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ABSTRACT

Three readback signal detection methods are investgated for real-time flying height or
head disk spacing variation measurement under vibration conditions. This is carried out
by theoretical analysis, numerical simulation, and experimental study. 'fhe first method
(amplitude detection) provides a simple way to study the head disk spacing change. The
second method (PWs, parameter estimation) can be used effectively for real-time
spacing variation measurement in normally operated hard disk drives, primarily in low
frequency spacing variation conditions. The third method (thermal signal detection), on
the other hand, is more effective and suitable for high frequency spacing variation
measurement. By combining the PW,, estimation and thermal signal detection
methods, a noval spacing variation detection method for the whole frequency range is
constructed. This combined signal detection method not only has been used to study the
head disk spacing variation itself, but .also has the potential of being used for real time
flying height control.

Analytical models are developed for head disk assembly and head position serve control
mechanisms to analyse the operation failure of hard disk drives under vibration
conditions. Theoretical analysis and numerical simulation show their good agreement
with experimental results.

A novel active flying height control method is proposed to suppress the flying height or
head-disk spacing variation in hard disk drives under vibration conditions. Simulation
results show that this active flying height control can effectively suppress the head-disk
spacing variation, therefore the performance and reliability of HDDs can be well
improved when working in vibration conditions. The method has a good potential to be

applied to future ruggedized hard disk drives.
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Although it is very desirable to reduce the head-disk spacing or flying height to increase
the recording areal density, head disk contact is undesirable during disk operation since
that will deteriorate the tribological performance of the head disk interface and its
reliability. Hence high accuracy head-disk spacing measurement and characterisation
becomes more and more important and necessary. Especially when hard disk drives are
operated in vibration conditions, the chance of head disk contact is getting high and this
may be one of the main reasons for disk read/write failure. Therefore, it also becomes
very important to make high accuracy real-time head-disk spacing measurements, which
can then be used for real-time head-disk spacing control to prevent the head disk
contact. This project was proposed from such a background to meet this technical
challenge. The thesis is outlined in the following.

In Chapter Chapter 1, the background of this research work and an overview of the
development of magnetic hard disk drives are given.

In Chapter 2, head disk spacing measurement methods are reviewed

In Chapter Chapter 3, three readback signal detection methods are presented for real-
time head disk spacing variation measurement under vibration conditions, which are
amplitude of readback signal detection method, PWs I(pulse width at 50% of the peak
value) of readback signal measurement method, and thermal signal detection method. A
special PWs5y measurement method, the PWg, parameter estimation method, is
particularly presented.

In Chapter 4, theoretical analysis is given to hard disk drive operation failure under
vibration conditions. This is carried out from two aspects, first from the mechanics of
the head suspension arm, the rotating disk, and the aerodynamics of the head-slider’s
air-bearing, second from the characteristics of the head position servo control
mechanism. Analytical models are developed for head disk assembly anci head position

servo loop.




Also in Chapter Chapter 4, a novel active flying height control method is presented for
the suppression of head-disk spacing variation in hard disk drives under shock or
vibration conditions. Thermal signal detection method is used for real-time derivation of
spacing variation signal for feedback control. Design details of the servo control system
are given.

In Chapter Chapter 5, experimental studies are carried out to verify the presented
methods and theoretical analyses through out the thesis. Simulation results,
experimental results, and discussion are detailed.

Chapter Chapter 6 draws conclusions and provides recommendations for further
research.

In Appendices (Chapter 7), modelling and simulation software developed throughout
this research project are presented. Plots of more readback signals under different

vibration frequencies are also provided here.

1.2 Advances in HDD industry

Since the invention of the hard disk drive, it has undergone both evolutionary and
revolutionary changes at a tremendous pace. The progress of areal data density 1s shown
in Figure 1-2, which indicates an annual compound growth rate of about 30% in the
1970s and 1980s, but an even more astonishing rate of about 60% in the 1990s due to
the introduction of magnetoresistive (MR) heads and partial-response maximum

likelihood (PRML) detection channels.







In March 1998, IBM announced the highest capacity hard disk drive for notebook
computers, Travelstar 6GT. It had a capacity of 6.4 GB and an areal density of 4.1
Gb/in’.

In October 1998, IBM announced the highest capacity hard disk drive for premium
notebook computers, the Travelstar 14GS. It had a capacity of 14.1 GB and an areal
density of 5.0 Gb/in’. Its Travelstar 10GT and travelstar 6GN had a capacity of 10.0 GB
and 6.4 GB and an areal density of 5.6 Gb/in® and 5.7 Gb/in® respectively.

In November 1998, IBM announced its highest capacity desktop PC hard disk drive in
the world, IBM Deskstar 25GP, the areal density of which was 3.74 Gb/in®. It had a
eapacity of 25 GB, a data rate of 195.6 Mb/s, and contained 5 or 4 disk platters.

In June 1999, IBM announced the world’s highest capacity hard disk drive for desktop
PCs, Deskstar 37GP. It had a capacity of 37.5 GB, a data rate of 248 Mb/s, and an areal
density of 5.3 Gb/in’.

In October 1999, IBM announced the world’s highest capacity server hard disk dnive,
Ultrastar 72ZX, which contained 11 disk platters, and had a capacity of 73.4 GB and
areal density of 7.04 Gb/in®.

In March 2000, IBM announced tl}e highest capacity hard disk in the world drive for
desktop computers, the Deskstar 75GXP. It contained 5 glass disk platters, and had a
capacity of 75 GB, a data rate of 444 Mb/s, and an areal density of 11.2 Gb/in’. lts
Deskstar 40GV had an areal density of 14.3 Gb/in®.

In April 2000, IBM announced its world’s highest capacity notebook computer hard
disk drive, the Travelstar 32GH, which contained 4 glass disk platters and had a
capacity of 32 GB and an areal density of 14 Gb/in’. Both its Travelstar 30 GT and
Travelstar 20 GN had an areal density of 17.1 Gb/in’.

In January 2003, Hitachi introduced its high-end enterprise hard disk drive, the Hitachi

Ultrastar 15K 73 which had an areal density of 31 Gb/in’.
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In May 2003, Fujitsu bolstered its mobile hard disk drive market growth by introducing
its new 80GB, 5400RPM MHT-AH mobile drive in a 2.5" 9.5mm form factor, with an
areal density of up 10 69 Gb/ in’.

In August 2004, Toshiba added 30GB and 60GB models to its 1.8in hard drive line-up,
which were used in iPod. The two models featured one and two 30GB platters
respectively. Both offered an areal density of 93.5 Gb/in?.

In December 2004, Toshiba paved the way for 80GB iPods when it said it would ship
an 80GB 1.8in hard drive in Q3 2005 - a year after it introduced the 60GB version that
was found inside the iPod Photo. Toshiba claimed the drives marked the first éver use
of a perpendicular recording system with an areal density of 133 Gb/in”. By this time,
almost all the other HDD manufacturers were pursuing perpendicular technology as the
next stage in the evolution of magnetic storage.

In June 2005, Seagate pledged to be the first hard disk maker to bring to market 2.5in
HDDs with perpendicular recording technology. Seagate said it was to implement the
technology in a 2.5in notebook drive running at 5400rpm but offering a capacity of
160GB and 138 Gb/in’.

In January 2006, Seagate-began shipping its first laptop sized, 2.5 inch hard drive using
perpendicular recording technology, the Seagate Momentus 5400.3.

In April 2006, Seagate began shipping the world's first 3.5 inch perpendicular recording
hard drive, the Cheetah 15K.5, which provides up to 300GB storage. Seagate also
announced the availability of Barracuda 7200.10, a series of 3.5 inch HDDs utilizing
perpendicular recording with a maximum capacity of 750 GB.

In June 2006, Toshiba announced a 2.5-inch hard drive of 200-GB capacity with mass

production starting in August.




In August 2006, Fujitsu extended its 2.5-inch lineup to include SATA models utilizing
perpendicular recording, offering up to 160GB capacity with an areal density of 138 Gb/
in’,
In December 2006, Toshiba said its new 100GB two-platter HDD was based on

perpendicular magnetic recording and was designed in the "short" 1.8-inch form factor.

This new drive offered a footprint that was 10 percent smaller than first-generation 1.8-

inch drives. With an areal density of 155.3 Gb/in’, the drive was specially designed for

thin and light mobile computers. In addition, Toshiba’s new 1.8-inch capacity leader

featured the same tunnel magneto-resistive (TMR) head technology combined with

perpendicular recording that delivered the company’s world-leading 200GB capacity in

the 2.5-inch HDD class with an areal density of 178.8 Gb/in’.

Also in December 2006, Fujitsu announced the global launch of its MHX2300BT series
of 2.5-inch hard disk drives, with capacities of 250 and 300 GB.

In January 2007, Hitachi announced the first 1 Terabyte Hard Drive using the
technology, and started shipping since May.

Let us now consider attainments in research: In February of 1999, Seagate set a new
data-storage density mark of 16.3 Gb/in®. In May, IBM demonstrated an even higher
data-storage density of 20 Gb/in®. Five months later, IBM revealed their state-of-the-art
hard disk drive with a data-storage density of 35.3 Gb/in’. In March 2000, Seagate
announced that they have demonstrated the world’s highest areal density of 45 Gb/in®.

In 2002, by using perpendicular recording technology, Seagate demonstrated an areal
density of 100 Gb/in®. In April 2005, Hitachi demonstrated an areal density of
230Gb/in® on perpendicular recording technology. In September 2006, Hitachi
demonstrated an areal density of 345 Gb/in’.

In order to achieve such a high data-storage density, the corresponding head flying

height has to be lower than 10 nm.









Figure 1-5 Perpendicular recording (Courtesy of Hitachi Global Storage Technologies)

The third mode is transverse recording, where the medium magnetisation is normal to
the page. Before 2004, longitudinal recording was adopted in all commercial magnetic
recording systems. Since 2005, perpendicular recording has been used in the high end
HDD products. Transverse recording is not being actively pursued due to various
technical constraints.

During the write process, a write current is passed through the head coils to produce a
magnetic write field in the medium near the head gap. The write field must be larger
than the medium coercivity to magnetise the medium along the field direction. By
switching the direction of the write current, magnetisation transitions can be written in
the medium. In reality, the magnetic transition length is finite, but it is shown to be zero
in Figure 1-3 for simplicity.

During the read process, the medium with written transitions is passed underneath the
head gap, as shown in Figure 1-3. The relative motion between the head and the
magnetostatic stray field produced by the magnetic transitions generates induced
voltage pulses in the coils due to Faraday’s law. Each transition corresponds to a
voltage pulse that has finite amplitude and a finite half-amplitude pulse width PWs,
which limits how close the voltage pulses can be spaced and still be resolved.

In a simple coding scheme of digital magnetic recording called non-return-to-zero
modified (NRZI) coding, the presence of a transition or a voltage pulse in a given clock
window (timing window) represents a “1”, while the absence of a transition or pulse

represents a “0”. Therefore, the linear data density is fundamentally limited by the value

of PW50.
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1.3.2 Overview of magnetic hard disk drives

Among the magnetic storage systems, magnetic hard disk drive is the dominant mass

storage device for computers because of its storage capacity, low cost per megabyte,

reasonably fast access time, and a mature manufacturing infrastructure.

A magnetic disk drive is mainly composed of the following four parts:

1.

Magnetic readhvrite heads and magnetic disks (platters). Each write/read head,
which is too small to be visible to the eye, is located on the trailing edge of a slider
(or called head-slider). The slider is mounted on the end of a stainless steel gimbal-
suspension, forming the so-called head-gimbal assembly (HGA). The write/read
head and a recording disk surface are often called a head-disk assembly.

Data detection electronics and write circuit, which are mostly located on a printed
circuit board with many very-large-scale integrated (VLSI) chips.

Mechanical servo and control system, including spindles, actuators, suspensions,
and control chips.

Interface to microprocessor, located at one edge of the printed circuit board, through

which the microprocessor input information from or output information to the disk

drives.

Photographs of hard disk drives are shown in Figure 1-6 and Figure 1-7.
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conditions [Tunstall et al., 2000]. In areas where vibrations exist, hard disk drives can
fail catastrophically and reading or writing data can no longer be successfui. At least the
data transfer rate becomes very slow.

[n addition to typical mobile envirinments, environments such as military and aerospace
are featured with large shocks and vibrations. Ocean going craft can also have
difficulties with hard drives as the engine and waves transmit vibrations through hull.
Dennis [Dennis, 1997] evaluated many proposed solutions, mainly employing large
vibration isolation cages and mountings that passively damped the vibrations. However,
addtional isolation mountings are not the ideal solution. The extra space and weight
needed precludes this method from many key areas. Passive dampers, which are only
effective 0vér a limited bandwidth, are all that is ued in the ‘ruggedised’ laptops.
Another approach to passively damp the hard disk drive was to develop laminate disks
constructed from three sections [McAllister, 1997; Heo & Shen, 1999; and Kuo et al.,
2000], two nomal disks with a damping sandwich layer in between. However, passive
damping bandwidth limitations still exist and the disks thickness increases, thus again
increasing the disk drive’s physical size.

Hard disk drive manufacturers have invested a large amount of research in how and why
drives can become damaged in non-operation. This is primarily not to provide the end
user with more robust and reliable drives but to reduce failure costs. Drives can
experience large shocks during transportation which may cause severe damage and
failure during initial usage [Ishimaru, 1996; Jiang, 1992; Kumar et al., 1994; Schrek,
1994; Kouhei, 1995]. This is costly for the manufacturer as the drive has to be replaced,

and inconvenient for the end user as well.
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1.6.2 Hard disk drive operation failure

It is important to understand precisely what happens within the disk drive, and which
parts and areas fails under shock and vibration condittons. When mechanical
components are lvibrated they bend and distort, and this is further compounded when
vibrated at resonant frequencies.

There are two major mechanical components that, when excited at resonance, can result
in data transfer failure. One is the suspension arm (i.e., the actuator arm and loading
beam) that pre-tensions the head against the disk to counterbalance its aerodynamic lift.
This is designed to control the disk head flying height during normal operaiing
conditions. The other is the hard disk (i.e., the data storage medium) itself. In vibration
conditions, air bearing resonance will be produced. This resonance is very important
since it causes a few kinds of vibrations in the head-disk interface [Harrison et al.,
1999]. First, it will cause head disk spacing (i.e., flying height) fluctuation which
modulates the amplitude of the read-back signal. This resonance is also important from
a tribological point of view since it can cause interface contact force fluctuation.
Second, it will cause transversal vibration of the head (i.e. vibration in the direction
orthogonal to the data tracks) which will result in position error variation of the head
servo control system, ie. track mis-registration (TMR), introducing off-track
interference noises to the signal read back, and amplitude modulation of the read back

signal. Figure 1-13 shows the track mis-registration.
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Chapter 2 Head Disk Spacihg
Measurement Review

Because of its importance, many contributions have been made to the development of
methods for the measurement and characterisation of the flying height or the spacing
between the head slider and the disk medium. Over the past few decades, a variety of
methods have been developed and used to measure this parameter. The methods can be
classified into two general categories: optical methods and electrical methods. Optical
interferometry is a well established technique to measure film thickness. As early as
1919, interference colours were utilised to measure the thickness of lubricating films on
glass. The extension of its application to the measurement of lubrication film for rolling
element bearing was made by Archard and Kirk (1963) and later by Cameron and Gohar
(1966) and Foord ct al (1969-1970). Since then, this optical technique has been
extensively used for various tribological applications, including the head-medium
interface. A number of optical interferometry methods have been used for the
measurement of the head disk spacing. A classical method is the intensity-based
interferometry technique, in which monochromatic light or white light is used for the
light source. Modem electronics and computational techniques have made the testing
accuracy of this intensity interferometry method much higher than before. Polarisation
interferometry is another popular method in which both intensity and phase information
are utilised to determine the flying height. The main advantage of this method is that it
is able to overcome the loss of sensitivity of the intensity interferometry method when
the flying height is near-contact. The above two methods were called direct spacing

measuring (DSM) methods in which a special transparent glass disk is used in place of
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the real magnetic disk, and the flying height is determined by analysing the interference
phenomena between the slider and the rotating glass disk [Ohkubo & Kishigami, 1988;
Lacey et al., 1992; de Groot, 1998a; Clegg et al., 2001; Liu et al., 2005]. Other optical
methods include Laser Doppler Interferometry (LDI), Phase Demodulated Laser
Interferometry (PDLI), etc., in which the head-disk spacing is determined by measuring
the relative motion between the head-slider and the disk by using dual-beam
interferometry [Briggs & Talke, 1989; McMillan & Talke, 1994; Lee & Wu, 1995;
Staudenmann, 1998; Liu et al., 2000]. These methods were called relative displacement
measuring (RDM) methods, in which a real magnetic disk and head-slider assembly can
be employed. The DSM method has the advantage that the absolute head-disk spacing
can be directly measured, while the RDM method has the advantage of using a real
magnetic disk. Typical electrical methods are the capacitance probe technique
[Sonnenfield, 1993] and the readback transducer method [Shi et al., 1987]. The
electrical resistance or acoustic emission measurement techniques are other electrical
methods for the measurement of frequency and intensity of contact between the
asperities of the surfaces of the head slider and disk.

In the following sections, a detailed review and analysis is given of several important

head disk spacing measurement techniques.

2.1 Traditional Optical Interferometry

A typical situation where interference occurs is shown in Figure 2-1. A thin parallel film
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6 =2n,,hcosB, +del (2.2)

where @, is the angle of incidence of the beam in the air film. It is common knowledge

that if the two rays are in phase after superposition, maximum reinforcement occurs. On
the other hand, if the path-length difference leads to a phase difference of 180°,
rﬁaxmum cancellation occurs. So the resulting beam is of maximum intensity if the path
difference & is a multipie of wavelength A, that is .

d=mA, m=123 (2.3a)
On the other hand, the minimum intensity occurs if

s=2m*l . =123 (2.3b)

2

In the case of the head slider being a dielectric material, the phase change on reflection
from the air-slider interface will be 180°, that is, de/ = /2. Since the refractive index
of air is 1, for normal incidence, the bright fringes are located at the film thickness

corresponding to

h= A, m=4012 3 - (2.3¢)

while the dark fringes are located at

h= m%’ m=401 2 3, - (2.3d)

If the light source is white rather ihan monochromatic, the interference pattern from a
thin film will consist of continuous colour fringes instead of alternating bright and dark
fringes of the monochromatic light. Each wavelength of the white light forms its own
interference pattern. Hence the colour of the interference pattern at any point is due to
the superposition of those colours whose wavelength intensities are strengthened
through constructive interference, and the absence of those colours the wavelength

intensities of which are weakened because of destructive interference at that particular
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film thickness. From Newton’s colour chart, it is known that the colour is a function of
the film thickness. The zero spacing corresponds to a very dark (almost black) fringe.
As the spacing increases, a sequence of well-defined colours appears beginning with
grey, followed consecutively by white, yellow, orange, red, violet, indigo, blue, green,
etc. At spacing larger than 1 pm, the contrast becomes weaker, and at a distance over
1.5 pm, only alternating green and red colours remain.

For visual measurement of air-film thickness of less than 1.5 pm, this white light
interferometry is normally used. In white light interferometry, for a film thickness from
0 to 0.5 um, only one single wavelength in the visible spectrum gains maximum
intensity. The colours are quite pure and distinct, except from 0 to 0.15 pm, where the
wavelengths in the visible spectrum reach their first intensity maximum so close
together that the combined interference pattern appears as one fringe, changing from
black at zero through grey to white at 0.125 pm before the first yellow occurs at 0.175
pm. From 0.5 to 1.0 pm, there are two wavelengths in the visible spectrum that reach a
maximum intensity at any given fiim thickness. From 1.1 to 1.5 pum, there are three such
wavelengths, and so on. As the number of wavelengths that reach their maxima
simultaneously increases, the colour of the interference fringe appears less distinct, until
the superposition is such that the result is practically white illumination. By comparison
of the colour of the fringes with the Newton’s fringe chart (called the calibration chart),
a minimum film thickness of about 0.05 um can be readily detected. The accuracy and
resolution are about 0.025 pum for film thickness between 0.05 and 0.5 pm. This
resolution decreases to about 0.10 um at a film thickness of about 1.5 pm. It is clear that
the most useful operating range for this white light interferometry method lies within
the spacing range from 0.05 pum to 1.0 pm [Lin & Sullivan, 1972; Tanaka et al., 1984;

Mitsuya & Ohkubo, 1987].
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2.2 Modern Intensity Interferometry

[ntensity Interferometry is one of the popular methods used by the majority of the
industry to determine the absolute flying height. Its popularity is based on its accuracy,
with no modification to the slider, and ability to view the complete air-bearing surface.
The operating principle of this technique is straightforward: A mechanism loads the
slider onto a rotating glass disk, the light source illuminates a measurement point on the
slider, and the thin film of the air bearing modulates the reflected light over portions of
the modulation curve. The flying height is determined by measuring the reflected
intensity. Single-wavelength testers are limited by the periodicity of the interference,
which introduces ambiguities and a severe loss of measurement sensitivity near the
extrema of the curve. To overcome this problem, Phase Metrics Corporation introduced
a three-wavelength design for high speed single point measurement [Lacey et al., 1992].
In the meantime, considerations were made and incorporated to compensate the Phase
Change on Reflection Phenomenon (PCOR) [Lacey et al, 1993; Lue & Lacey, 1994; Li,
1996; Li & Menon, 1996; Li, 1997], which requires an entirely separate ellipsometric
analysis to determine the PCOR for each of the three wavelengths.

Figure 2-3 shows the schematic of a modern intensity interferometry flying-height

tester.
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whereas the phase G(f8) varies rapidly in this region, with maximum sensitivity at

contact (if neglecting the phase change on reflection effect).

2.4 Dual-Beam Normal Incidence Polarisation
Interferometry Method

This is the flying height measurement method developed in our laboratory. In the
oblique incidence polarisation interferometry method described in the last section,
intensity information and phase information are used together to determine the flying
height down to contact. However, since the light beam is obliquely incident on the glass
disk, the sensitivity of its intensity channel is reduced by a factor of 1/cosé (& = 50°)
compared with that of the normal incidence. Besides, because all the above mentioned
interferometry methods can only perform one point measurement at a time, they cannot
measure head slider's pitch and rdll, which is also important for the study of head-slider
dynamics. In addition, when a real head and magnetic disk assembly needs to be tested
for the flying height, they become unsuitable because a specially-made transparent glass
disk has to be employed in place of the real magnetic disk. The normal incidence
polarisation interferometry method described here can overcome these problemes [Liu

et al., 2000; Liu et al., 2005].

2.4.1 Dual-beam normal incidence polarisation interferometry

The schematic diagram of the dual-beam normal incidence polarisation interferometer is

shown in Figure 2-8. The main part of the interferometer utilises a polarising beam
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Method Light source Testing disk Measurecment | Pitch and roll
resolution measurement

Traditional White light or | Glass disk Low No

optical monochromatic

interferometry | light

Modern Laser Glass disk high No

intensity

interferomery

Oblique Laser Glass disk high No

polarisation

interferometry

Dual-beam Laser Glass disk or | high Yes

normal real disk

incidence

polarisation

interferometry

Laser doppler | Laser Real disk medium Yes

interferometry

Capacitance Not required Specially low No

technique modified head

slider and disk

Table 2-1 Features of hard disk head flying heght measurement methods
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Chapter 3 Real Time Head Disk
Spacing Measurement Methods

The readback transducer method is a non-invasive flying height measurement method
by which the flying height or head-disk spacing variation can be determined from the
readback signal. Three methods are described here, including amplitude of the readback
signal measurement method, PWsq (pulse width at 50% of the peak value) of readback
signal measurement method, and thermal signal detection method. A special PWsy
measurement method, the PWs, parameter estimation method, is particularly presented

and described in detail. Experimental study and result analysis are performed in Section

5.2,

3.1 Analysis of Amplitude of Readback Signal
Measurement Method

This method is used to measure the head-disk spacing change by detecting the variation
of the readback signal amplitude [Shi et al., 1987; Eaton & Baldwinson, 1997; Schardt,
1998; Novotny & Hsiao, 1998]. The magnitude of the readback signal depends on many
parameters. Assuming longitudinal magnetisation and unit permeability of the recording
medium, Wallace (1951) derived the following equation for the readback voltage of a

sinusoidally recorded signal:

50




e(t) = 47(10° )Na'W( il }Mv[l — exp(—2Z2)1G (A exp(=2 m5)cos( 2t ) (3.1)
L+ p p) A p)

where

e(t)  voliage of readback signal (V)

t time (s)
N number of turns of the readback coil
o head efficiency

w head width (cm)

T core permeability

M peak remanent magnitisation of the recording medium (EMU/cc)
v tangential velocity (cm/s)

) medium thickness (cm)

A wavelength of recorded signal (cm)

G()) gap factor
d spacing between the head and medium (cm)
For a given disk file operating at a given track, the quantities N, «, 4, v, A are constants.
Let I denote the amplitude of e(?), then from (3.1)
E=f(M,5)exp(-2md/A) (3.2)
where f(M,8) is a function deducible from (3.1). Since f(M,&5) is non-negative, it
can be further written as

[(M,8) = Cexp[-2n5(M,5)/ 4] (3.3)

where C is a positive constant.
Thus,

E=Cexp[-27(d +s)/ 2] (3.4
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where A is the wavelength along the track of a sinusoidal signal at an angular frequency
@ . This filter is applied to the readback signal at flying height 4 to arrive at the signal at
flying height d + Ad .

For pulses with Lorentzian shape (which is usually the close approximation of the
readback signal shape), we can easily calculate what happens to the pulse width for a
varying flying height. A Lorentzian readback pulse shape is given by:
e(0)

2
2t
1+
[P”Vso]

where ¢(0) is the peak amplitude, and PWs, is the pulse width at half maximum value.

e(t) = (3.9)

The Fourier transform of this Lorentzian pulse is:
Fi(w) = %G(O)PWSO exp(-Jo|PWyy/2) (3.10)

Filtering the Lorentzian pulse of (3.9) by the spacing loss filter of (3.8) produces an

output pulse whose Fourier transform F_ (@) is equal to the product of F;(w) and

H(w):

Fy(w) = 2Py exp[—[”;” + A\—f’)lwl} @311

Transforming F, (@) back to the time domain gives out the Wallace spacing loss

weighted pulse:

¢'(0)

2
2
1+
(PW'SOJ

which, again, has a Lorentzian shape. A Lorentzian pulse is obviously shape invariant

e'(t) = (3.12)

under the Wallace head medium spacing loss.

The pulse width at half maximum value is now:
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d  Plgy+2Ad
PW'sy= PWsy + ZAT e Rl (3.13)

y
From (3.13) we can conclude that (for Lorentzian pulses) pulse width measurement
yields an incremental measurement of flying height 4. If we conduct a difference
measurement before and after a change of Ad in the flying height 4, the increment in

pulse width is:

Ad

where the measurement sensitivity factor Ssq is defined as:

_ APLg
Ad

(3.15)
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For a Lorentzian pulse obviously Ss5 =2. More generally, for a slicing level of x

percent, it can be shown that for Lorentzian pulse:

100 —|:
APW' .= PW' —-PW, = 2A—d —ﬂ (3.16)
ST
and therefore, the sensitivity factor at slicing level x is given by:
100 -
s AL 5 (.17
T A |

It looks from equation (3.17) that the sensitivity S, increases when lowering the slicing

level x. However, the uncertainty in the measurement will also increase due to baseline
noise and the more shallow slope of the readback pulse towards its base (see Figure2.1).
Klaassen and van Peppen (1994) provided a method and circuitry, which can directly
measure the pulse width from isolated read-back pulse signals. Some advanced Digital
Storage Oscilloscopes/Disk Drive Analyzers (e.g. products of Lecroy and Tektronix)

provide as well the function of measuring the PWs, from isolated read-back pulse

signals. Zhu et al. (1998) also tried to provide a digital sampling technique to measure
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the PWs, of isolated readback pulse signals. It was claimed the method could be used

under relatively low sampling rates. In section 3.3, a parameter estimation method will

be presented, which can be used to determine the PWs, without the restriction of the

readback pulse signals being isolated.

3.3 PW;, Parameter Estimation Method for Flying
Height Determination

It has been mentioned in section 3.2 that the PW sy measuring method is one of the non-
invasive readback transducer flying height testing methods. The methods developed by
researchers so far provided ways which can only be used to measure or determine the
PW5o from isolated readback pulse signals. A good question is thus, is it possible to
measure or determine the pulse width from a normal readback signal from a hard disk
drive? In this section, we propose a parameter estimation method that can be used to
measure the PWsy so as to determine the flying height. Different from other PWs,
measurement methods, this method is not restricted by the isolated readback pulse
signal requirement. So it has the potential of being able to be used to measure the flying
height vanation in real time in a normally operated hard disk drive, thus may furthér
provide a possibility for the measured flying height variation to be used for real time
flying height control. The theoretical basis of this method is presented in the following
discussion.

The write/read process in digital magnetic recording is generally modelled as a pulse

amplitude modulation system of the form
s(t) = Zakp(t—KT)+n(t) (3.18)
k
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where a, € {-1, 1} is the input sequence, P(1) is the effective channel impulse response

(or dibit response), T is the symbol period, and n() is the additive noise [Moon &

Carley, 1990; Immink, 1989]. Equivalently, the readback signal can be written as

s0)=:E:th-KT)+nU) (3.19)
k

where A(?) is the transition response and b, is the transition sequence given by
by =ay-a,,, bel-20 2} (3.20)

The effective channel impulse response and transition responses are therefore related by

plt)=h(t)-h(t-T) (3.21)

The transition response is generally approximated using a Lorentzian function given by

h{t) = A ! (3.22)

PWy, 2 2
1+

For a given head-disk assembly, A, is a constant, which must be known in order to use

this estimation method. In real application or in calibration process, this constant can be
determined from isolated readback signal pulses. In simulation, it can be selected as a
reasonable value, and here we set it to 1. An equivalent discrete time model of the
storage channel can be obtained by passing the readback signal through a matched-filter
and a symbol-rate sampler. The schematic diagram for the resulting discrete time

system is shown in Figure 3-2, where the readback sample r, is given by r, = y, +n,,

¥y and n, denote signal and noise samples respectively [Shafiee & Moon, 1996].
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% b y| Transition response of
a real-disk read channel

——»1 Estimated channel, C

F 3

Estimated PW,,

>

—P»| PW,jestimate [

Figure 3-2 PW50 estimation model

The problem now in fact becomes a channel identification problem. As in all channel
identification methods, it is assumed that linear superposition holds for the channel to
be estimated. For Lorentzian transition response, since it is a function of only one
parameter, channel identification reduces to estimation of the PWs, parameter, which is
just what we need. With the same method as that used by Shafiee and Moon (1996), our

approach is to minimise the mean square error between r, and the predicted channel
output x;, with respect to the desired channel parameter PWsy.
X, 18 given by
L
5= Y bk ~m)e(m) = C"B, (3.23)
m=-L

where L is an integer that should be selected large enough so that c(k) [, are small
enough to be neglected, B, is a vector of length 2L +1 containing transition sequence,

C is a vector of length 2L +1 containing estimated transition response coefficients,

which is given by
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c(m) = — ‘ (3.24)

PWsy 2m ?
I+

With PWs; as the only parameler to be estimated, the mean square error (MSE) can be
written as

Elet}= Elr, -8} . (3.25)
To find the minimum mean square error (MMSE) estimate of PWS50, taking the

derivative of the MSE function with respect to p = PHs,, we obtain

2 T T
) - 59C pipny+22“ E(B,80)C (3.26)
op op op
T
=2% (R,c-u) (3.27)
op

Where R, is the correlation matrix of B, , and u denotes the cross-correlation of #, and
B, . This derivative is equal to zero for the optimal value of p. If the channel is

perfectly Lorentzian, this occurs when R,C —u is zero, which corresponds to the
unbiased minimum-mean-square-error (MMSE) solution. When the channel deviates

from Lorentzian, R,C —u will no longer be zero for the optimal value of o, which

corresponds to a biased MMSE solution.

To obtain an expression for adaptive or on-line estimation of p, we drop the

expectation in Equation (3.26) which then yields

2 T
e _ 5% g e, (3.28)
op op

This expression represents the gradient of the square error function with respect to p.
To follow the real (optimal) value of PWs,, the value of p should be updated in the

opposite direction of the gradient according to the following equation [Hayes, 1996]
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T
p(k+1) = plky + ﬂ(ai B, Jek (3.29)
op

where S is the step size. The update process of the value o continues until it
converges to the optimal value. This adaptive updating algorithm is called the least
mean square {LMS) algorithm [Hayes, 1996]. For the updating process to be
convergent, the selection of the step size £ must be within a certain range. This is left
to be investigated in the experimental study section.

The above adaptive estimation scheme originates from the mean-square-error strategy.
This problem, however, could also be formulated in terms of maximum likelihood (ML)
estimation of the unknown PWs, parameter. Assuming the noise is additive white
Gaussian (AWG) and with PWsy as the only parameter, a likelihood function is defined

as

PO1 ) =gyt Z(r(k)— x(k,p)? (3.30)

(27o, ,, =

where N is the number of observation made, 03

is the noise variance, and x{(k, o)
shows the explicit dependence of the readback signal on the unknown parameter. With

C denoting the transition response and x(k,p) = CTBk, the first and second order

denivatives of the logarithm of this function with respect to p are given by

MPwIP) - LN ity xth, o) 2 (3.31)
ap O' k=0 ap
PPrlp) | N 5CT oc” )
ot -—32 (k)= xth PN ( % Bk} (3-32)

The ML estimate is found by setting the derivative of the likelihood function (Equation

(3.31)) equal to zero. The solution to this equation can be obtained by using numerical
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methods such as the Newton-Raphson algorithm [Kay, 1993], which will not be further

investigated here.

3.4 Thermal Signal Detection Method

Thermal signal detection is another head-disk spacing measurement method proposed in
recent years. It is intended to be used for the measurement of disk topography or
dynamic flying height by detecting and processing the readback signal from a
magnetoresistive (MR) head in a hard disk drive [Abraham, 1996; Smith, 1999;
Sundaram et al., 1999]. Changes in flying height or head-disk spacing modulate both
the envelope of the readback signal and its mean value. To clarify the statement, we
introduce two nomenclatures: magnetic spacing and thermal spacing, although both of
them refer to the flying height or head-disk spacing. While the envelope is related to the
magnetic spacing, the mean value is a function of the thermal spacing. The thermal
spacing signal is the result of Joule heating whereby some of the thermal energy
generated in the MR head dissipates into the air film between the head and disk.
Changes in head flying height alter the localised heat transfer and hence the temperature
and resistance of the MR head. Abraham (1996) has shown that the MR head voltage
resulting from thermal spacing can be approximated as:

elhermnl (t) = CO + CIﬂIJde(l) (3'33)

where €, 15 the MR voltage due to its temperature, ¢ is time, C, and C, are

constants that depend on the geometry and thermal properties of the MR element and

adjacent shields, S is the temperature coefficient of resistance for the MR material, /

and R are the MR current and electrical resistance respectively, and d is the head disk
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spacing or flying height. From (3.33), we note that the flying height can be determined
from the measured thermal signal. However, most disk drives use an arm-mounted
electronic module circuitry (AEM) which is used to amplify the head output signal and
usually includes a high pass filter. The filter provides the necessary AC coupling for the
read channel but also distorts the thermal signal. This filter can be generally represented
by a first order approximation as:

s

H 400 (5) = K 4pp (3.34)

s+da

where K., is the gain of the AEM at recording frequencies, and a is the cut-off
frequency of the high pass filter. The AEM output signal is thus the convolution of

Cermar ANd the impulse response of the filter which is given by:

eaips (1) =K 4epm ‘[::;,emm,(t - 1)[d(7) — aexp(—arT)}dr (3.35)

The transfer function for an inverse filter that will correct for the AEM filter is:

1 s+a

(3.36)
KAEM s+ b

Hyy ()=

where b is a suitably chosen pole so that the inverse filter can be easily realized as an
analogue circuit if desired, whereas the flying height vanation component we are
interested in can still be restored. If the AEM output voltage is sampled with a fixed
sampling time interval, the true thermal signal of the MR head can be estimated by
applying the matched z-transform to (3.36) and using the resulting infinite impulse
response (IIR) digital filter to process the sampled sequence e gy (n). It should be
noted that although an inverse filter can partly correct this distortion, it is impossible for

some low frequency components to be restored completely. Therefore, in that case, the
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thermal detection method is suitable only for the measurement of spacing variation

above a certain changing rate.
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Chapter 4 Hard Disk Drive
Operation Failure and Head Disk
Spacing Variation Suppression

Some background introduction has been given in Section 1.6. In this chapter, analyses
are carried out first to reveal the reasons of hard disk drive operation failure under
vibration conditions. Then an active flying height control method is proposed to
suppress the head disk spacing variation under vibration conditions. Experimental study

and simulation are performed in section 5.3 and 5.4,

4.1 Analysis of Hard Disk Drive Operation Failure
under Vibration Conditions

Analyses will be performed from two aspects, firstly from the mechanics of the head
suspension arm, the rotating disk, and the aerodynamics of the head-slider’s air-bearing,

secondly from the characteristics of the head position servo control mechanism.

4.1.1 Related research within the Lab

Some research has been performed within the laboratory with regard to the

characterisation of disk drive operation under hostile conditions [Tunstall et al., 2000],
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Firstly, finite element analysis software was used to model the resonant characteristics
of the disk itself. Secondly, a test rig has been constructed to allow the hard disk drive
to be vibrated at accelerations of up to 50g [Jenkins et al., 1999]. A personal computer
is used to control the sweeps of the vibration and acceleration that the disk drive
receives. When the disk drive is being vibrated, the computer can write and read data to
and from it, and monitor the time taken for the data to be correctly transferred. As the
amplitude of the vibration increases (with fixed vibration frequency), the disk drive’s
data transfer rate slows down, eventually leading to a completely failure of data transfer.
Thirdly, piezo materials were used to construct micro sensors to characterise the
resonance properties of the disk platter and suspension arm. To measure the bending of
the suspension arm, a thin (28 pm) sheet of poly vinylidine fluoride (PVdF) was bonded
to the suspension arm to measure the average strain. Another PVdF sensor was used to
measure the disk’s displacement. The sensor used was a cantilever that only introduces
subtle changes to the system, with one end rigidly bonded to the dnive’s chassis in a
manner that pre-tensions the cantilever against the disk. Any movement of the disk
would therefore bend the cantilever‘ from its static position. To record the signals from
the sensors, they were connected to a 12-bit data acquisition board that is capable of
sampling the signal at up to 200 kHz. Some experimental results can be found in

[Tunstall et al., 2000].

4.1.2 Analysis on head-disk spacing variation

The Mathcad simulation software used for this section is listed in section 7.1.2, In this

section, a theoretical model is developed for head disk spacing variation under vibration

conditions.
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vertical to the disk surface, the vibration induced TMR should have less effect on disk
read/write failure than the vibration induced head-disk spacing variation.

Experimental study and result analysis are performed in Section 5.3.

4.1.4 Summary

Analytical models are developed for head disk assembly and head position servo control
mechanisms to analyze the operation failure of hard disk drives under vibration
conditions. Theoretical and experimental results show that all the vibration modes of the
head disk assembly will induce larger amplitude of head disk spacing variation and tend
to result in read/write failure under vibration conditions. The TMR resulted from disk
vibration can be suppressed by the servo control ioop to some extent when the vibration
frequency is within its bandwidth. When the frequency is beyond the bandwidth, the
servo loop loses its capability. Therefore, under vibration conditions, the read/write
process in a hard disk drive will tend to become failure more likely around the vibration
modes of the head disk assembly. Vibrations above a certain frequency, say, the servo
loop bandwidth, also have the tendency to result in operation failure because of the

weakening of the suppression ability of the servo loop.

4.2 Head Disk Spacing Variation Suppression via
Active Flying Height Control

4.2.1 Introduction
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With the flying height getting lower and lower, it becomes more important to keep the
head-disk spacing constant during disk opcration; This is because the flying height
variation will cause modulation of the readback signal due to the spacing loss {Wallace,
1951] and increase the bit-error-rate of the read channel. Drives operating under shock
and vibration conditions have a high possibility of undesirable head disk contact, which
will deteriorate the tribological performance of the head disk interface and its reliability.
Therefore, active flying height control is highly desirable. Because of the difficulty of
real time detection of the flying height variation in a real operated hard disk drive, very
little research has been reported in this area. [Gao et al., 2000] investigated the active
actuation and control of a miniaturised suspension structure in HDDs to reduce head-
disk friction/wear and suppress induced vibrations. However, since the displacement of
the head suspension arm is used for the feadback control signal, their investigation falls
into the active vibration control of the suspension arm itself, not the control of head disk

spacing variation.

4.2.2 Research on micro actuators within the Lab

Significant research work has been carried out with regard to the development of micro
actuators and their applications to hard disk drives [Jenkins et al. 1999]. The main
applications involve fine data tracking and head flying height control. In this laboratory,
three possible routes have been identified to develop actuators for these applications
[Jenkins et al. 1999]: bonded piezoelectric actuators, embedded piezoelectric actuators,

and composite piezoelectric arms.
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4.2.2.1 Bonded piezoelectric actuators

Piezoelectric bulk ceramic element such as lead zirconate titante (PZT) can be attached
closc to the root of the load beam suspension arm to either move the arm up or down, or
suppress induced motion of the arm at resonant frequencies [Cunningham et al., 1995].
When operated in this way, the actuator should be as thin as possible, but of comparable
thickness to that of the cantilever. This is because of the two main reasons: one is to
optimise the cantilever actuation [Cunningham et al., 1997]; the other is to prevent the
actuator from affecting the cantilever’s dynamic characteristics. This technique has been
used previously for micro-positioning and active vibration control [Jenkins et al., 1997].
Another route involving bonded actuators is the use of composite piezoelectric
matenals. It is possible to make a piezoelectric thick film by combining piezoelectric
powder and epoxy resin [Clegg et al., 1997]. However, films produced in this method
have a much lower piezoelectric activity compared to bulk ceramics. And due to the
flexibility of the film, it is difficult to couple this activity adequately to the underlying
structure. [n order to circumvent this problem, glass fibre and/or carbon fibre have been
used to reinforce composite films [Chilumbu et al., 1999]. These films offer much
improved rigidity, compared to standard composites, resulting in increased effective

bending moments of the arm.

4.2,.2.2 Embedded piezoelectric actuators

A simple method to form a micro actuator is to embed piezoelectric stacks into the head
suspension system. The piezoelectric stacks are embedded at the end of the aluminium

frame arm, while the current stainless steel load beam remains unchanged. On stack is
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embedded such that when actuated, it produces motion of the arm in x-y plane, i.e., for
fine tracking. The other stack is embedded such that it produces motion in z-axis. As
both piezoelectric stacks are embedded at the end of the aluminium frame, resonance

effects within the aluminium arm do not affect the performance of the piczoelectric

stacks.

4.2.2.3 Composite piezoelectric arms

The idea is that the whole load suspension arm is fabricated from carbon and glass fibre,
with PZT distributed within the composite framework to make it active. The composite
arm would be used for the head flying height control, while the current aluminium
frame would have a piezoelectric stack embedded to produce fine motion for data
tracking. However, the fabrication of such composite arms is time consuming and
requires several stages of intricate work, and thus may be unattractive for commercial

adoption in current disk drive mass producing factories.

4.2.3 Real time active flying height variation control

In this section, a real time active control method is presented to suppress the flying
height or head-disk spacing variation, in which thermal signal detection method is used
for real time detection of the flying height variation. In Section 3.4, we discussed the
thermal signal flying height variation detection method, where we have known that

most disk drives use arm-mounted electronic module circuitry (AEM) to amplify the
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In the diagram, r is the reference input, e is the error between the reference input and the
head-disk spacing signals X, = C,I’R* consists of parameters from equation (3.33),
Cy 1s the constant shown in equation (3.33) in section 3.4, y, is the output of the

measurement point, d, is the displacement output of the piezo film actuator, d, is the
disk spinning resulted head-disk spacing or flying height which can be treated as a

constant, d; is the vibration resulted head-disk spacing whose effect on the total

spacing is intended to be suppressed here, and d is the total head-disk spacing.
The single pole of the high-pass filter is usually around a = 325000. Typical parameters
for the suspension and slider’s air bearing are given in the plant transfer function as:

902500 . 2025000000 (4.15)

G(s)=K 5
s2 432354902500 5% +5220s + 2025000000

The values of the constant parameter Kz, K £ and K do not need to be known at
this stage. They are to be considered and compensated in the following controller design
procedure.
The problem now becomes designing a servo control system to suppress the effect of
vibrational disturbances on the head-disk spacing. For a good servo control system, the
following performance is usually desired:
a) good static performance that means zero or small static error;
b) good dynamic performance that means fast response or wide bandwidth but low
overshoot;
¢) good robustness that means system performance is invariant to or less affected
by parameter vanations and disturbances.
For this of our particular problem here, from the engineering point of view, a
conventional controller that is easy to be designed and implemented will be practical

and good enough. If we use a proportional-integral (P1) compensator to compensate the
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high-pass filter H 4z,,(s), a proportional-integral-differential (PID) and two lead
compensators to compensate the two second-order vibrational modes of the plant, the

transfer function of the controller becomes:

G (S)_s+z| s+2zy 5+1z4 K (s+V/T))(s+1/T;) (4.16)
¢ § S+p2 S+p3 PID 5 ‘

The selection of controller parameters values, simulation experiments, and result

analysis are performed in Section 5.4.

4.2.4 Summary

A novel active flying height control method is proposed to suppress the flying height or
head-disk spacing variation in hard disk drives under vibration conditions. Real-time
spacing variation signals derived from the readback signal of MR or GMR read/write
heads are used for feedback control. Simulation results show that this active flying
height control can effectively suppress the head-disk spacing variation, therefore the
performance and reliability of the HDDs can be well improved when working in

vibration conditions.
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A block diagram of the system used to test hard disk drives under vibration is shown in
Figure 5-1. The whole apparatus is located in a laminar air flow bench, the Lamarflo
from Laminar Flow Systems Ltd, which provides a filtered air source with positive
pressure. This ensures that the local environment is free of contaminates that could
potentially damage any drive operating without its lid. A personal computer (PC) is
used to control the sweeps of vibration and acceleration that the drive receives, but this
function is not needed in the experiments performed for my research.

When the drive is vibrated, the control PC is able to transfer data with it, while
simultaneously monitoring the time taken for the data to be correctly transferred.
Software developed by Jepson [Jepson, 1997], enables the control PC to transfer a file
comprising solely of 'l's, '0's, or a pseudo random file to the drive under test. The
software also has the ability to allow the selection of the data transfer direction. The
performance of the drive can be assessed by either reading directly from the drive, or
written to the drive. In the case of the latter, the data must then be read back to confirm
that the data was correctly written. As will be shown in the experiments, and can be
easily understood, the transfer rate of a drive is found to be dependent on the frequency
and acceleration at which it is vibrated. As the magnitude of vibration increases the
drive's transfer rate slows down, eventually leading 1o total data transfer failure. This is
the result of the error-co.rrection system becoming progressively defeated, and calling
for increasingly more track re-reads.

The Environmental Equipments Ltd 1531 power oscillator is used as a final stage
amplifier that is capable of providing a driving source for the shaker with frequencies of
up to 10 kHz and sinusoidal accelerations of up to 50g. The power amplifier can accept
an external input or provide sinusoidal waveforms by itself.

Software written by Tunstall [Tunstall, 2002] using the basic input/output (BIOS)

commands, controls which sector and track is read or written with which head. It
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enables the head to be positioned at different circumferential points on the disk of the

drive to be tested.

5.1.3 Digital storage oscilloscopes

A Lecroy LT344 Waverunner Digital Oscilloscope is used. Its main specification data is
listed below:

*  Number of channels: 4

* Frequency range: DC to 500MHz

* Sample rate: S00MS/s max sampling rate

*  Memory depth: 250kpts per channel

= Others: Flat panel TFT-LCD colour display with VGA, GPIB, RS-232-C, Built-in

3.5 inch floppy disk drive, Centronics.

5.1.4 FIR filter

In this chapter, lowpass and bandpass digital filters will be used to extract useful signals
from the raw signals obtained from experiments. The general form of the difference

equation for a linear, time-invariant, digital filter is [Shenoi, 2006]:
M N
y(n) = bx(n-k)-Y a,y(n—k)
k=0 k=l

The above equation represents an IIR filter.

The difference equation describing a FIR filter is given by:

&3



wn) = :Z(;bkx(n - k)
= b;x(n) +bhx(n-1)+..+b,x{n—-M)
The FIR filters have the following features:
¢ The FIR filters are always stable because there is no feedback from past outputs.
¢ The FIR filters can be designed easily to meet the required magnitude response
in such a way that it achieves a constant group délay. Group delay is defined as t
= —(d9/dw), where 0 is the phase response of the filter. The phase response of a
filter with a constant group delay is therefore a linear function of frequency. It
transmits all frequencies with the same amount of delay, which means that there
will be no phase distortion and the input signal will be delayed by a constant
when it is transmitted to the output.
¢ The samples of the unit impulse response of an FIR filter are the coefficients of
the difference equation describing it.
* The higher of the order of FIR filter (i.e., the bigger the M in the equation is),
the closer it is to the ideal filter.
The process of deriving filter coefficients that satisfies a given specifications is called
filter design. Computer-aided design tools are widely available for designing digital

filters. In this work, Matlab is used.

5.2 Real Time Head Disk Spacing Measurement

5.2.1 Amplitude of readback signal measurement method
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Experiments are made to evaluate the amplitude detection method. The experiments are
carried out by mounting a commercial hard disk drive on the electro-dynamic shaker
[see Section 5.1]. Readback signals under vibration conditions are sampled and stored
by a digital storage oscilloscope [see Section 5.1.3]. Figure 5-3 shows the readback
signal from the hard disk drive that is vibrated vertically at a frequency of 5.8 kHz by
the shaker. From measurement we know the recording frequency f of the hard disk
drive is 12.8 MHz. Here in this experiment, the sampling rate of the digital oscilloscope
is selected as 50 MHz. Note that the selection of the sampling rate of the oscilloscope

/s depends on the vibration frequency f, under testing, and has little to do with the

recoding frequency for the purpose of this experiment. As the maximum number of
samples N of a stored data file by the oscilloscope is 50000 and we set the parameter
to this value all the time, the sampling rate is also determined by the number of

modulation cycles N, ., that is needed for the reliable detection of the amplitude of the

yele

readback signal. Therefore, we use

1. N (5.1)

Normally we need N, larger than 5.
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5.2.2 PW50 of readback signal measurement method

Klaassen and van Peppen (1994) provided a method and circuitry, which can directly
measure the pulse width from isolated read-back pulse signals. Zhu et al. (1998) also

tried to provide a digital sampling technique to measure the PWs, of isolated readback
pulse signals. It was claimed the method could be used under relatively low sampling
rate. Some advanced Digital Storage Oscilloscopes/Disk Drive Analyzers (e.g. products
. of Lecroy and Tektronix) also provide the function of measuring the PW, from
isolated read-back pulse signals, which makes the measurement of PWs, much easier.
Let's have a look at how much a head-disk spacing variation will be resulted from a
variation of PWy,.

Assuming the disk rotation speed is n =6000r/m and the head position is at
r =0.035m, the tangential velocity of the head relative to the read point of the disk is
v=n,-2m/60=19.78m/s.

If the recording frequency is 2SMHz, then the symbol period is 7 = 4 x 1073,

If the variation of PWy, is APW,, =047 =1.6x10"s, from (3.13) the resulted

spacing variation will be Ad =v-APW, /2 =176 nm.

5.2.3 PW50 parameter estimation method for flying height
determination
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The proposed parameter estimation method is effective to measure the P so as to
determine the flying height. Different from other PWg, measurement methods, this
method is not restricted by the isolated readback pulse signal requirement. So it can be
used to measure the flying height variation in real time in a normally operated hard disk

drive, which may further provide a possibility for the measured flying height variation

to be used for real time flying height control.

5.2.4 Thermal signal detection method

Since no hard disk drive with MR heads is currently available in the Lab for the
vibration experiments, the following simulation method is used to demonstrate the
thermal detection method. A sinusoidal thermal signal with frequency and phase the
same as that of the testing vibration, is generated by the computer, which is then mixed
with the readback signal obtained from the vibration experiment in section 5.2.1. The
resulted readback signal is shown in Figure 5-25, which contains both the sinusoidal

thermal signal component and an amplitude modulation.
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