- Then Eq (4'43)1 reduces to

(S/N), _2M,
(S/N), W

n

(4-45)

" Therefore, the S/N ratio of the new servo method will be higher than that of the

embedded servo method when taken W, > 2W,.

4.3.13 Comparing the new servo method with the discrete servo method

In Section 1.2.3.1 (1) (c), the discrete servo methods including the Graph Head
Positioning (GHP) and the Pre-Embossed Rigid Magnetic (PERM) methods have been
reviewed. It is well known that the advantage of the discrete servo method is the
reduction of the distribution of the data track. However, a recent study shows that a
guard band of 0.1 um is encugh for a continuous media in a hard disk drive with a track
pitch of 1.3 um [Mutoh et al., 1996]. This leads to a reconsideration of the necessity of
etching a guard band. From the servo point of view, the main advantage of the PERM

method is that it is not necessary to use special equipment for writing the servo pattern
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(e.g. conventional STW). However, to get very high quality servo (position) signals, it
seemns that the PERM method is not better than other traditional servo methods in its
sensitivity, linearity and the S/N of the servo (position) signal. Similar problems exist in
the GHP method too.

On the other hand, both the above methods use etch or stamp technology to
make marks, grooves, and lands on the surface of the disk for recording servo patterns.
Thus these marks, grooves and lands may reduce the stability of the flying height of the
head in near-contact recording [Hua, 1990].

Another problem of the GHP method concerns servo writing. As a personal
opinion, lower relative accuracy of the head positioning is needed when writing a servo
pattern in the GHP-method, but higher absolute accuracy of the head posi;cioning.is
needed, because the position of every discrete etched block of the magnetic material is
absolutely fixed. It should be noted that it is only necessary to have high relative
accuracy of the head positioning when writing the servo patterns using a general servo
track writer; absolute accuracy is not necessary. When the trackwidth reduces to
submicron size, writing servo patterns using the GHP method is- more difficult than using
conventional methods. Therefore, both the GHP and PERM methods may be not ideally

suited for submicron track positioning and following.

4.4 Summary

In section one, the reasons why current servo methods are not suitable for a
submicron track servo were given. The key problems are low S/N ratio of the PES signal
and asymmetries in the MR head.

In the second section, a new servo method based on a new magnetic recording

model for servo patterns was proposed. In the new method, the servo patterns are

153



magnetised along the radial direction by a transverse writing head that is aligned at right
angles with the normal data head. The servo signals are reproduced by a transverse MR
head with its stripe and pole gap tangential to the circumferential direction. Expressions
for the PES signals on longitudinal and perpendicular media were developed. As a
further development, a new buried servo method has been proposed and it is shown that
by using a servo layer underneath the data layer, a continuous servo signal can be
obtained.
In section 4.3, experimental results and discussion of the new method were given.
In section 4.3.1, the effect of the length of the-MR sensor and the distance between the
shields of the head on the servo signal amplitude and linearity were investigated.
Parameters such as the spacing and length of the. servo-pattern elements have been
optimised so as to achieve minimum jitter and maximum utilisation of the surface of the
disk. The factors affecting the S/N of the position sensor have been analysed and
demonstrated.
" In section 4.3.2, the reason why the skew angle in the new servo method has to

LW, ) : . ) :
be less than @, =§in "' — was given. The linear and rotary voice coil motor with small

4
skew angle are suitable for this application.

In section 4.3.3, experimental results and theoretical analysis show that the
asymmetry effect of the MR head can be negligible for the PES signal in the new servo
method.

From section 4.3.5 to 4.3.8, the new buried servo method was discussed and
demonstrated. This included investigation of the servo signal amplitude, linearity and the

S/N ratio of the PES signal as affected by media layer thickness and coercivity. The
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desired performance of the data servo and isolation layers can be achieved by controlling
the depositing conditions such as elevated substrate.

In section 4.3.9, the design of the position servo system is discussed and the track
following results of three new types of position servo system are given. A new method of
writing the clock track, which can be used to obtain a high quality clock signal for
writing the servo pattern, was developed and given in the following section. Finally,
comparison of the new servo method with an optical servo, embedded servo and discrete
servo indicates that the new servo method may be the best candidate for a submicron
track servo system (from a -practicAal point of view).

Following discussion of the new position measu-ring system, a new dual-stage

actuator for the project will be discussed in the next chapter.
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performance than in the case with linear actuators. However, the resonant frequency of
both actuators is below 600 Hz. This limits the allowable servo bandwidth. Thus the
bandwidth of the servo system for submicron trackwidth has to be higher than 3 - 5 kHz.
One method of increasing the actuator bandwidth 1s to mount a fine actuator on top of a
coarse one. This is called a dual-stage actuator. The positioning range of the actuator for
3.5, 2.5 and 1.8 inch disks are respectively about 1, 0.7 and 0.4 inches. The positioning
range for the fine actuator is only a few microns, and its bandwidth is more than 3 kHz.
This is similar to the actuator of an optical disk.

The VCM has been extensively studied by other researchers, as described in
section 1.3.1.3 of Chapter One. More details can also be found in the book by Mee
| [Mee, 1989]. Therefore, the discussion here will be focused on the fine actuator and the

dual-stage actuator.

5.2 Mathematical Model for a Dual-stage Actuator

The dual-stage actuator developed for this project is shown in Figure 5.1. It
consists of a high bandwidth fine actuator mounted on top of a large VCM actuator. A
simple model of the dual-stage actuator is developed. It consists of two moments of
inertia that are actuated by ideal torque inputs and are coupled by a spring-damper
system. Figure 5.2 shows a diagram of the model, where y, is the absolute angle, y: is the
relative actuator angle, , 1s the coarse actuator torque input and u; is the fine actuator
torque input. ./; is the coarse actuator moment of inertia, ./, 1s the fine actuator moment
of inertia, £ is the fine actuator coupling spring constant and B is the fine actuator

coupling damping coefficient.
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A state-space model for the actuator in Figure 5.2 is given in Eq. (5-1).

; 0 1 00} ;[0 o0
! -k -B o ol RN
Ll /S, L, X, N J, J
x'3 10 0 0 1 X 0 O | u
k B : 1 |-
%, |— = 0 0|x| |0 —
EAA In i J, |
X
X
y=[1010] (5-1)
Xy
x4

where the equivalent moment of inertia ./,, is defined as (/;»/)4/;+/3); and
x; = y1, 1s the absolute angle of the coarse actuator;
X3 = yy, 1S the relative angle between the coarse and fine actuator;
x; = ¥,, is the angular velocity of the coarse actuator;
x4= X,, is the angular velocity of the fine actuator;
¥, 1s the angular acceleration of the coarse actuator,
¥, is the angular acceleration of the fine actuator.
To help visualise the actuator dynamics, a block diagram for the actuator, (based
on equation 5.1), is shown in Figure 5.3 (a). Note that Figure 5.3 (b) 1s a block diagram
of a single VCM actuator, illustrating the standard transfer function of

N ks

R R — (5-1a)
o Jy +Bs+k

where K is the torque constant, J is the moment of inertia of the moving part of VCM, B
is the viscous damping coefficient of the bearing, k is the return spring constant.

According to the above requirements, it is necessary to design a dual-stage

actuator consisting of a PZ bimorph as the fine actuator and a VCM as the coarse
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The fine actuator may operate on electrostatic, electromagnetic, or piezoelectric
principles.

An electrostatic micro-actuator consists of a rotational plate connected to the
substrate by spring flexures. The plate is driven by interdigitated electrodes that are
electrostatically activated to produce rotary motion. It yields a high bandwidth due to its
low inertia. However fabrication is very difficult because of the many lithographic
processes required.

The piezoelectric effect and the inverse piezoelectric effect were discovered by
Jacques and Pierre Curie in 1880. These effects have been applied extensively in almost
all kinds of electromechanical transducers, such as generators, sonic and ultrasonic
transducer sensors, and actuator for micron and nenometer movement [Clegg et al.,
1997].

Piezoelectric actuators include both composite actuators and flexure (or bimorph)
actuators. The advantage of the composite actuators is its very high resonant frequency
of over 20 kHz. The disadvantages include starting-up, high drive voltages, larger
volume, smaller displacement and high cost. In the case of piezoelectric (PZ) ceramics
flexure actuators, high deflections are possible, but the blocking forces and resonant

frequency are relatively low.

5.3.1 Design and optimisation of the PZ actuator

The operation principle of the bimorph (flexure) actuator, which is used in this
project, is shown in Figure 5.5. A voltage is appled to the plates in such a way that one
plate contracts while the other expands and since the plates are glued together, they

bend.
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This means that the product of deflection and resonant frequency is a constant for
a given field strength. In practical applications this field strength is limited by the effects
of depolarisation and flashover or breakdown. The DC field opposing the direction of
polarisation is limited by the PZ material, e.g the alternating fields for PXE 5 can be up
to 500 V/mm, and. if a bias field is used, the practical limit (in air) increases to 1 kV/mm.
Therefore for an alternating voltage of 500 V/mm, the resulting relation is Zf,= 90x10”
Hz m/V. For this actuator any combination of Z and f, may be chosen by varying
dimension (e g. the free length and thickness) of the bimorph element and drive voltage,
as well as material of the bimorph element.

According to the above discussion, any combination of Z and f, for the actuator
designed for this project may be chosen by varying the free length and thickness, as well

as material of the bimorph element.

5.3.2 Results and discussions

5.3.2.1 Results

The size of the PZ fine actuator, used in this project and shown in Figure 5.4, 1s
15%1.5%0.6 mm (free length 8.2 mm). Its type number is EB-T-320 made by NTK Co. in
Japan. The characteristic properties were measured as: maximum deflection of 4 pm, f, =
2.7 kHz, Free = 0.3 N, C =2 o 10” F, when drive voltages are 60 J and the MR head
and the small spring mass is 11 mg. Curve A is obtained when the drive voltage increases
from 0 to 60 volts. Curve B is obtained when the drive voltage reduces from 60 to 0
volts. The displacement is observed on a TV monitor of a BH-Z microscope with
supported the resolution which is that 1 cm length on the TV screen (21”) is equal to

3.15 pum (of course light wavelength limits the resolution). The relationship of the fine
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the dual-stage actuator has to be used if the trackwidth is reduced to submicron size in a
HDD because of the power required and the stiction/friction of the VCM actuator.

To increase the servo bandwidth one must increase the servo loop gain to be able
to respond quickly enough to keep below the allowable ‘track misregistration (TMR)
values. For the VCM actuator this can only be done by increasing the power. The power
required by the actuator to follow a given frequency is proportional to the fourth power
of the frequency (see Eq. (1-27)). For example, consider a disk drive at fixed track
density. Increasing the spindle speed in this drive from 3600 rpm to 5400 rpm will
require a one and half of the bandwidth and a 5-fold increase in actuator driver power to
maintain the same TMR specifications when other conditions are similar. This solution to
increase servo bandwidth does not meet the objeétives of tomorrow's HDD's.

It 1s well known that for rotary mechanical actuators, the ratio of torque constant
(K,) to inertia (/) increases as the force factor decreases. This suggests the use of a dual-
stage actuator, in which a fine actuator ndes on the VCM (coarse) actuator. In-such a
system if the ratio (K//) could be increased by a factor of 5 over the coarse actuator,
then the track-following bandwidth over a few track pitches could be increased by a
factor of 1.5 The power required to achieve this bandwidth with a two-stage actuator
would be reduced by a factor about 5x5 when compared to the coarse actuat(-)r [Fan et
al., 1995].

On the other hand, very low angular velocity in the VCM actuator increases the
stiction/friction hysteresis in the actuator bearing, causing the servo system to go nto a
small but troublesome limit cycle behaviour due to the hysteresis [Koizumi & Kuroda,
1990]. This hysteresis may change irregularly with temperature and humidity, and may

vary across the disk drive population. Thus, hysteresis is difficult to predict, and has a
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considerable effect on system performance. It especially affects actuator positioning for
submicron-meter displacement. The maximum hysteresis in the fine PZ actuator was
approximately 5 volts (Fig. 5.6), which indicates the possibility of limit cycle behaviour.
However, practical observations of the system under normal operating conditions did not
show any sign of limit cycle oscillations. From this it is concluded that limit cycles do not
seriously affect the operation. of the designed dual-stage actuator. It is therefore

suggested to use a dual-stage actuator.
5.3.2.3 Comparing PZ bimorph actuator and electrostatic microactuator

1. Driving force

The magnitude of the driving force of a microactuator is very important. The

electrostatic driving force is expressed by [Fan, 1996).

F = %W (5-3)

where, & is the electric (space) constant, ¥, g and x are the voltage, gap and overlap
between two electrodes respectively, and ¢ is the thickness of the electrodes. The driving

force for PZ actuator is

Fo=—ley (5-4)

It should be seen that the driving force of the PZ actuator and the electrostatic

‘ d3| 6‘0" . d;] . I T
actuator are proportional to—K and S respectively and ' (i.e. 4x107) is much
= g p=

p-

&yl ' .
greater than QL (i.e. 3x10°). Therefore, achieving a lower driving voltage for an
g

electrostatic microactuator is more difficult than that for PZ actuator if a large driving
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force is needed, even though the driving force of an electrostatic actuator is proportional
to the square of the applied voltages.

2. Resonant frequency

An accurate analytical expression [Tang, 1989] for the fundamental lateral

resonance frequency, f; , is:

: 2Eh(‘%)3 i

T2z M, +03714M

/ (5-9)

where, M, and M are the masses of the plate and the supporting beam; A, w and L are the
thickness, width and length of each beam respectively.

Eq. (5-5) does not consider the mass of the load. In the case of a microactuator,
£, is as high as 9 kHz for a very light movable mass of 45 pg [Fan et al., 1995].

In [Fan et al., 1995], the curve of load via /. has not been reported. However, in
general the resonant frequency of a system capable of oscillating is dependent on its
elastic properties and system mass. The resonant frequency of an electrostatic
microactuator or PZ microactuator.is also subject to this law, whereby the effective mass
is a function of both the mounting of the element and of any other masses which are
attached to it. An external mass that is attached to the actuator causes a reduction in the
resonant frequency f,. The resonant frequency of an installed actuator can always be
compared to the resonant frequencies of actuators which are restrained only on one side
and have no {oad.

In the case of a PZ actuator, we have

f, =1, — +"; v (5-6)
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where, m is the mass of PZ microactuator on its own; M is an external mass; f; is the
resonant frequency without the load and /; is the resonant frequency with the load.

As can be seen, equation (5-6) is suitable for an electrostatic microactuator.
Generally the mass of a PZ actuator is much greater than the load (such as the shder of a
magnetic head). Results in Figure 5.7 agree with Eq. (5-6). The higher resonant
frequency (f;) of an electrostatic microactuator can be obtained when the MR head is
only very light, however, the external mass shghtly reduces the f; of the PZ actuator
because its mass is much greater than the mass of electrostatic actuator.

3. Mass of actuator

The magnitude of the mass of the microactuator is also important for the
bandwidth of the actuator. New terms /-, (driving force per unit mass) and M, (driving
moment per unit mass) are defined here. For example, in Ottesen's work [Ottesen,
1994], the mass of the rotary microactuator is 10 mg. In this project, the PZ
microactuator has a mass of about 70 mg. Because Ottesen did not describe the
magnitude of the force moment, the M, of the electrostatic microactuator cannot be
directly compared with the M, of the PZ microactuator.

In general the driving force of the PZ microactuator (0.3 N) is about a thousand
times greater than that of electrostatic microactuator (0.3 mN) [Horowitz, 1995]
Therefore, the equivalent mass of a PZ actuator for the same driving force is much
smaller than that of an electrostatic microactuator, even if the mass of the PZ actuator is
greater than that of electrostatic one,

4. Non-linearity

Non-linearities exist in all actuators. The non-linearity of the electrostatic

actuator is also dependent upon the finite size of electrodes [Fan, 1996]. This means
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that E #a, where a = constant, C = capacitance, x = x-axis distance. At the drive part,

the static displacement x as a function of drive voltage is given by

s
& 2
X = [ ] V" 5-7
2K, (-7
where K, 1s the system spring constant and ¥ is the drive voltage.

For a PZ microactuator, x=K, eV (5-8)

It can be seen that the relationship between x and V is linear for the PZ actuator
and quadratic for the electrostatic one. Strictly speaking, the relationship for the PZ.
actuator is not absolutely linear because of the dielectric hysteresis of the PZ material
(see Figure 5.7). In general, the linearity of the PZ microactuator is much better than the
electrostatic one.

5.Temperature effects

The properties of PZ actuator are more temperature dependant than those of the
electrostatic actuator. Using adaptive control for the head servo system can help
eliminate this effect.

6. Cost

The electrostatic microactuator is built by silicon surface micromachining
technology. The fabrication process is complex and expensive and fabrication technology
is still developing. The classical fabricating process for the PZ bimorph actuator (called
the screen printing process) has been developed for many years and it is much easier and

cheaper than that for the electrostatic microactuator.

173



5.3.2.4 Comparing PZ bimorph actuator and PZ axial actuator

At the beginning of section 5.3, a PZ axial actuator has been compared with a PZ
bimorph actuator. Here are some further discussions.

The bonded layer between the PZ rings increases the hysteresis because the PZ
axial actuator is stacked by many PZ rings and the bond is not rigid. So the glue lines
cannot be so thin as that of a PZ bimorph actuator (see Figure 5.6 and [Mori et al.,
1991]), even though both actuators are built up using the same PZ material.

A large drive force is a great advantage for a PZ axial actuator, but it is not
necessary in this application since the mass of head is smaller than 10 mg. Normally, the -
equivalent capacitance of a PZ axial actuator (e.g. 130 nF in [Mori et al., 1991]), is a
few hundreds of times greater than that of a PZ bimorph actuator (e.g. 720 pF in Figure
5.4, which is used as the fine actuator in a hard disk drive [Mori et al., 1991].) So the
actual resonance frequency is lower than that defined in theory, because the bandwidth of
the drive source is limited. However, a similar effect has not been seen in the PZ bimorph

actuator, due to its smaller equivalent capacitance.

5.3.2.5 Improving the PZ bimorph dynamic behaviour by modifying the drive circuit

Figure 5.11 shows details of the circuit of a PZ actuator. Suppose that the charge
and discharge resistances of the drive circuit are R, (f) and R, (f) respectively. R, (f) and
R, (1) are proportional to the frequency, and under normal operating conditions Ry (/) 1s
greater than R, (f). Therefore the rising voltage V.(7) and decaying voltage V(1) on the

PZ actuator (as a function of time) are respectively

V()= V(l —e® '”-'] (5-9)
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V,(f)=Vee ™0e (5-10)
where C is an equivalent capacity of the PZ bimorph and ¥ is the target voltage. The

voltage rises or drops exponentially with the time constant R, (f)C, or R; (/)C.
. : : : T, :
The ideal dynamic behaviour can be obtained when RC < ﬁ where 7, is the

periodic time at the resonance of the PZ bimorph actuator. Once the bimorph is selected,
the magnitude of C will be fixed, so it is only possible to reduce RC by reducing R (R is
R, (f) or R4 (7). |

In order to ensure the close loop stability of the drive circuit for PZ bimorph, the
bandwidth of the system is limited. When the frequency increases, R, (f) increases and in
particular Rd (f) will be increased very quickly.

Figure 5.11 displays a part of circuit shown in Figure 3.8. The PZ actuator

dynamic behaviour has been improved by using this design of drive circuit.

I S

R,
® R.D

\Y% - o
C) PZ — N - control

actuator

Figure 5.11 Diagram of the pull down circuit.

In this circuit, when the voltage has to be reduced, the power field effect
transistor 7" is switched on. The voltage i1s directly discharged by 7" R, (f) is the on-
resistance of 7 (such as 0.2 ) at f=1 MHz). The output capacity of the transistor can be

neglected if it is a high frequency transistor (such as a few tens pF at f = 1 MHz).
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Therefore, by optimising the design of drive circuit, the dynamic behaviour has been

improved and successfully used in the project.

5.3.2.6 Higher operating frequency

The bimorph actuator used in a hard disk drive is operating at higher frequency
when track following. Three factors should be kept in mind.
First the hysteresis losses in the matenals heat up the actuator and can increase the
maximum displacement. Second, the construction between the head and bimorph should -
be as compact as possible to avoid spurious resonance below the main resonance of the
actuator. Third, inserting a notch filter at this frequency which is the- main mechanical
resonance of the bimorph actuator, should be effective in reducing the resonance and

increasing servo stability, i.e. the phase margin.

5.4. New structure between head and actuator

Usually the slider of a head is connected to.the actuator by the head.suspension
which support provides the loading forces between the head and disk. In the study by
Naruse et al [Naruse et al., 1983], it was shown that the suspension resulted in an
- output from the posttion channel for a rotary actuator. In the design for this project (see
Figure 5.12), using a PZ bimorph to replace the suspension does not produce the adverse
affects on servo performance. The very small load spring offers a loading force of 0.1mg.
The spring has almost no vibration in the radial direction. In the Fig. 5.12, the slide with
MR sensor and the small spring is taken from a commercial MR head. The spring is fixed
at end of a PZ bimorph and turned 90° to the normal direction. There is no data MR
sensor on the slide. The drawn data MR sensor indicates relative position between the

data and servo MR sensors.
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Appendix Hardware (K)
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Appendix Hardware (K) is the demodaulator circuit of PES.
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Abstract—An accurate head positioning system uses a
magnetoresistive head to generate a serve signsl from radially
magnetised servo patterns on a rigid disk. The servo patterns
are written by a thin film transverse write head and occupies
about 6.8% of data area for submicron track servo: Track
following on 0.7 pm tracks has been demonstrated using the
new serve method on longitudinal rigid disks.

I. INTRODUCTION

‘ High areal recording density results when both linear
density and track density are pushed to the limits of the -

respective technologies. One 'significant advantage of the
optical recording system is that a track following accuracy of
0.1 um is used on tracks of 1 pm wide. Magnetic recording
systems have a much higher linear density but tracks are still
much wider than for optical recording systems. Attempts to
overcome this have been made in the recent past. For
example, K. Akagi et al. [1] used a laser<diode optical
system fixed to the side of a magnetic head to obtain a high
quality servo signal via a piezoelectric actuator aimed at 17
KTPI (trackwidth.1.5um). This led to a system reported by
Futamoto et al. [2] to operate at 2 Gb/in®. More recently,
Watanabe et al.[3] described a MR head servo method based
on an embossed glass disk. The track width and guard band
were 3.6 pm and 1.6 pm respedtively. In this paper, a new
servo method is described using inductive thin film write
and MR read heads mounted transverse to the usual data
recording direction. This leads to a very sensitive servo
system for submicron track following. :

II. PRINCIPLE OF THE TRACK FOLLOWING METHOD

The data and servo pattern in a conventional rigid disk
are magnetized along - circumferential -direction. When
trackwidth is reduced, the servo head width has to be
reduced and the S/N of the servo signal is consequently
reduced. Therefore conventional servo heads suffer from low
S/N and poor linearity of position error signal (PES) as the
trackwidth is reduced to submicron size [1]. Asshown in
figure 1, the servo patterns in this new track following
method are magnetized along the radial direction by a
transverse writing head which is aligned at a right angle
with the normal data head. Servo signals are reproduced by a

Manuscript received Apr. 6th 1994

'MR head which is also at a right angle to the data head.

ﬁg_lsdncnuﬁcd_iammofu:cncwwvomdhodmingnmuscmhnd.

The data track width in this new servo method is defined
by the bit length of the servo patterns which is.determined
roughly by the gap length and the radial displacement of the
servowriling head between the two adjacent writes.

The'bit width of a servo-pattern in this new method is
apparently a function of the trackwidth of the. servowriting
head, the moving ‘speed of the disk media and the pulse

- width of writing current.
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Fig 2 A simplified model for the reproducing prooess
using transveree read MR head
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Because of the transverse writing of the servo patterns,
the sidc writing phenomenon from which the conventional
servo writing method suffers{4] has no effect on the quality
of the servo pattern in this new method.

Figure 2 (a), (b) and (c) shows a simplified model of the
reproducing process using the transverse read MR head. If
the magnetization distribution in a servo pattern is assumed
to be uniform, the side writing phenomena is negligible and
the MR head is uniform and symmetrical, the output (v) of
the MR head when it passes over a single servo patlern could
be roughly expressed by equation (1).

V=
Vomax XM'Wam (2y/1,-1), when 0<x<Wyg, 0<y<I,

. Vp.max (2¥/1,-1), when Wyg<x<W,, O<y<l,
Voumax{1-(X-W, Y Wag)(2y/1,-1),when W,<x<(W,+Wy),0<y<,

A1)

Where Vpma is the maximum peak voltage reproduced by
the MR head when it aligns with the track edge of a servo
pattern, Wy is the trackwidth of the MR hecad, W, is the
servo pattern bit width, 1, is the servo pattern bit length, x
and y are the position coordinates of the MR head with

reference the right tip of the MR stripe. The origin of the -

coordinate system, as shown in figure 2(a), is located at lhc
low left corner of a servo patiern.

The output of the MR head calculated by equation (1)
when the MR head crossing a servo pattern along the
longitudinal direction at different off-track displacement is
shown in figure 2(b), which shows the output -of the
transverse MR head reaches a maximum v, when the whole
MR head is on the top of a servo pattern. Such a maximum
output depends on the off-track displacement of the MR
head: Therefore, the envelope curve of v, at different vy,
which is shown in figure 2(c), can be used as posmon error
signal (PES).

The obvious advantage of this ncw servo method is that
the desired output of the servo head is no longer affected by
the data trackwidth. Further more, the asymmetrical off-
track response, which is typical for longitudinal read MR
head[5],has no effect on the accuracy of the PES. Therefore,
such a transverse read MR servo head could reproduce high
quality PES for submicron track servo.

To realize submicron track following , a very accurate
~ mechanical actuator is nceded. Conscquently a dual-stage
actuator[6] must be used. As the track runout is of the order

100 pm, feed-forward head control is employed to minimize -

the runout in the new servo method.
I11. DESIGN IMPLEMENTATION
The transverse writing head is a thin film inductive head

with gap length of 0.8 pm and trackwidith 6.0 pm. The
transverse MR servo head is a shiclded MR head with gap
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length of 0.7 pm and trackwidth of 4pm. A 3.5” rigid disk
with longitudinal recording media of coercivity 1800 Oe
were used. The writing of the servo patierns was undertaken
on an air bearing disk spindle with nonrepeatable runout: of
less than 0.07 um. An actuator with positioning accuracy-of
better than 0.05 pm was used to move the write head along
the disk radial direction. When the disk running, the.
positioning actuator moves the write head to the first servo
track position and servo ‘pattern * 1 * was written into the
track. The actuator then moves the write head to the next

- track position and servo pattern " 0 " was writien into the

track. The above process was repeated until the required
number of servo tracks were all written. In order to optimise

" the quality of the PES, one hundred transverse servo tracks

with various trackwidths ranging from 0.43 pm to 7.3 pm
were written. The PES was then reproduced by using the
shielded transverse MR head. The experimental results are
show in figure 3.
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Fig. 3 readout, linearity of PES vs. servo trackwidth

Curve A in fig. 3 shows that the maximum PES level,
which is produced when the MR head is aligned with the
track edges, is independent of the servo trackwidth for
trackwidth equal to or greater than the'MR head inter-shicld
spacing. curve B in fig. 3 shows that the linearity [7} of PES
improves as the servo trackwidth is reduced. As a result, the
optimum quality of thc PES was obtained when servo
trackwidth is equal to the MR head inter-shield spacing, 0.7
pm in this experiment.
narrower tracks is possible if servo head with narrower gaps
arc used. ' ‘

The submicron track following experiment was
undertaken on an ordinary Winchester disk drive using the
same kind of MR head and disks used in the above
experiment. The servo patterns of the disk for track
following experiment were pre-written using the air bearing
spindle with low rotation speed. In order that the servo
pattern is dispersed equally on a circular path, a clock head
was used to supply clock pulses that are synchronized (o the
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Therefore track following .on - -






























