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viii SUMMARY

Summary

The growth of areal density (AD) in hard disk drive (HDD), which measures
the data bits per unit area, has slowed down considerably in recent years from
the average of 30% annual increase rate achieved in past decades. The main rea-
son is that the current perpendicular magnetic recording (PMR) technology has
reached its bottleneck of the so-called superparamagnetism. In the meantime, HDD
is facing a strong competition and high market share challenge from solid state
drive (SSD). As a result, HDD industry is striving to improve the AD with a few
technologies such as shingled magnetic recording (SMR), two-dimensional magnetic
recording (TDMR), heat-assisted magnetic recording (HAMR) and bit patterned
media (BPM). Among all of these, HAMR is the most viable and promising tech-
nology to bring the AD beyond a few terabyte/in? level in the coming decade. When
the AD is > 1 terabyte/in?, the track width is expected to be smaller than a few
tens of nanometers. Being a mechanical device, ever decreasing track width has im-
posed more stringent requirements on the servo system for the better track-following

performance of read and write operations.

This thesis first focuses on writing good quality servo patterns such as burst
field and repeatable run-out (RRO) compensation field under HAMR writing con-
ditions. The HAMR writing mechanism is fundamentally different from the PMR.
For PMR, the written-in signal quality is mainly determined by the strength and the
gradient of the writing magnetic field. However, for HAMR, although the writing
magnetic field is important, the dominating factor for recording quality is determined
by the media thermal profile. The media thermal profile is in turn determined by the
thermal properties of the media stack and the thermal power delivered to the media.
Given the write head design, and especially the near field transducer (NEFT), the
thermal power delivered to the media can be controlled through input laser power

and the spacing between the NFT and the media. Unfortunately, the NFT-to-media
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SUMMARY ix

spacing (NMS) keeps changing due to the laser-induced heat sources, which makes
the written-in signal quality control a much more complex task compared with that
of PMR. In order to predict and control the written-in signal quality, the dynamic
model for the HAMR writing process are constructed and identified. Using the
HAMR writing process model, the NMS and input laser current can be optimized
to achieve more consistent written-in signal quality. The focus of this thesis is to
write high quality RRO field and servo burst field from the first bit to the last bit,
from the first servo sector to the last sector or even from the first track to the last

track. However, this methodology applies to data writing as well.

Next, the servo track-following performance is enhanced by improving the
burst pattern non-linearity and RRO compensation scheme. The position error
signal (PES), which is the only feedback signal for the closed-loop servo control to
tell the head position in the radial direction, is demodulated from the burst pattern.
The analysis will be performed on how to reduce the non-linearity of the written-in
burst pattern to minimize the induced PES demodulation error and improve the
head position accuracy. In addition, due to the reduction of space between adjacent
tracks by SMR technology and the smaller track width in the high AD HAMR
drive, the current RRO compensation scheme and technology cannot work properly
due to the limited off-track read capability (OTRC). A new RRO compensation
scheme, continuous wedge RRO (CWRRO), is proposed and discussed in this thesis.
This scheme is a revolutionary change from the current RRO compensation scheme
and has the advantage of providing the RRO compensation values for any off-track

locations.
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Chapter 1

Introduction

1.1 Background

The hard disk drive (HDD) technology has gone through tremendous progress
since its introduction back in the 1950s. When the personal computer (PC) era
began in the 1980s, the HDD proliferated on PC as the low-cost high-capacity
secondary storage device to store and retrieve the digital information. The HDD is
a kind of magnetic storage device and magnetic materials are coated over the surface
of the rigid disks. The data can be retained after the power is turned off. The HDD
is also a very accurate and sophisticated mechanical system. One or more disks are
rotating in the range of 5 to 15 kilorpm. The read and write heads are placed at the
tips of the sliders, which are mounted on the arms. The heads are used to track the
data tracks accurately. During read and write operation, the head must be flying
very close to the disk surface with the clearance of less than 2 nm with the latest

technology.

The first commercially available HDD was introduced in 1956 by IBM, which

1
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Figure 1.1: HDD areal density growth [2].

has the capacity of 3.75 megabyte [1]. Since then, the HDD storage capacity has
been increasing by about 30% every year on average. However, the rate of increase
has dropped significantly to 10% from 2011 to 2015. As in 2014, the commercial
HDDs areal density (AD) has reached 600 gigabyte/in®. In June 2015, HGST, a
subsidiary of Western Digital, has shipped the world’s first 10 terabyte HDDs. The

overall growth of AD from 1980 is illustrated in Figure 1.1.

However, the HDD industry is facing a few major and tough challenges cur-
rently [3,4]. Firstly, the AD growth rate started to stall in 2012 when the perpendicu-
lar magnetic recording (PMR) reached its limit in so-called superparamagnetism [5].
Secondly, the HDD is losing its PC market share due to the competition from the
solid-state drive (SSD) and the development of the cloud storage. Nowadays, more
and more people choose to store their data remotely on the server resided in the
data center. As a result, they can afford to buy an SSD with smaller storage ca-
pacity, but lightweight, faster access time and better energy efficiency. The future

of HDD lies in the data center application, where bigger capacity and low cost are
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Figure 1.2: Concept of Shingled Magnetic Recording [6].

the dominating factors. The industry is striving to break the AD growth bottleneck
by a few new technologies, such as shingled magnetic recording (SMR) [6-9], two-
dimensional magnetic recording (TDMR) [7,10-14], heat-assisted magnetic record-

ing (HAMR) [5] and bit patterned media (BPM) [15].

1.1.1 Shingled Magnetic Recording

SMR is aimed to leverage on the current PMR head and media technology
as much as possible. In conventional recording technology, data tracks are isolated
with each other. A gap is left in between to avoid overwriting the adjacent tracks
while writing a new one. As a result, the data track pitch is determined by the sum
of the writer width as well as the gap. However, for SMR, the new data track will

purposely overwrite a portion of the previous track and make each track narrower

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE
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Figure 1.3: Concept of Two-Dimensional Magnetic Recording [7].

compared to the isolated tracks. The comparison between conventional writes and
SMR writes is shown in Figure 1.2. Improvements of head design are required for

good track edge writing and trimming, which is essential to the success of SMR.

1.1.2 Two-Dimensional Magnetic Recording

TDMR is firstly proposed to bring the AD toward 10 terabyte/in? [10] and its
basic concept is shown in Figure 1.3. When track pitch and reader width become
significantly smaller, the signal-to-noise ratio (SNR) will drop considerably. When
the reader is away from the track center for a small distance, the SNR will become
so low such that the data cannot be read back reliably. In order to improve the
SNR, the multiple-reader array is proposed. Any two individual readers will have
some portion overlapping with each other [10]. And the read back data will contain
information for a multiple number of tracks. To extract the desired information

from the very noisy data, a two-dimensional digital processing technique must be
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developed as illustrated in Figure 1.4. However, the recent research shows that the

capacity gain is only about 6% from TDMR alone [14].

1.1.3 Heat-Assisted Magnetic Recording

HAMR is the new technology that all the HDD companies are focusing on.
It is the most promising technology to bring the HDD AD to more than a few
terabyte/in?. Seagate announced that it will ship its first HAMR drive in around
2017 [16]. To avoid superparamagnetism (magnetization of nanoscale magnetic grain

will flip direction due to the influence of temperature), the magnetic media is made
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Figure 1.5: PMR vs. HAMR [6].

of the material of high coercivity, which will make it more difficult to flip the direc-
tion of magnetization. However, high coercivity also makes the data writing more
difficult as well. The basic idea of HAMR is to fire a laser beam to heat up the mag-
netic grains through near field transducer (NFT), and reduce the coercivity of the
magnetic material to facilitate the writing process. When the writing is finished, the
media are cooled down and will go back to high coercivity state. And the recorded
data will be retained with good stability. The main challenges of this technology
are the life span of the head and the media design. Figure 1.5 makes a simple

comparison between the PMR and HAMR to illustrate their major differences.

1.1.4 Bit Patterned Media

The basic idea of BPM is to discretize the media into magnetized islands,
which are isolated by non-magnetic material. Each island will record one bit of
data. And the isolation will improve the SNR by reducing cross-talk, erase band

and adjacent track write [17]. The concept is illustrated in Figure 1.6. When work-

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



1.1 Background 7

BPM

Magnetic dot
Recording head

"a

N

Semvo area

Figure 1.6: Concept of Bit Pattern Media [15].

ing together with HAMR, this is considered the ultimate technology for magnetic
recording. However, BPM faces two great challenges. One is to develop the process
to fabricate such media in a cost effective way. And the other is the writing timing

synchronization with the physical bits in the media [17].

1.1.5 HDD Technology Roadmap

Above sections discussed the most viable technologies to increase the HDD
AD further. The current AD is around 1 terabyte/in* as in 2016. The HDD tech-
nology roadmap by Advanced Storage Technology Consortium (ASTC) as shown in
Figure 1.7 predicts that the AD will reach around 8 terabyte/in* by 2025 with the
heated-dot magnetic recording (HDMR) which is a combination of BPM, HAMR
and TDMR.
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Figure 1.7: 2016 ASTC technology roadmap [18].

1.2 Motivation

Among all the aforementioned new technologies, HAMR is the most viable and
promising technology, which is expected to bring the AD beyond a few terabyte/in?
level and the data track width will be reduced to a few tens of nanometers. Re-
searchers and engineers have done excellent jobs to make the read and write head
follow the narrow data tracks, which are written in the high-speed rotating disks,
with the help of excellent and reliable mechanical design, sophisticated controller
design, embedded servo system, repeatable run-out (RRO) compensation scheme,
and accurate head-to-media spacing control. However, narrower tracks impose more
stringent and higher requirements on servo performance to follow the data tracks

accurately. This motivates us to study how to further improve the servo or track-
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Figure 1.8: Block diagram of servo control system. The burst pattern and RRO
compensation are the focuses of this thesis to improve the servo performance.

RRO compensation

following performance to meet the requirements of the future high AD HAMR HDDs.

The simplified servo system block diagram is shown in Figure 1.8. In general,
there are two major areas to work on in order to improve the servo performance of
HDDs. The first area is to improve the mechanical design to increase the bandwidth
of the plant, and reduce the mechanical vibration, disturbance, windage etc. With
better plant, a higher bandwidth controller can be designed to attenuate the vibra-
tion more effectively. The second area is to improve the accuracy of the position
error signal (PES) which was written in the manufacturing process that has all kinds
of disturbances. PES is demodulated from the burst field in the servo sector. And
RRO compensation values are learned and stored in the RRO field which is in the
servo sector as well to reduce such error. The main purpose of RRO compensation
is to cancel the repeatable disturbance to make the head follow the ideal circular
tracks. This thesis focuses on the written-in quality of burst and RRO fields in the
context of HAMR technology as shown in the red color of the block diagram. A new
RRO compensation scheme called Continuous Wedge RRO (CWRRO) compensa-
tion scheme is also invented to improve the RRO correction effectiveness at off-track
locations for off-track servo performance mitigation. In addition, it supports flexible
drive capacity, which requires a flexible data track pitch [19] that traditional WRRO

does not support.
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1.3 Objectives

With aforementioned motivations, the objectives of this research focus on the
improvements of servo performance for HAMR HDDs by writing good quality burst
and RRO fields with the help of HAMR writing process modeling. Further on, a new
method is introduced to reduce burst non-linearity and the new CWRRO scheme

for RRO compensation is invented to improve servo or track-following performance

in high AD HAMR HDDs.

e The characteristics of the writing process for the HAMR is fundamentally
different from the PMR technology. As a result, a better understanding of the
HAMR writing process is needed to write good quality servo patterns such
as burst field and RRO field. For HAMR, the media thermal profile is the
major determining factor for the written-in signal quality. The media thermal
profile is then determined by the thermal power delivered to the media and
the thermal properties of the media stack. The available thermal power is
then determined by the NMS and input laser power. However, the NMS keeps
changing due to various protrusions induced by the heat sources related to
the laser. The worst thing is that instantaneous NMS is not measurable due
to NFT’s tiny size. Our first objective is to construct and identify a dynamic
model for the HAMR writing process so that the various dynamic responses

involved in the writing process can be better understood and characterized.

e Our ultimate goal is to write the high-quality servo burst pattern and RRO
compensation fields using the HAMR technology. The identified dynamic
model for HAMR writing process enables us to optimize the NMS and in-
put laser power profile so that the high-quality burst patterns and RRO fields
can be written without shortening the lifetime of the NFT unnecessarily and

losing of the format efficiency (FE).
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e For HDDs, PES is the only feedback signal to indicate the current head posi-
tion in the radial direction. For embedded servo system, PES is demodulated
from the burst pattern which is written in the field dedicated to the servo con-
trol called servo sectors or wedges. Burst demodulation is non-linear in nature.
Although non-linearity correction techniques have been developed, but non-
linearity residues still degrades the track-following performance. Our goal is
to improve the burst demodulation non-linearity and consistency for HAMR
drive. This will improve the accuracy of the PES signal and track-following

performance in the end.

e Due to the elimination of the space between adjacent tracks by SMR technol-
ogy and the decrease of track width, the current RRO compensation scheme
and technology cannot work properly due to the limited off-track read capa-
bility (OTRC) [20,21]. A new RRO compensation scheme will be developed,
which has good OTRC and acceptable track misregistration (TMR) [22] per-
formance at any off-track locations for high AD HAMR HDDs.

1.4 Contributions

The major contributions of this thesis are shown below, which are aligned with

the objectives listed in the above section:

e In order to understand the HAMR writing process and control the written-in
signal quality, a dynamic model for the HAMR, writing process is constructed
and identified. The model inputs are input laser power and fly-height con-
trol, and the outputs are the signal magnitude and NMS change. The model
consists a few building blocks such as NFT slow and fast protrusions, energy
transfer efficiency function, heat transient process, and thermal power to sig-

nal magnitude conversion. Using this model, the real time NMS change and
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written-in signal magnitude during the writing process under different input
conditions can be estimated. The model construction and parameter identi-
fication processes are discussed in detail in Chapter 3, which is based on our
paper [23]. To our knowledge, this is the first paper that reports an HAMR

writing process dynamic model.

e The dynamic writing process model provides a few important applications. By
using this model, the NMS during the whole writing process can be optimized
[24]. When the NMS is kept constant, one of the sources that affects the
consistency of the written-in signal quality is eliminated. As a result, the
burst pattern with minimum non-linearity and good quality RRO fields can
be written. Additionally, by minimizing the NMS variation, the input laser
power to achieve the same SNR can be reduced. Less input laser power can
reduce the temperature of NFT and increase its lifetime. To achieve this, a
linearised version of this model is used to derive the optimal input laser current
overshoot profiles to compensate for the transient process of the HAMR writing
process. It has been proved that two sets of laser overshoot current profiles
are required to compensate for the transient process almost completely. By
compensating for the transient process, the FE overhead while writing the
very short length data such as the RRO field can be reduced. The details of

these applications are summarized in Chapter 4.

e To characterize the shape of the burst profile, two parameters are proposed
such as flatness [25] and newly created asymmetry. A near optimal burst
profile is identified, which can achieve PES error of less than 1% track width
(1%trk) through the simulation. Such burst profile has 0 asymmetries and a
flatness around 0.82. The burst non-linearity can be minimized by controlling
the ratio between reader width and track width to about 68% for the particular

head tested. These works are discussed in Chapter 5.
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e A revolutionary new scheme is developed, which is called Continuous Wedge
RRO (CWRRO) compensation scheme, to replace the current RRO compen-
sation scheme [21,26,27]. CWRRO scheme can provide RRO compensation
for any off-track locations rather than the track center only by current RRO
compensation scheme. A method called multi-track blending (MTB) is in-
vented to improve TMR performance of the basic CWRRO scheme. The basic
CWRRO scheme can achieve a worst case TMR performance that is equiva-
lent to the current scheme at 10%trk off-track from the track center. By using
MTB, the worst case TMR performance is improved from 10%trk off-track to

7%trk. All the details are summarized in Chapter 6.

1.5 Organization of the Thesis

The rest of the thesis is organized as follows:

Chapter 2 gives some background on the HDD servo control system including
the embedded servo, servo wedge structure, burst pattern and its demodulation,
and RRO compensation field as well. In the remaining of this chapter, the HAMR

technology fundamentals are explained for basic understanding.

In Chapter 3, the details are shown on how to construct the dynamic model
for HAMR writing process and its identification procedures. It can be considered
as a “Grey-Box” system parameter estimation problem. At the end of the chapter,
the accuracy of the model is verified by comparing the model output and real drive

measurement under various input conditions.

Chapter 4 discusses two important applications of the HAMR writing process
model. One is the NMS optimization and control for different writing conditions.

The other application is to find optimized input laser current profile to compensate
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for the writing transient responses.

Chapter 5 focuses on how to characterize the shape of the burst profile and
find out the desired burst profile, which will produce minimum PES demodulation
error. It is also presented on how to reduce the non-linearity of the written-in burst

pattern.

In Chapter 6, a revolutionary CWRRO scheme is discussed in details. The
CWRRO can provide sufficient OTRC with reasonable TMR degradation. The
MTB, which is used to enhance the performance of the basic CWRRO scheme, is

discussed in detail as well.

In Chapter 7, conclusions and recommendations for future research works are

presented.
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Chapter 2

HDD Servo Control System and
HAMR Technology

2.1 HDD Servo Control System

2.1.1 Introduction

The hard disk drive is a very accurate and sophisticated mechanical device. It
comprises multiple disks and heads connected to a distal end of an actuator arm,
which rotates about a pivot by a voice coil motor (VCM) to position the head
radially over the disk. The disk rotates at the constant speed of 5 to 15 krpm
through the spindle motor and comprises a plurality of radially spaced, concentric
tracks for recording user data sectors and servo sectors. Each servo sector comprises
head positioning information, which is read by the head and processed by a servo
control system to control the actuator arm as it seeks from track to track. Most of

the hard disk drives today implement dual-stage actuators [28,29] to increase the

15
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Figure 2.1: Internal structure of 2.5 inch 500 gigabyte Western Digital Scorpio Blue
hard drive.

bandwidth of the controller system and improve the track-following performance.
The first stage is the traditional VCM for the coarse movement and the second stage
is implemented by piezoelectric actuator for the fine movement of the head. The
internal structure of an 2.5 inch HDD is shown in Figure 2.1 and the head stack

assembly is shown in Figure 2.2.

2.1.2 Servo Sector and Position Error Signal (PES)

The position error signal (PES) is the only feedback signal available for the
closed-loop servo control to position the read head and write head. The PES is

generated using the burst pattern written in the servo sector. For modern HDDs, the
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Figure 2.2: Head stack assembly.

embedded servo sector strategy [30,31] is used. For embedded servo, the servo sectors
are evenly spaced and interleaved with the data sectors. Servo sector is also called
servo wedge and each servo sector contains at least 5 fields in one way or another,
namely auto gain control (AGC), servo sync mark (SSM), servo sector identification
(SID), the track identification (TID) and burst pattern. AGC field is used for the
phase-locked loop (PLL) to synchronize the read back signal to the system clock.
It is also used to adjust variable gain amplifier (VGA)’s gain to achieve the desired
signal magnitude, which will be feed into the input of an analog-to-digital converter
(ADC). SSM is a field with a selected pattern to have lowest detection error rate.
Once this field is detected, hardware will issue sync mark found (SMF) signal which
will be used as 0 time stamp for the current servo sector. SID stores the current

servo sector identification and is normally in the range of a few hundred sectors.
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Figure 2.3: Embedded servo and servo sector/wedge.

TID indicates the servo track number. Burst pattern is a specially designed pattern
to generate the PES signal, which will tell the head location within a track. Both
TID and burst pattern work together to generate the final PES signal. TID tells
the current track number that the head is on. Burst pattern signal is demodulated

to indicate the off-track location away from the current track center [32,33].

In general, servo sectors act as the ruler for the whole disk. More specifically,
the SID is used to tell the head position in the down-track direction (Y direction
shown in Figure 2.3) as the disk is rotating, and TID and burst pattern is used
to indicate the head position in radial or cross-track (X) direction. Some servo
sectors may have an optional field called fly height field. This field can be used to
measure the flying height of the head with respect to the media surface in vertical

(Z) direction.
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2.1.3 Track Mis-registration (TMR)

The ultimate goal of the servo control system is to let the head precisely follow
the desired data track. A common way to measure the track-following performance
of the servo control system in HDD industry is to measure the track mis-registration
(TMR) [34]. For simplicity, TMR is just some number statistically extracted from
the PES of multi-revolution measurements. There are two parts in TMR: total
run-out (TRO) and other stuff [34]. For simplicity, only TRO is discussed in the
following. TRO consists of repeatable run-out (RRO) and non-repeatable run-out
(NRRO). For example, if there are 300 servo sectors per revolution and PES is mea-
sured for consecutive 10 revolutions, there will be total 3000 PES values collected.
The 30 value of the collected data is computed and converted to the percentage
of track width (%trk). This value is then called TRO in %trk. The PES value
for each servo sector at different revolution can also be averaged to get averaged
PES value for each servo sector. The 30 value of the averaged value is then calcu-
lated and called RRO. If the original PES values are subtracted from the averaged
values for each servo sector for all revolutions, the 3¢ of residual values is called
NRRO. The RRO is mainly due to the disturbance and noise during the servo writ-
ing process where the servo sector is written, as well as disk eccentricity and spindle
motor vibration. However, the NRRO is mainly due to the mechanical disturbance,
measurement noise and electronic noise. People can also calculate and analysis the

frequency spectrum of TMR from the frequency domain.

2.1.4 Wedge Repeatable Run-out (WRRO) Compensation

Due to the existence of RRO, the head track-following trajectory is not an ideal
circle as desired, but the irregular shape as illustrated in Figure 2.4. RRO is mainly

due to disk eccentricities, the imperfection of spindle motor assembly and magnetic
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' Track

Figure 2.4: Servo written track and repeatable run-out (RRO).

media, and the disturbance and noise during the servo writing process. If the RRO
of the adjacent tracks is in the opposite direction, it is more likely to over-write the
adjacent track and damage the recorded data or degrade the signal quality during
the reading process. Since the RRO will greatly degrade the servo performance of

the HDD, many methods have been proposed to deal with the RRO [35-53].

The RRO are normally canceled in two ways. The first one is to “follow”
the RRO [35-39]. One such method, called adaptive feedforward control (AFC)
as shown in Figure 2.5, tries to make the head to follow the RRO by feedforward
the online learned RRO to the plant. This method works only for low-frequency
harmonics which are normally coherent from track to track. The advantage of this
method is that it does not occupy the disk space since the RRO is learned in real
time or online learning. However, the disadvantage is that it is computationally

intensive, especially when the number of harmonics to be compensated is large.

The second way for RRO compensation is to “anti-follow” the RRO [40-46,53],

which subtracts the learned RRO values from the PES so that the head trajectory
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Figure 2.6: Block diagram for RRO compensation.

will follow the ideal circular track. The block diagram, which is shown in Figure
2.6, illustrates its basic concept. This method works best for non-coherent and high-
frequency components. The critical part of this method is about how to learn the
RRO accurately and efficiently. The basic idea of the learning process is to set the
reference signal r to 0 and measure the PESggo as shown in Figure 2.7. The RRO

compensation values are then derived in (2.1). The transfer function

1
1+ P(2)C(z)
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Figure 2.7: Block diagram for RRO compensation value learning.

is the error transfer function or sensitivity function. For this method, the RRO
values are learned for each track and stored in the RRO field, which normally resides
after the burst pattern in servo sectors [43,54]. Since all the RRO need to be stored
on the disk, it will reduce the format efficiency since less space is available for user
data storage. The advantage of this method is that there is no computation involved
once the RRO learning and recording process is finished. In current HDDs, “follow”
and “anti-follow” methods are designed to deal with different frequency harmonics.

However, the two methods can be employed simultaneously at certain frequencies.

drro(2)

dRRO = PESRRO = m

(2.1)

2.2 HAMR Technology

The global annual data growth rate of 40% is projected by the International
Data Corporation (IDC). In order to meet the data storage requirements, the AD of
HDD must be increased further while maintaining the low cost. However, the AD
growth rate of current PMR HDD is around 10% only. The ultimate AD for PMR
technology is around 1 terabyte/in* due to the superparamagnetic limit [5,55]. In

order to retain the stored data for more than 10 years, the thermal stability of the
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magnetic grains must be maintained by following the relationship governed by (2.2).

K,V
> 70. 2.2
TnT (2:2)

as shown in [5]

The kg is the Boltzmann constant, 7' is the temperature in Kelvin. When
the AD is increased, the magnetic grain volume V must be reduced to keep the
number of grains N per bit area high enough to sustain enough SNR [56]. In order
to maintain the relationship in (2.2), the uniaxial anisotropy energy density of the
magnetic material K, must be increased to restore the thermal stability. However,
higher K, media needs a higher magnetic field to write data onto such media. But
the highest writing magnetic field is limited by the material available for making
the head. In order to break the limit of PMR, HAMR is developed to increase the
AD further by introducing one more freedom to the design, which is temperature.
Seagate had demonstrated HAMR drive with AD of 1 terabyte/in? [57] and 1.4
terabyte/in® [58] respectively in the lab. In the subsequent sections, the principle
of HAMR technologies will be briefly discussed followed by the two most important

elements for HAMR, which are media and light delivery system.

2.2.1 Principle of HAMR

The basic idea of HAMR is to heat up the media temporarily during the
recording process so that the media coercivity can be lowered below available mag-
netic write field generated from the head, such as the PMR head. When the media
temperature is elevated to the Curie temperature (7), its saturation magnetization
(M;), magnetic anisotropy (K,) and coercivity (H.) will drop to nearly zero [59)].
The media will then cool down very rapidly while the writing magnetic field is ap-

plied. If the writing magnetic field is bigger than the local demagnetization field,

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



24 CHAPTER 2

A

Heating
Media

=
Storag
Temp.

Coercivity

Availabl

....Q.I...-..l......l-.l.llllll..

Head Field Temp.
N\

Temperature

Figure 2.8: Principle of HAMR technology [5].

the orientation of the media grain magnetization will follow the writing field and the
data will be recorded in the media. The whole idea is illustrated in Figure 2.8 [5].
Once the data is written in, the signal read-back method is the same as the PMR

by using the magnetoresistive reader element.

The introduction of temperature as one more freedom in the writing process
enables HAMR to produce very high effective magnetic writing field gradient without

any improvement from current magnetic head design as shown in (2.3) [5].

derite ﬂ d_T
dx dT dz’

(2.3)

The first item on the right-hand side of the equation is the slope of the media
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Figure 2.9: Thermal and magnetic field down-track profile during writing process
[60].

material anisotropy field (Hy(T')) versus temperature just below the Curie tempera-
ture. The second item is the slope of the thermal profile at the freezing temperature.
The resulted writing field gradient is 3 to 20 times bigger than the direct field gra-
dient generated by the inductive head [5]. From the above discussion, it is clearly
shown that the thermal profile is the dominating factor in the writing process for
HAMR drive rather than the writing magnetic field generated from the writer as
in PMR drive. The very high writing field gradient in HAMR ensures high linear
density in the down-track direction, which is measured in kilo flux change per inch
(KFCI). In Figure 2.9, the thermal profile and magnetic field in down-track direction
are simulated [60]. In the cross-track direction, the sharp slope of the thermal profile
reduces the chance of adjacent track erasure. In addition, the magnetic writer width

(MWW) can be varied by adjusting the thermal spot size, which is another major
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difference from PMR drive.

There are still a lot of challenges remaining for HAMR HDDs going into mass
production. And the most important two are designing an efficient and reliable light
delivery system, especially NF'T, and low noise high K, media [58]. In the following

sections, more details will be given on these two areas.

2.2.2 Media for HAMR

HAMR media is one of the most critical components for the success of HAMR
technology. The media contain multiple layers and the basic structure is shown
in Figure 2.10. The recording layer contains the magnetic materials for recording
the data. Many materials, such as FePt, FePd, CoP, MnAl and S,,Cy; [61-66],
have been studied. Among these, FePt is so far the best candidate due to its high
anisotropy and small grain size of less than 10 nm in diameter after tremendous re-
search and development [67-74]. Besides the small size of the grain, the distribution
of the grain size must be as tight as possible. The variation in the grain size will
not only increase the roughness of the media surface, but also increase the variance
of the Curie temperature distribution of the media and results in a lower SNR of

the recorded signal.

Since the thermal profile is the dominating factor in HAMR recording process,
the thermal property of the media is a very important design parameter. In order to
have a big gradient for the temperature profile, the heat transmission in the lateral
direction of recording layer should be minimized. And good thermal conduction in
the axial direction of media stack is desired. To facilitate the heat conduction in
the axial direction, a heat sink layer is deployed under the recording layer with the
interlayer in between. The heat sink layer must be designed to balance between the

temperature gradient and the lifetime of the NFT. It is because more laser power
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Figure 2.10: Structure of HAMR media [5].

will be needed to heat up the media to the same temperature level of the smaller

heat sink [75].

The lubricant or over-coat layer for HAMR must be redesigned as well to with-
stand the high temperature and the thermal cycling during the prolonged writing

process [5].

2.2.3 Light Delivery System for HAMR

The most difficult part in HAMR is to deliver enough thermal power to the
media within a very small spot size. When the AD is beyond 1 terabyte/in?, the
area per bit is around (25 nm)?. Since the media thermal profile is the dominating
factor in the recording process of HAMR, the thermal spot size d should be less
than 25 nm as well. However, the traditional far field optics cannot focus the laser
light to such a small size due to the diffraction limit. The diffraction limit for the

full width at half-maximum (FWHM) optical spot size can be estimated by scalar
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Figure 2.11: Light delivery system of HAMR [76].

diffraction theory as shown in (2.4) where A is the wavelength and N - A is the

numerical aperture of the focusing lens [5].

d=—"2 (2.4)

For a good approximation, the minimum optical spot size is roughly the half of
the laser wavelength. Since the wavelength of the laser is a few hundred nanometers,
the resulting optical spot size is an order bigger than the requirement from HAMR
recording even with the light condensers such as the solid immersion lens (SIL) and

solid immersion mirror (SIM) [5].

In order to achieve spot size much smaller than the diffraction limit, the near-
field optics, which make use of apertures or antennas, must be used. The overall
light delivery system of the HAMR is shown in Figure 2.11 [76]. The laser light is
delivered to the waveguide through a coupler. And the waveguide will enhance and

focus the laser light to a small spot and then coupled to the NFT. A few waveguides
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have been designed such as the planar solid immersion mirror (PSIM) [77], thin film

dielectric waveguide [78] and metallic surface plasmon waveguide [79].

2.2.4 NFT Design

The purpose of the NFT is to focus the incident light to a nanometer sized
spot, which is much smaller than the laser wavelength by breaking the diffraction
limit. This is achieved by the excitation of the surface plasmon of a nano-structure.
The strong surface plasmon resonance will enhance the field and radiate it into the
media. The much stronger field is only confined in the near field and has a large
divergence. However, this is not a concern since the spacing between the NFT and

the medium is only a few nanometers during the recording process in HAMR [76].

The other critical design parameters for NF'T are efficiency and self-heating.
The efficiency should be as high as possible so that less input laser power is needed
when delivering required thermal energy to the media. The wasted laser power will
be converted to heat dissipated in the head. Besides the conventional heat sources
for PMR drive such as heater used for thermal fly-height control (TFC) and writer
current, there are more heat sources for HAMR drive, such as laser diode generated
heat, scattered light from NFT and even media back heating [80]. All the heat

sources for HAMR are illustrated in Figure 2.12.

The NFT itself will also absorb the optical energy and cause the self-heating
[77]. The over-heating of NFT is the major failure mode and lifetime bottleneck
in the HAMR system. In order to improve the performance of the NFT, many
different transducer structures have been studied and developed such as the circular
aperture [81-86], C-aperture [87-93], bowtie aperture [94], L-aperture [95], Lollipop
NFT [77,96], and beaked plate structure [97].

Currently, gold is widely used as the NF'T material because of its high melting
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Figure 2.12: Heat sources for HAMR Drive [80].

point, high thermal conductivity, and chemical stability. But in nanometer scale,
gold suffers from poor thermal stability at temperatures of much lower than its
melting point. Researchers are keeping looking for better alternatives [98] and some
alternative plasmonic materials can be loosely categorized as metallic alloys [99,100],
semiconductor-based [101], ceramic materials [102], 2D materials such as grapheme

[101,103] and organic materials [104].

Another major concern related to the heat dissipation in HAMR is related to
protrusions. Multiple heat sources and protrusion components make the NFT fly-
height control a very challenging task. The spacing between NFT and media is one
of the most important parameters to control during the recording process because
it will affect the energy transfer efficiency [105]. Many research works have been

done to have a better understanding of various protrusions [106-110]. However,
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Figure 2.13: Block diagram of the experiment setup.

the accurate direct real-time measurements of protrusions and NMS remain a very

difficult task due to the tiny size of the NFT.

2.3 Experiment Setup

The block diagram of the experiment setup used for this research work is
shown in Figure 2.13. The device under test (DUT) is Western Digital 2.5”, 5400
rpm prototype HAMR drive. The DUT is connected to PC through serial advanced
technology attachment (SATA) interface. The PC is used to control the operation
of the DUT using scripts developed in MATLAB. The desired electrical signals are
captured by the oscilloscope through the probes, which are attached to the test
pads located on the printed circuit board (PCB) of the DUT. The oscilloscope is
connected to a PC through a network so that it can be controlled by the PC. And
the captured waveform can be transferred to the PC automatically for processing

and analysis.
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2.4 Summary

In this chapter, the discussion is focused on the basic concept of HDD servo
control system and HAMR technology. HAMR is the most viable technology to
bring the AD beyond 1 terabyte/in?. As discussed, there are a lot of fundamental
differences between HAMR and PMR, which make the control of writing process
much more complicated for HAMR compared to PMR. As a result, the following
two chapters will focus on how to write good quality servo patterns for the HAMR
drive with the help of the writing process modeling. Our ultimate goal of this
research work is to improve the servo performance of high AD HAMR drives. In the
following chapters, a new method will be proposed to minimize the non-linearity of
burst pattern and a new RRO compensation scheme called CWRRO is invented to
tackle the RRO challenges.
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Chapter 3

HAMR Writing Modeling and

Identification

3.1 Introduction

Current HDDs implement perpendicular magnetic recording (PMR) technol-
ogy, which contributes to the tremendous AD growth in the past decade. However,
it encounters the superparamagnetic limit when the AD approaches 1 terabyte/in?,
where the average bit area is only around (25 nm)? [5,59,111-113]. Heat-assisted
magnetic recording (HAMR) technology is expected to bring the AD to beyond a few
terabyte/in?. For HAMR, the recording layer is designed to have high anisotropy
at room temperature using materials such as FePt alloys [5]. During the writing
process, the media are heated up locally by laser through the near field transducer
(NFT) to reduce its coercivity such that the applied writing field is able to mag-
netize the grains at elevated temperature. The media is then frozen to the desired
state when the media temperature is cooled down [5]. For PMR, the magnetic field

gradient is the most critical parameter for the head design to achieve good written-in
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signal quality [114]. However for HAMR, the written-in signal quality is determined
by both of the media thermal profile and the writing magnetic field, in both of the
cross-track direction, which determines the track width, and the down-track direc-
tion, which determines the linear density that is measured in kilo flux change per
inch (KFCI) [59,60,96,113]. In contrast to PMR, the thermal profile dominates in
HAMR writing process. The main challenges for HAMR technology are efficient and
reliable NFT design, and low noise high thermal gradient media design [58,115-117].
Efficient NFT can deliver more thermal energy to the media while reducing the self-
heating and extend its own lifetime. People are designing different types of NFT to
increase its efficiency and lifetime [76,118-120]. In addition, tremendous efforts are
spent on media design to improve the SNR and AD [56,60,75,111,119,121-134]. Be-
sides the head and media design, another major factor affection the thermal profile
is the NFT tip to media spacing (NMS) [105,135,136]. NMS keeps changing during
the writing process due to the laser heat dissipation generated protrusions, on top
of the usual head-to-media spacing (HMS) change due to thermal fly-height control
(TFC) [137-142] and write current [121]. The HAMR related heat sources consist
of laser diode generated heat, laser light converted heat, and back heat from the
media [80,112,121,143]. In order to understand the NMS, Rausch et al. [109] use
automatic gain control (AGC) to track the NMS changes during the writing pro-
cess. Atomic force microscopy (AFM) is used to image the NFT protrusion on the
air bearing surface (ABS) with a nano-scale resolution [106]. The thermal protru-
sion and temperature rise responses versus time as a function of input laser power
and NMS are studied in [144]. Burnish method is used to report laser induced
protrusion [107]. Nevertheless, as pointed out by Schreck et al. [108], comparing
thermal-mechanical modeling and experiments during flying and static conditions

remains a critical issue that needs further improvements.

On the other hand, the disk drive servo community routinely measures the ac-

tuator’s input-output response and extracts the actuator model parameters for servo
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control design and optimization purpose to support the low-cost mass-produced hard
disk drives at over 500,000 tracks per inch today [30,145-147]. Uwe et al. [137] report
a circuit model for the resistance heater element in a TFC slider and identified the
model parameters by matching the system’s inputs and outputs data for dynamic
flying height control, following a similar system modeling and identification process

that is widely performed in control and robotics communities [148-151].

The objective of this chapter is to construct and identify a dynamic model for
HAMR writing process. As mentioned in [149], there are generally two methods
to construct a model. One is to build models to describe the relationship between
input and output without considering any physical insight of the system. The other
method is to build the model based on the underlying physical phenomenon of the
system. The system identification methods can be classified into two categories, non-
parametric identification methods and parameter estimation [149]. Non-parametric
methods includes transient analysis, correlation analysis and spectral analysis and
so on. The parameter estimation method tries to fit the parameters to the obtained
data by minimizing the prediction error. It is very straightforward if the model is
linear. If the model is very complex or non-linear, iterative search for the minimum

prediction error is needed [149].

In this chapter, the HAMR writing process is modeled with laser power and
TFC heater power as inputs, and signal magnitude as the output. First, the energy
transfer efficiency in HAMR writing process is identified which determines how much
laser power can be transformed into heat energy in the recording layer. Next, the
model parameters describing the NF'T protrusion with respect to the laser current
will be established. The NFT protrusion will change NMS and then the energy
transfer efficiency as a result. After that, the heat transient process which is in
nanoseconds range will be characterized to make a good estimation for the first

few written-in data bits. Finally, the relationship between the thermal profile and
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written-in signal magnitude is modeled and identified. Since the the thermal profile
is not measurable in drive, it can be estimated by the measured signal magnitude
through their relationship. By measuring the written-in signal magnitude response
at a given writer’s head flying height, prelase laser power as well as active laser
power, the Gaussian-Newton method is then used to identify all the parameters of
this non-linear system model. As a result, our problem is categorized as a non-
linear model parameter estimation problem, where the Gaussian-Newton method
is the iterative method applied. The Gaussian-Newton method does not guarantee
the convergence of the result. As a result, the identification process is carried out
in such a way that the convergence is verified to have been achieved. The identified
parameters are able to predict the written-in signal amplitude reasonably good under

different configurations.

As one of the applications of the writing process model, it is used to select the
active laser power and TFC adjustments for writing a very short pattern (relative
to the regular user data) based on the user data writing conditions, which were
derived from optimization and calibration processes. The model clearly shows the
allowable TFC adjustments to compensate for the NMS change due to the reduced
NFT protrusion arising from the reduced written data length, and allows us to write

data with the same quality regardless of the length of the data to be written.

On the other hand, the model can be used to find the optimized laser overshoot
current profile to compensate for the transient response of the writing process to
generate an output as close as possible to a step function. The overshoot current has
an exponential decay profile and is characterized by the overshoot amplitude (OSA)
and overshoot duration (OSD). OSA determines the initial laser current value and

OSD is the time constant of the exponential decay.

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



3.2 HAMR Writing Model Identification 37

> Zcs

P
AR
APy
O——> Cf f(dnms) H
PA C 1- Ch + SM
© > TpiS+1 Cn + s + 1 g(PE) ST +
_Csi N
] T5i5+1

Figure 3.1: Dynamic model for HAMR writing process.

3.2 HAMR Writing Model Identification

The HAMR writing process is treated as a system with laser power and TFC
heater power as the input and signal magnitude as the output. In HAMR, the signal
magnitude is directly related to the input laser power and the NMS. In addition,
the laser power generated heat will cause various protrusions and further reduce
the NMS. The completed model is shown in Figure 3.1. The model parameters will
be identified in a way such that the predicted read-back signal Sy, can match with

those measured from the real drives.

The TFC heater power AP is used to control the static flying height d; before
the actual writing process starts. It is applied early enough so that the d; can be
considered a constant during the whole writing process. In our model, there are
two kinds of protrusions related to laser power, one has a fast time response related
to NFT protrusion itself and the another one corresponds to the slider protrusion
which is slower than the fast one by the order of two. Since these two protrusions
have very different time responses, they can be identified separately. In the following
section, the focus is on the explanation of the model structure and the identification
process of the fast protrusion parameters, and the slow one is assumed in the steady

state already. The slow protrusion parameter identification will be discussed in the
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Table 3.1: List of Symbols
Input

APr Heater power for TFC control, in mW
Py Active laser power, only applied during write, in mW
Ppr, Prelase laser power, applied before actual write for pre-heat, and dur-

ing write, in mW

Output
Snm Measured signal magnitude, in mV'
St True signal magnitude, in mV
N Noise floor after AC erase, in mV'
Variables not measurable

d,, dy | NFT fast protrusion due to P4 and Ppy, in nm
ds, dso | Slow protrusion due to P4 and Ppp, in nm
dy HMS change due to non-laser related factors such as TFC and write

current etc, in nm
Aryms Total NMS change, in nm
Py Normalized thermal power on media
Pg Normalized effective thermal power

Unknown parameters to be identified

Pry, Normalized threshold thermal power
Cpi Gain for NFT fast protrusion, i = 1,2 if subscripts used
Tpi Time constants for NFT fast protrusion, ¢ = 1, 2 if subscripts used, in

LS
Csi Gain for slow protrusion, i = 1, 2 if subscripts used
Tsi Time constants for slow protrusion, : = 1,2 if subscripts used, in us
ch Gain for heat transient process
Th Time constants for heat transient process, in ns

Known parameters

cy Gain for TFC, in nm/mW
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later portion of this chapter.

3.2.1 Structure of HAMR Writing Model

The model mainly consists of four parts, the NFT protrusion model, the energy
transfer efficiency function f(d,ms), the heat transient process, and the power-to-
signal conversion function ¢g(Pg). This model is called a dynamic model because it
describes the input-output relationship as a function of time. The descriptions of
all the symbols used in the model are listed in Table 3.1. Our system identification
can be considered as the “Grey-Box” identification. In this section, it will be ex-
plained on how the model is constructed based on existing knowledge of the HAMR

technology.

3.2.1.1 NFT Protrusion

The major heat source for the temperature increase of NFT is the self-heating
during laser producing and delivering processes. The another heat source is the
back-heating from the media since NFT is closest to the media. Temperature rise
due to back-heating is small and can be ignored [80]. It has been shown by the
simulation that the temperature rise of NF'T is linearly dependent on the laser power
[121]. Some methods are also used to measure the NFT temperature [80,119, 143].
The temperature rise in NFT will cause it to protrude and reduce the NMS. NFT
protrusion is found to have an approximately linear relationship with laser input
current for a non-flying head using AFM-based method [106]. As a result, it is
assumed that the steadystate NF'T protrusion is proportional to the effective laser
power (laser current used to turn on the laser diode is not included in the laser power
calculation since there is no laser output). The dynamic response of NFT protrusion

is modeled as a second order system with time constants 7,; and 7,2 which are to be
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Figure 3.2: Input power sequence.

identified. The steady state protrusion is proportional to input laser power and the
gains to be identified are denoted as ¢, and cpz. Owning to the localized heating of
the NFT only, the time constant of this mode is expected to be around 1 us through

thermal-mechanical simulation.

In our HAMR writing process, a small laser power, the so-called prelase Ppy,
is applied some time before the actual write starts for the pre-heat purpose. The
media temperature rise due to prelase should be safely low enough so as not to
erase the pre-written servo patterns. The NFT protrusion due to this power reaches
its steady state before actual writing starts and is denoted as dpy. Pa is called
active laser power which is applied during actual write and is synchronized with the
write gate. The NF'T protrusion caused by P,4 is denoted as d,. The input power
time sequence is illustrated in Figure 3.2. Please note that for simplicity of the
identification process, 7,1 and 7, are lumped as 7,, ¢, and ¢y are lumped as c,.
It is found that such lower order approximation gives good matching between the

modeled and measured signal amplitudes.

3.2.1.2 Power-to-Signal Conversion

Noise mechanics in HAMR have been extensively studied [128,152-154]. In
this section, only the effect of media thermal profile is considered by assuming that

the write magnetic field is already optimized. In terms of the media properties,
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only the distribution of grain Curie temperature is considered, and the effect of
anisotropy field is ignored since its effect is largely suppressed by the high effective
field gradient [152]. The media thermal profile is determined by the energy delivered
to the particular media. Media temperature and power are not measurable in the
real drive, hence they are not available for writing model parameter identification.
Fortunately, there is a strong link between the written-in signal quality and the
thermal profile, since the thermal profile determines whether the media grains are
raised to a suitable temperature, i.e., above the curie temperature for most, if not all
of the magnetic grains. Hence, the high thermal gradient ensures high effective field
gradient for high-density recording. Assuming that the read process is normalized
and the read-back signal is determined by the media magnetization but not reader,
a single tone written-in signal’s magnitude Sy, is measured by taking the moving
average of the absolute value of the read-back signal. The moving average window
is set the same as the period of the signal. The magnitude of noise floor after AC
erase is denoted as N. Sr is the true signal magnitude derived by subtracting N

from Sjy;.

Media thermal profile is determined by the media design, which is discussed
extensively [121,129,132]. A 2-D Gaussian distribution in xy-plane is used to model
the thermal profile by assuming uniformity in the z-direction as proposed in [113],
where x is in the down-track direction and y is in the cross-track direction. Since
the x-direction thermal profile and head velocity determine the maximum written-in
signal frequency, its effect on signal quality can be ignored by limiting the written-in
signal frequency well below the switching limit. In this case, it is only necessary
to consider the thermal profile in the y-direction or cross-track direction and its
effect on signal magnitude. The temperature at the heat spot center is highest and

denoted as Ther = T'(y = 0).

The Curie temperature for each magnetic grain is not a constant due to process
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Figure 3.3: (a) 1-D thermal profiles with different effective thermal power - T'(y),
T, = 600K, T, = 7T00K; (b) Corresponding 1-D magnetic pattern M (y).
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and material tolerances such as grain size, shapes, composition, chemical ordering
and strain and so on [130,131,155]. The modeling and measurement of Curie tem-
perature distribution have been discussed [130,131] and people are trying to simulate
the magnetic switching performance near the Curie temperature of non-ideal me-
dia [125,127,128,133]. In our model, the Curie temperature is approximated by a
Gaussian distribution. Temperature T and 75 can be considered as the temperature
of £3 standard deviation away from the mean Curie temperature of the distribution.
The writable temperature range is denoted as [T, T,]. When the media tempera-
ture is below 77, there is no grain can be switched. If the media temperature is
above T5, all the grain are considered switchable. The effective thermal power Pg is
defined as the power to raise the heat spot temperature 7,,,, from T} upwards. It is
assumed that Pg(T) is proportional to T, where T' = T, — 11, and Pg(0) = 0. In
this thesis, a 1-D Gaussian distribution is used to model the y-direction written-in
magnetic pattern M (y) on the media as shown in (3.1) for the different thermal
profile. When T,,,, < Ti, there is no switchable grain and M(y) = 0 everywhere.
When T),.. € [T1, T3], the area whose temperature is above Tj is a circle whose
radius increase with the T},,,. Except near the boundary of the temperature range,
it is assumed that the number of switching grain increases linearly with the tem-
perature so that M,,,, increases with T,,,, linearly. Since the area of the circle is
small, the standard deviation of My is set at constant in this stage. The circle
becomes an annulus when T,,,, > T, and its size increases with 7,,,,. Since all the
grains are switchable when the temperature is above T5, the height of the magnetic
pattern M (y) will not increase any more. Instead, its top becomes wider and wider
following the annulus size. The magnetic pattern widening effect is simulated by

increasing the standard deviation of M (y). The different temperature profiles and
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corresponding magnetic patterns are shown in Figure 3.3.

;
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By convolution of the magnetic patterns with the reader micro-track profile,
whose shape is also modeled as a Gaussian distribution, the relationship between
the signal magnitude S7 and the effective thermal power Pg can be derived as
shown in Figure 3.4. When 77 < T4 < T3, the magnetic strength at the hot
spot center M(y = 0) increases linearly with the temperature 7),,,. Since the
standard deviation of M (y) profile is kept constant, the area under M (y) has an
approximately quadratic relationship with 7},,,. Furthermore, because the width of
the magnetic pattern is much smaller than the reader width in this case, the power-
to-signal function can be approximated by a square function after convolution, i.e.,

ST = g(PE) ~ PEz.

When T, = T», the height of magnetic pattern M (y) will not increase any-
more. Instead, its width will increase with 7},,,. When its width is comparable to
the reader micro-track profile, the slope of signal magnitude versus effective thermal
power will decrease. The slope will approach zero when magnetic pattern width is
much bigger than the reader width. The drive measurement data and the simulation
results are compared in Figure 3.4 and they match with each other quite well. In
the same figure, the two different trends are clearly shown. In the left portion of
the figure, the trend is governed roughly by a quadratic relationship, and the points
marked with Pg; to Pg4 are corresponding to the thermal profiles and magnetic
patterns of the same marking shown in Figure 3.3. In the right portion of the figure,

the read-back signal magnitude becomes less sensitive to the increase of media ther-
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Figure 3.4: True signal magnitude S vs. normalized effective thermal power Pg.

mal power. In this thesis, the left portion is called the linear region since M(y = 0)

increases linearly with T,,,., and the right portion is called the non-linear region.

3.2.1.3 Heat Transient Process

The thermal power delivering process to the media hotspot is very complex. It
is assumed that the steady state temperature at the hot spot center is proportional
to the effective input laser power. The temperature rise at the hot spot center after
a step change in laser power is shown in Figure 3.5. The initial temperature rises to
T; is very fast and may be completed in 1 ns [119] and is approximated by a step
change. However, there is a slower transient in 100 ns range observed. It is possibly
due to other heat sources and the moving head [156]. It is assumed that temperature

rises from T; to the steady state T4 exponentially with the time constant of 7;,. It
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0 Time

0 Time
Figure 3.5: Heat transient process illustration.

is further assumed that the ratio ¢, = T% is a constant. The whole heat transient
process can then be represented by (3.2).

1— Chp
Ts+1

Cchp + (32)

3.2.1.4 Energy Transfer Efficiency

Energy transfer efficiency determines how much laser power can be transferred
to the media so as to heat up the magnetic grains. Given a particular head and
media, the efficiency is mainly determined by the space between the tip of the
NFT and the media. The relationship between the efficiency and NMS can be
approximated by an exponential decay function [105]. In this thesis, this relationship

is approximated as a second order polynomial equation as shown in (3.3).

f(dnms) = CZdnm32 + Cldnms + Cp. (33)

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



3.2 HAMR Writing Model Identification 47

Smaller ¢; and ¢y indicate that the write process is less sensitive to the NMS
change. Coefficient cq represents how efficient the head and media combination has

been given the default fly-height.

3.2.2 Experiment Setup

All our data are collected from Western Digital 2.5” 5400 rpm HAMR drive.
Above section discussed the building blocks of the writing process model. Since each
block represents a different physical phenomenon, their parameters are independent
to each other. However, it is very difficult to identify all the parameters at once
since the system is a non-linear system and the results may not converge at all.
Fortunately, since the slow and fast protrusion and heat transient process all have
very different time constants, it is possible to identify the parameters in groups. The
setup described in this section is mainly used for fast NF'T protrusion identification.
Experiment setup specific to slow protrusion identification will be discussed in the
later section of this chapter. During data writing process, prelase laser current Ipy,
is fixed at all times, but active laser current I, and fly-height are swept in the
pre-defined ranges. The active laser current can be a step function with or without
overshoot. For model identification, only step inputs are used. The written-in signal
is a single tone signal of 75 M Hz. The length of the signal is set at 4 us so that
the NF'T protrusion already reaches its steady state at the end of writing. During
data collection, a digital oscilloscope is connected to the hard drive, and Matlab is
used to read the raw waveform directly from the digital scope. Then the raw signal
is converted to signal magnitude by calculating the moving average of the absolute
value of the read-back signal. The moving window size is set as the period of the
written-in single tone signal. The input laser power together with the raw waveform
and calculated signal magnitude is illustrated in Figure 3.6. The signal magnitude

calculated from the last 50 wedges are utilized, where the slow protrusion has already
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Figure 3.6: Experiment setup.

settled down. Since the fast NFT protrusion repeats itself for every wedge, all the

50 wedge’s data are averaged to remove the measurement noise.

3.2.3 System Identification

In this section, details will be discussed on how to identify all the parameters
given the data collected from the setup mentioned in the previous section. First of

all, Let’s summarize all the assumptions made in the above section:

e Temperature rise of NFT is linearly dependent on the laser input power [121].
e NFT protrusion amount is linearly dependent on the laser input power [106].

e Steady state temperature at the hot-spot center is proportional to the effective
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input laser power.

e The dynamic of NFT protrusion is modeled as a first order system with time

constant 7, and gain c,,.

e Only the distribution of the magnetic grain Curie temperature is considered
in the model, the effect of anisotropy field is ignored due to its weak effect
[152]. The magnetic grain Curie temperature is approximated by a Gaussian

distribution.

e A 2-D Gaussian distribution in xy-plane is used to model the media thermal

profile by assuming uniformity in the z-direction [113].

e The written-in magnetic pattern M(y) is modeled as a Gaussian distribution.

o Effective thermal power Pg(T) is assumed to be proportional to T

e The temperature rising process of the media can be modeled by (3.2).

e The relationship between energy transfer efficiency and NMS can be approxi-

mated by a second order polynomial equation (3.3).

By examining the read-back signal magnitude shown in Figure 3.7, two dy-
namics in the process can be found. One is in 100 ns range, which corresponds to
the heat transient process. The other is in 1 us range, which is caused by the NFT
fast protrusion. Since the two time constants have been separated by roughly one
order in magnitude, they can be identified separately by using the signal magnitude

at the different time frame.
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Figure 3.7: One example of read-back signal magnitude.

3.2.3.1 Identify f(z), NFT Protrusion Gain and Time Constant, and
Threshold Thermal Power

In this section, the gain and time constant for NF'T fast protrusion together
with energy transfer efficiency function f(d,,s) and threshold thermal power Pry,
will be identified first. The signal magnitude from 0.4 us onward is used to identify
the parameters since the heat transient process has almost completed in this period.
The increase of signal magnitude in this period is only due to the NFT protrusion,

which reduces the d,,,s and increases the energy transfer efficiency.
Without considering the heat transient process, the writing process is then

governed by (3.4) when the active laser power P, is a step input.

f(ds+ cp(Ppr 4 (1 — e7¥™)Py))(Ppr, + Pa) — Pry, = Pg(t)
(3.4)

= Sp(t)Y2.
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As shown, this model is highly non-linear and the Gaussian-Newton method
is going to be used to identify the parameters. It is found that the identification
process will not converge if all the parameters mentioned above are to be identified
at once. As a result, the time constant 7, is fixed first based on the observation and
the other parameters are then identified. Next, the 7, is swept until the minimum

estimation error is obtained. In this way, the identification always converges.

First, an initial guess is given for 7, = 1 us based on the waveform shown
in Figure 3.7. The gain for TFC ¢; is known, and the fly-height change due to
TFC can be calculated as dy = ¢y * APp. Then, the unknown vector is defined as
w = [e, €1, Co, Cp, Prp)’. Finally, the residue function is defined as r(w) as shown in

(3.5).

T(IU) = f(df + Cp(PpL + (1 — eit/Tp)PA))(PpL + PA) — Pry, — ST<t>1/2. (35)

It is now formulated as a non-linear least squares problem to minimize || r(w) ||

which can be solved using the Gaussian-Newton method.

Linearize r(w) near current iteration w®):
r(w) = r(w®) + Dr(w®)(w —wh) = AR — pk),

where A®) = Dr(w®), b*) = Dr(w®)w® — r(w®). Dris a Jacobian matrix and

07}-
(DT)Z‘]‘ = 8_10]

In the data collection process, the input APy is swept for M different levels.
And for each APr, active laser power P, is swept for L different levels. The Py
should be chosen in a way such that the signal magnitude has approximately a square
relationship with the effective thermal power Pg as discussed before. Finally, the
true signal magnitude St (¢) is sampled at @ different time stamps in the interval of

[0.4,4] ps for each input combination. As a result, the Jacobian matrix becomes a
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M x L x @) by 5 matrix since there are 5 unknowns as defined in w. Given an initial
guess for w®, the next iteration can be found by w*+1) = (ART Ak))=1 ARITpk)

Repeat the process until the estimation converges.

Next, the time constant 7, is swept and the above procedure is repeated until

the minimum residue error is obtained.

3.2.3.2 Identify Heat Transient Gain and Time Constant

In this section, the gain ¢, and time constant 73, for heat transient process will
be identified. The read-back signal magnitude in the time interval [0, 0.1] ps will be

used since the heat transient process dominates in this time frame.

Equation (3.6) shown below governs the whole process of the model. The NFT
protrusion can be calculated using the results obtained in the previous section and

is denoted as dys(t).

F (dums(0)(Prr + (en + (L= cn) (L — e7"/™)) Pa) — Pry, = Sr(t)'/2, (3.6)

Firstly, the gain ¢, is determined by using data at ¢ = 0, and (3.6) can be
simplified to (3.7).

f(drms(0))(Ppr + cnPa) — Pri = Sr(0)'/2. (3.7)

Define residue function r(cy) as:

7(cn) = f(dnms(0))Pach + f(dnms(0)) Ppr, — Pry — ST(0)1/2
(3.8)

= Ach —b.
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where A = f(dnms(o))PA> b= _.f(dnms(o))PPL + PTh + ST(0)1/2'
And ¢;, can be found using ¢, = (ATA)"1ATb.

Next, time constant 7, is going to be identified. The residue function r(73,) is

defined as:

7(13) = f(dnms () (Ppr + (cp + (1 — ) (1 — e V™)) Py) — Pry, — Sp(1)Y2. (3.9)

This is again a non-linear least square problem and will be solved using

Gaussian-Newton method.

Linearize r(7,) near the current iteration ).

r(m) = r(m) + Dr(n)(m - )

(3.10)
=AW 7 — k),
where A®) = DT(T}(lk)), bk = DT’(T;Ek))T}Ek) — T(T]gk)).
Dr is a Jacobian matrix, where

or;

(D’I“)l = 8r
Th (3.11)

= —t % [(dums(t) Pa(1 — cn)/ (rire!!™).

Set initial guess T,EO) = 0.1, the next iteration can be found by T,(Lkﬂ) =

(AWT AKR))=1 ART (k) - Repeat the above procedures until the estimation converges.
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3.2.4 Identification Results

In this section, the identified results will be discussed. Firstly, the threshold
power Prp, is determined by the head and media design. For this parameter, smaller
is better because less input laser power is required. And the gains and time constants
for NF'T fast protrusion and heat transient process are listed in Table 3.2. The time
constants for NF'T protrusion and heat transient process are indeed in the expected
range. The heat transient process gain ¢y, is greater than 0.8, which shows that most

of the temperature increase is completed almost instantaneously.

Table 3.2: Identification Results

Name | Value | Unit

cp 0.27 | nm/mW

Tp 0.9 S

ch 085 | N/A

Th 0.11 1S

The identified energy transfer efficiency function f(d.,s) is plotted in Figure
3.8. The efficiency increases when the NMS decreases, and the trend is very similar

to the exponential decay simulated [105].

Since the goal is to minimize the mean square error between the model output
and the drive measurement during the identification process, it is desired to compare
how good they are matched with each other. The effective thermal power Pg is
selected for comparison instead of signal magnitude Sp. If it can be shown that Pg
is a linearly function of laser power, it can be proved that the square relationship

between Pr and St is a good approximation. The drive measurement data and
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Figure 3.8: Energy transfer efficiency function f(d,ms).

model output are compared at four time stamps as shown in Figures 3.9 and 3.10
respectively. The comparisons show that they match with each other quite well for

all the input conditions.

3.2.5 Model Verification

In this section, the accuracy of the identified model are verified by comparing
the simulated signal magnitude and that of the real drive measurement data. Since
the step laser input current profile is applied during the model identification process,
different kind of input profiles must be used for model validation purpose. Different
kinds of overshoot will be added on top of the step laser input current change. The

overshoot is defined by its OSA and OSD as illustrated in Figure 3.6.

In the first case as shown in Figure 3.11, the default TFC power is retained by

setting AP to 0. Then the overshoot current of 10% OSA with two different OSD
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Figure 3.9: Compare Pgr between drive data and model
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Figure 3.10: Compare Pg between drive data and model output at ¢ = 1.65 us and
t =4 ps.

settings of 50 and 600 ns respectively are applied. The input laser current profile I,

and the predicted NFT fast protrusion amount d, are also plotted in the figure. At

the bottom of the figure, the comparison is made on the signal magnitude between
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Figure 3.11: Model verification of over-shoot time constants of 50 ns and 600 ns
with default TFC power.

simulation and measurement data. When OSD is set as 50 ns, the signal magnitude
will drop fast in the beginning and then increase slowly. This is due to the very
short OSD applied and its effect will diminish very quickly. In contrast, when OSD
is set to be 600 ns, there is enough power to increase the signal magnitude for the
first 0.5 ps and then slowly decreases to the steady state. For both of the cases, the

simulation results match the measurements quite well.

In Figure 3.12, the fly-height is changed by increasing the heater power by 10 mW.
This will make the head fly lower and reduce the NMS. The laser overshoot current
OSD is fixed at 350 ns with 10 and 20% OSA levels. As shown in the figure, the

20% overshoot current will cause the signal magnitude overshoot at the beginning of
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Figure 3.12: Model verification of 10% and 20% over-shoot amplitude by increase
TFC power by 10 mW.

the writing process. This indicates 20% overshoot is more than necessary and may
over-heat the NFT. Again, the simulation outputs match with drive measurements

quite well for all the cases.

In Figure 3.13, the fly-height is increased by decreasing the heater power by 10 mW
while keeping the input current profile the same as the previous test case. Since the
NMS is bigger, the signal magnitude will be smaller compared with the previous
case since the energy transfer efficiency is lower. The good matching between the
simulation and experiment results indicate that the model can predict the energy

transfer efficiency at different NMS quite accurately.
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Figure 3.13: Model verification of 10% and 20% over-shoot amplitude by decrease
TFC power by 10 mW.

3.3 Slow Protrusion Parameters Identification

Previously, the NFT fast protrusion and other parameters are identified in the
model. In this section, the slow protrusion parameters are going to be identified.
Noting that the slow protrusion time constant 7 is in the order of 100 us, which is
about two orders of magnitude bigger than the fast NF'T protrusion time constants
T, a single tone data pattern of short duration such as 4 ps will be written on each
servo sector of 37.5 us. The NF'T fast protrusion will reach steady state at the end
of this period, but the active laser current induced slow protrusion is very small and

can be safely ignored due to the small duty cycle (= 10%). In this case, the slow
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Figure 3.14: Slow protrusion gain measurement.

protrusion is solely generated by the prelase laser current which is applied at 100%
duty cycle. And the steady state of the slow protrusion can be reached after writing

for more than 30 sectors consecutively.

In order to find the slow protrusion gain, the prelase current is swept for differ-
ent levels which will produce different amounts of slow protrusions. For each prelase
current level, the active laser current is swept and the signal magnitude is measured
at the end of 4 us data pattern, where the NFT fast protrusion has completed. Then
the signal magnitude St is calculated by averaging the measured signal magnitude
for all the sectors except the first 30 sectors, where the slow protrusion has not
reached its steady state. The signal magnitude St versus total laser current I, can
be plotted for each prelase current level, where total laser current is the sum of the

prelase and active laser current. Different prelase current will produce different slow
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Figure 3.15: Slow protrusion vs. laser power.

protrusion, but the NFT fast protrusion will remain the same as long as the total
laser current is the same. As a result, smaller prelase current will produce smaller
written-in signal magnitude given the same total laser current and constant TFC

power.

In order to compensate for this fly-height difference caused by the different
prelase current induced slow protrusion, the TFC power can be increased in the case
of the smaller prelase current until the curves overlap with each other as shown in
Figure 3.14. Since the total laser power is the same, and written-in signal magnitude
is the same, it is necessary that the adjusted TFC flying-height has compensated for
the difference caused by the slow protrusion. By extracting the data from Figure
3.14, the slow protrusion in nm versus the prelase laser power Ppj is plotted as
shown in Figure 3.15. The relationship is quite linear and the gain ¢, ~ 0.041
nm/mW.
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Figure 3.16: Slow protrusion time constant measurement.

To measure the time constant of this slow protrusion, the writing-start wedge
is swept from 0 to 50 and a data pattern with a maximum duty cycle (= 90%) is
written. Then the signal magnitude is measured at wedge #50. Since the laser
power is applied at the first writing wedge only, the amount of protrusion will
be determined by the time taken from the first wedge to wedge #50. The signal
magnitude versus time is plotted in Figure 3.16 together with the curve fitted one.
In order to find the time constant of the protrusion, the signal magnitude in Figure
3.16 needs to be converted to the protrusion as shown in Figure 3.17 by using g(Pg)
in our model for back calculation. The slow protrusion time constant 7, is found to

be around 400 ps in our case.
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Figure 3.17: Slow protrusion vs. time.

3.4 Conclusion

This chapter presented how to construct the HAMR writing model with some
approximations and assumptions based on prior knowledge. Model parameters are
identified such as the gains and time constants related to heat transient process,
NFT protrusion, and slow protrusion respectively. The energy transfer efficiency
function and the threshold thermal power are also identified. Since the system is
non-linear, the Gaussian-Newton method is used for the identification. The model
is quite accurate by comparing the simulation output and drive data for different
input conditions. Another very important aspect of this model is that it can predict
the NFT protrusion, which is not measurable in drive operation. This will enable
us to optimize the fly-height control in data writing process. In the next chapter,

applications of this model will be discussed in more detail.
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Chapter 4

Applications for HAMR Writing
Model

4.1 Introduction

In the previous chapter, the HAMR writing model is constructed and identi-
fied, which includes slow protrusion, fast NF'T protrusion, energy transfer efficiency,
heat transient process, and power-to-signal magnitude conversion. Heat transient
process, NFT fast protrusion and the slow protrusion are the three dynamics in-
volved in the writing process. This model can be used to simulate the signal output
and NMS change under different input conditions: input laser power profile and

initial NMS.

In this chapter, two applications of this model will be discussed as shown in
the following sections. In Section 4.2, discussion will be made on how to keep NMS
closest to, but not below its target value across multiple servo wedges or data sectors

throughout the writing process. Three writing conditions of different duty cycle will
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be considered: repeatable run-out (RRO) field write, servo pattern write and user
data field write. Firstly, it will be formulated on how to calculate the slow and NFT
protrusion amount at each servo wedge or data sector with respect to the writing
duty cycle. The laser induced protrusions will change the NMS and need to be
compensated. Next, it will be shown on how to compensate for the NMS change
by using the thermal fly-height control (TFC). In Section 4.3, the compensation
of the impacts caused by the fast transients will be demonstrated, which include
NFT protrusion and heat transient. The fast transients will cause bad written-
in signal quality (low signal amplitude) at the beginning of each writing process
when the write gate is turned on. Two methods, pole placement and deconvolution
method, are presented to alleviate the fast transient impacts by shaping the input

laser current profiles.

4.2 Compensation of Protrusion Caused NMS

Change

In this section, the goal is to minimize NMS error relative to its target spacing
during the writing process to improve the written-in signal quality and minimize
the input laser power to prevent NFT from over-heating so that its lifetime can be
prolonged. Firstly, the equations to calculate the fast NFT and slow protrusions
will be derived under different writing duty cycles. Next, it will be shown on how

to use the TFC to compensate for these NMS changes.

4.2.1 Calculate NFT and Slow Protrusions

As discussed in Chapter 3, the tiny sized NFT protrudes fast with a gain of ¢,

and time constant of 7,. NFT will start to protrude when the input laser power is
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Figure 4.1: Hlustration of normalized NFT protrusion and decay. P is the servo
sampling time. T is the write gate turned on time for each servo wedge or data
sector.

applied during the writing process for the time interval from 0 to 7" as illustrated in
Figure 4.1. When the input laser power is removed at the end of T till the end of P,
the protrusion starts to decay with a time constant 7,, where P is the servo sampling
time. In the remainder of this chapter, it is assumed that both the protrusion and

decay processes have the same time constant with 7, = 7, unless otherwise stated.

For a write operation lasting for N servo wedges or data sectors, the NFT

protrusion amount at the end of the first wedge or sector will be:

_T
dy1 = Pacy(1— e ). (4.1)
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The accumulated NFT protrusion amount at the end of the second wedge or

sector including decay process will be:

_T L _T
dpo = Palcy(l—e 7)e ™ +cp(l—e )]

_Tr _P _T
= PA[Cp(l —e )e ™ -+ cp(l —e )], (42)
where 7, = 7,,.

At the end of N wedges or sectors of consecutive writing, the accumulated

protrusion amount can be expressed as:

_r _(N-DP _r _(N=2)P _rT
dyn =Palcy(1—e ™)e @ +e(l—e w)e ™ 4---4c(l—e ™)
o (4.3
=Py ) c(l—e ™) ™

The slow protrusion can be calculated in a similar manner, where ¢, and 7
represent the gain and time constant respectively. It is also assumed that the time
constant for decay processes 7, is the same as the protrusion time constant 7 in
the remainder of this chapter unless otherwise stated. Then, the slow protrusion
amount across multiple servo wedges or data sectors in a writing process can be

written as:

ds,N = Py Cs(]- - G_E)G_E- (44)

The duty cycle of the actual writing plays an important role in HAMR writing

optimization. The duty cycle D is expressed as:

T
D = - 100%. (4.5)

Substituting equation (4.5) into equations (4.3) and (4.4), the NFT and slow
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protrusions can be calculated based on different duty cycle for different types of

writing as:
N-1
_DP _kP
dy N = PACp(l —e ) e ™. (4‘6)
k=0
DP Nl kP
ds N = PAcs(l —e s ) e s (47)
k=0

The total protrusion will increase with higher duty cycle D and the larger

number of servo wedges or data sectors V.

4.2.2 RRO Field Write, Servo Pattern Write and User
Data Field Write

The servo sampling time in a 2.5” 5400 rpm HAMR drive used in the exper-
iment is around 37.5 us, and the writing of RRO field takes about 0.6 us for each
servo wedge. The corresponding duty cycle for RRO field write is around 1.6%. For
comparison, the writing duty cycle for servo pattern and user data are around 5%

and 92% respectively in our test case [157].

In Chapter 3, the identified NFT protrusion time constant is about 7, = 0.75
s, slow protrusion time constant is around 74 = 400 us for the pattern that was
considered. For RRO field write, with P = 37.5 us, D = 1.6%, the NFT protrusion
for the first wedge is around 0.55P4c, and the slow protrusion is about 0.0015P4c;
based on equations (4.6) and (4.7) respectively. At the last servo wedge of a full
track RRO field write, the NF'T protrusion is still around 0.55FP4c, although the

slow protrusion increases to about 0.017P4c,.

For servo pattern write, with D = 5%, the NFT protrusion at the first wedge

is about 0.92P4c, and the slow protrusion is around 0.0047P4c,. At the last wedge
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Figure 4.2: Normalized fast NF'T protrusion amount at the end of writing for each
servo wedge or data sector. Comparisons are made among RRO field write, servo
pattern write and user data field write.

N, the NFT protrusion is still around 0.92P4c, and the slow protrusion is increased

to 0.052P4c;.

For user data field write of same frequency pattern, with D = 92%, the NFT
protrusion at the first sector is P4c, and the slow protrusion is around 0.083P4c;.
At the last sector N of user data writing, the NF'T protrusion is still around Pac,

and the slow protrusion is increased to about 0.92P4c;.

The NFT and slow protrusions amount over multiple servo wedges or data
sectors for RRO field write, servo pattern write and user data write are compared

in Figures 4.2 and 4.3 respectively.
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Figure 4.3: Normalized slow protrusion amount at the end of writing for each servo
wedge or data sector. Comparisons are made among RRO field write, servo pattern
write and user data field write.

4.2.3 Compensation of NFT Protrusion Caused NMS

Change

As shown in Figure 4.2, for each writing condition, the NFT protrusion amount
across the servo wedges or data sectors during the writing process is constant. As a
result, there is no dynamic compensation required. However, there are steady state
protrusion amount differences due to different writing duty cycles. These differences
should be addressed and compensated, so that the NMS is kept close to the target

value for all the writing conditions.

The most effective and cost-free method to compensate for the slow protrusion
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caused NMS change is to use TFC, which is well developed and understood in
conventional drives [158]. By controlling the power delivered to the heater, the

fly-height of the write head, and hence the NMS can be changed as desired.

4.2.4 Compensation of Slow Protrusion Caused NMS

Change

Figure 4.3 shows the slow protrusion across servo wedges or data sectors for all
the three writing conditions. Since the impacts of the slow protrusion on RRO field
writing and servo pattern writing are small due to their low writing duty cycles, the
following discussion will be made on how to compensate for user data field writing

only.

It is assumed that the TFC control can be modeled as a first order system with
the time constant 74, which needs to be less than or equal to the slow protrusion
time constant 7, in order to achieve the best compensation results. Let h¢[n] be the
unit sample response of the TFC control in discrete time, which can be calibrated
and is known to us in advance. The slow protrusion will cause the reduction of NMS
and is represented by ys[n], which is normalized and shown in Figure 4.4 (b). In
order to compensate for this NMS reduction, the heater power needs to be reduced
to increase the NMS for the same amount. The desired heater power can be found by
using the deconvolution method [159] through equation (4.8), where TFC induced
NMS change is denoted as y¢[n|, where y¢[n] = —ys[n] as shown in Figure 4.4 (b). In
this thesis, deconvolution is performed using the deconv function, that is available
in MATLAB.

us[n] = —deconv(ys[nl, hy[n]). (4.8)

The derived TFC heater power reduction profile u¢[n| is shown in Figure 4.4

(a) and the net NMS change is very small after compensation. The result is shown
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Figure 4.4: Using TFC to compensate for the slow protrusion. (a) Heater power
profile. Negative value means the heater power is reduced from initial value; (b)

slow protrusion will cause the NMS to decrease whereas the reduction of TFC heater
power will cause the NMS to increase. The net NMS change is approaching to 0.

in Figure 4.4 (b).

4.3 Compensation of Fast Transient Impact

In this section, the compensation of the fast transient impacts will be discussed,

which includes NFT protrusion and heat transient. The signal quality is bad for the
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first few microseconds each time when the write gate is turned on for writing if no
compensation is applied as shown in the black curve (no overshoot case) of Figure
4.9. This kind of signal degradation is not desired for RRO field and user data write.
If not compensated, a long preamble needs to be added in front of the useful data
and the format efficiency will be reduced. However, this fast transient impact is not
a problem for servo pattern write. The reason is that the servo pattern is written in
the self servo write process, and the written-in long preamble can be erased in the

following process so that there is no format efficiency loss incurred.

The fast transient of HAMR writing must be compensated on a per wedge
or sector basis. Just like PMR drive, in order to compensate the transient, which
happens within a few hundred picoseconds from turning on the magnetic write
field [160], the exponential decay over-shoot in writing current is added to the writer
coil as illustrated in Figure 4.5. The similar idea is also implemented for HAMR
drive by adding an overshoot circuit to pre-amplifier to produce extra laser current
with an exponential decay time constant to compensate for the transient effects.
The hardware provides options to adjust the overshoot amplitude (OSA) and the
exponential decay time constant, which is also called overshoot duration (OSD).
The optimal overshoot settings are normally obtained by time-consuming sweeping
method in the calibration process. In the following two subsections, pole placement
and deconvolution methods will be presented, which are used to find the optimized

input laser current profiles.

4.3.1 Laser Current Overshoot Design via Pole Placement

Method

In this section, the optimized overshoot settings will be derived by using the

pole placement method in a systematic way with the established model. Our goal
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Figure 4.5: Illustration of exponential decay overshoot components added on top of
the step input and their Laplace transform.

is to shape the input laser current to achieve a step change in the written-in signal
magnitude at the output. In other words, the output signal magnitude Sr has
a constant value from the very beginning of the write gate until the end. Since
the power-to-signal magnitude conversion function g(Py) is a static function, the
constant signal magnitude St can be achieved if and only if the media thermal power
Py is constant during the writing process. As a result, the signal magnitude Sr
and power-to-signal magnitude conversion function g(Py,) will be excluded from the
model for the following discussion to simplify the analysis. In addition, since the
input of our model is laser power, the optimized laser power will be found first and
then converted to laser current later on. The simplified model is shown in Figure

4.6.

Previous study in Chapter 3 shows that the system h(t) is a non-linear system.
In order to derive the desired input profile using the pole placement method, the

system needs to be linearized. First, the slow protrusion portion is removed from
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Figure 4.6: Simplified model with laser power as input and media thermal power as
output.

the model since it is not relevant in this study due to its slow dynamic. Next, the
energy transfer efficiency function f(d,ns) can be approximated by a first order
polynomial function or affine function rather than second order polynomial used in
Chapter 3. This approximation produces good results since the NF'T protrusion
amount is in a small range only. It is also assumed that the magnitude of the input
overshoot component is only a small portion of the total laser current. Finally, with
some simplifications, the original system can be linearized and its transfer function

can be expressed as:

1—c.
7.5+ 1

1—Cb

H(s) = cq
(8) = calen + 27

)(ce +

). (4.9)

In equation (4.9), different symbols are used for the gains and time constants
from those used in the model since they are not exactly the same as the ones from
the original non-linear model. The parameters of the linearized system need to be
identified first. And the identification can be done using the similar method as

discussed in Chapter 3.

Given the linearized second order model by equation (4.9), the Laplace trans-

form of the input laser power U(s) is proposed to be:

P P P,
U(s) = — . 4.10
(5) s +s+1/ﬁ+s+1/7‘2 (4.10)

The first item of equation (4.10) is the step input laser power without any
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overshoot and the second and third items define the exponential decay overshoot
components. The basic idea is to use two overshoot components to cancel the two

dynamics of the system respectively.

In the ideal case, a step change in the output is desired so that the transient
impacts can be completely eliminated. The Laplace transform of a step function of
the output is defined in equation (4.11), where Py, is a constant and presents the

target thermal power delivered to the media.

Y(s) = 2. (4.11)

Since the transfer function of the system and the output are already known,

the desired input U*(s) can be derived using:

U*(s) = 2. (4.12)

Substituting equations (4.9) and (4.11) into (4.12) and after some simplifica-

tion, the desired input can be expressed as:

Pr(1ps 4+ 1)(7es + 1)

U* = .
(5) cas(cpmps + 1) (cetes + 1)

(4.13)

By equating (4.10) and (4.13) and matching both sides term by term, the
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Figure 4.7: Relationship between input laser current and output laser power.
Threshold current I;;, and the gain g, are calibrated and known in advance.

parameters of optimal input laser power U(s) can be derived as:

P
PO = Mv
Cq
P1 _ (1 — Cb)(CbTb — TC)PO,

Cb(CbTb - CcTc)

Py = (1 - CC) (CCTC - Tb) Py, (4.14)
ce(CeTe — CpTy)

T1 = CpTy,

To = CeTe.

In practice, the overshoot circuit controls the laser current instead of laser
power. To complete the work, the laser power profile needs to be converted to laser

current for actual implementation. The relationship between the input laser current
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and output laser power of a laser diode is shown in Figure 4.7. The parameters of
the threshold current I, and gain of operating range g, can be determined by the
calibration process, which measures the laser output power by using a photodiode to
detect the strength of the output laser light while sweeping the input laser current.
These two parameters are known to us in advance and are not part of the HAMR
writing process model. As shown, the laser diode generates very little laser output
when the input laser current is less than I;,. When the laser current is bigger than
I;;,, the output laser power is proportional to the input laser current with gain of
gq- The final laser current can then be derived from the output laser power profile
using:
P P

P
[laser(t) = [th + — 4+ _e_t/ﬁ + _26_t/72- (415)
9gd gd 94

To verify the effectiveness of the pole placement method discussed above, the
optimized input laser power profile is calculated based on parameter values shown
in Table 4.1 and equation (4.14). Such input profile is injected into the original
non-linear model and the signal magnitude is observed at the model output. It is
compared with other three different input profiles: no overshoot or compensation,
baseline single overshoot input laser power profile, and the profile derived using the
deconvolution method, which will be discussed in the next section. All the four input
laser power profiles are plotted in Figure 4.8 for comparison. And the simulation
results of the signal magnitude corresponding to each input profile are shown in

Figure 4.9.

4.3.2 Laser Current Profile Design via Deconvolution

Method

In this section, the optimized laser current profile is derived by using the de-

convolution method. The same system model shown in Figure 4.6 can be used to
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Table 4.1: Identified Parameters of Linearized Model

Symbol | Value Identified from Test Drive
Cq 7.6e — 3

Cp 0.75

Tb 0.168 ps

Ce 0.83

Te 0.9 us

represent the writing process. Previous studies showed that this system is approx-
imately linear and the deconvolution method [159] can be applied as a result. Let
u[n] be the input to the model and the model output can be derived using convolu-
tion in the discrete time domain as shown in equation (4.16), where h[n| is the unit

sample response of the system.

y[n] = h[n| * u[n). (4.16)

Now, the task is to find the unit sample response of the system h[n]. Firstly,
a step input u[n] is applied, which is active laser power P4[n] in this case, and the
written-in signal magnitude Sr[n] is measured. The media thermal power Pys[n]

can then be calculated using:

Py[n] = g7 (Sr[n]). (4.17)

The Py[n] will be the output y[n| of the system. Finally, the system unit

sample response h[n] can be derived using the deconvolution method as:

h|n] = deconv(y[n], u[n]). (4.18)

Next, let’s define the desired output y*(n) as a step function for the ideal case
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Figure 4.8: Comparison of different input laser power profiles. The two optimized
profiles by pole placement and deconvolution method are able to produce approx-
imately step change in signal magnitude at the model output. No overshoot and
single overshoot input profiles are also included for comparison.

in order to minimize the impact of transient responses on signal magnitude. And
the required input profile u*(n) can be derived using the deconvolution method as
shown by equation (4.19) since the system unit sample response h(n) is already

known.

u*[n] = deconv(y*[n], hin]). (4.19)

In Figure 4.8, the comparison is made on the input laser power profiles iden-
tified from both the pole placement and the deconvolution methods. The results
match each other quite well. There are other two profiles, no overshoot and single

overshoot profiles, which are included as well for comparison.

All the four input laser profiles are applied to the original non-linear model

and the signal magnitude of the model output is plotted in Figure 4.9. From the
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Figure 4.9: Signal magnitude transient response comparisons for different input
laser profiles: no overshoot applied, only one overshoot exponential decay compo-
nent applied and input laser profiles derived by both pole place and deconvolution
methods.

figure, a few observations can be made:

e The output signal magnitude response takes more than 1 ps to reach steady

state if no overshoot or compensation is applied.

e Using single overshoot compensation, the transient response cannot be com-

pletely eliminated.

e Using input laser profiles derived from both pole placement and deconvolution

methods, the transient response can be reduced to a very small amount.

Although both the pole placement and deconvolution methods give very similar

results, there are pros and cons for each of the methods.

The pros:
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e Pole placement method
— It gives a systematic way to derive the optimized input laser current
profile.
— It shows that two overshoot compensation components are required, which
can be used for pre-amplifier overshoot circuit design.
e Deconvolution method
— This method provides an easy and effective way to compensate for the
transient impacts, especially in the drive calibration process.
— HAMR writing process modeling is not required.

— This method can generate any kind of input current profiles, which are

not limited by the exponential function.

The cons:

e Pole placement method

— The model construction and identification process is complex.

— Only exponential decay overshoot component can be used.

e Deconvolution method

— This method does not provide deep insight of the transients involved in

the writing process.

— The generated input current profile may not be easily implemented by

the hardware circuit in pre-amplifier.
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4.4 Conclusion

The additional laser related heat sources in HAMR cause various protrusions
which will change the critical NMS. In this chapter, it is first demonstrated on how
to calculate the slow and NFT protrusions under three different writing conditions,
namely RRO field write, servo pattern write and user data field write. Since the
NFT protrusion can be estimated through the model, the NMS can be maintained
close to its target value during writing process by shaping the input laser current and
TFC input power, which can be solved as standard control system design problems.
It is desired to minimize the NMS in order to increase the NF'T efficiency. By doing
to, the input laser power and the NFT temperature can be reduced to increase the
lifetime of the NF'T, which is one of the major bottlenecks for HAMR technology
today [58]. However, the risk of NFT hitting media will increase as well when NMS
is reduced. As a result, trade off must be made between NFT efficiency and the safe
clearance of NFT and media. Finally, the details are presented for the compensation

of NMS change under different writing duty cycles by TFC.

In the remainder of the chapter, two methods are shown to compensate for
the impacts of fast transients, which include NFT protrusion and heat transient, so
that the signal quality is good and consistent from the very beginning of the writ-
ing process until the end. The consistent media thermal profile ensures the good
signal quality, minimum format efficiency loss (which happens when the compensa-
tion is not enough), and minimum adjacent track write (which happens when the

compensation is too big).
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Burst Pattern Non-linearity

Improvement

5.1 Introduction

In previous chapters, the HAMR writing model are constructed and identified.
The model is helpful for writing good quality servo patterns by controlling the
input laser current profiles and head fly-height. Now, the focus can be moved
onto the improvement of burst pattern non-linearity in order to minimize the PES
demodulation error and improve the track-following performance. Burst pattern
written in the servo sector is used to generate the off-track PES signal, which is used
as the feedback signal for head positioning control. Research work [32,33,161-166]
summarized many kinds of burst patterns. Among them, ABCD and null burst
patterns are the most commonly used. The ABCD burst pattern has four fields
named as A, B, C and D respectively. Nowadays, most of the hard disk drives are
using null burst pattern [167] since it has only two fields named as N and Q. The

null burst pattern reduces the length of the burst pattern to a half compared with
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Figure 5.1: Ilustration of Null phase burst demodulation [32].

ABCD burst and thus improves the overall format efficiency (FE) such that more
space can be used for user data storage. However, in exchange for the FE gain, null
burst pattern sacrifices the signal-to-noise ratio (SNR), suffer higher demodulation

complexity and is subject to the phase jittering etc.

The detailed null burst pattern is shown in Figure 5.1 and the N and Q fields
are shifted by a half-track in cross-track (X) direction. For each of the field, the
pattern is stitched for one track width with 180 degree phase shift in down-track (Y)
direction. The demodulation is done by integration of the product of demodulation
signal and the burst signal [32]. Three special reader cross-track locations are picked
up, where the integration values are maximum positive, 0 and maximum negative
respectively as shown in Figure 5.1. The PES signal is derived from burst signal N
and Q based on (5.1). Equation (5.1) clearly shows that the PES demodulation is

non-linear in nature.
|Q(z)| — [N (z)]
maz(|N(z)|, |Q(z)])

PES(z) = (5.1)

as shown in [168§]
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5.2 PES Non-Linearity Characterization

Equation (5.1) clearly shows that the PES demodulation is non-linear. In
addition, burst pattern could be distorted by many factors such as the non-linearity
of the detection circuits, non-uniform of the written-in servo pattern, skew angle,
erase band [169, 170], servo writing process and spindle speed and so on. Since
the PES demodulation is non-linear, people are trying to characterize and correct
it [168,171-175]. Cooper et al. PES non-linearity was analyzed by using third order
polynomial to model the non-linearity of the detection circuit and magnetoresistive
(MR) head respectively based on the ABCD burst pattern [171]. The non-linearity
caused by distortion of PES saturation and the on-track dead band is analyzed
in [176]. Patent by Nazarian et al. [172] shows a method to measure the burst non-
linearity and construct the correction values. Patent by Asgari et al. [173] invents a
new method to construct PES and maintain the continuity, which is further improved

in [168] for both ABCD and null burst patterns.

The characteristics of the burst profiles are mainly determined by their shapes.
However, it is quite difficult to describe an irregular shape fully and accurately. As
a result, only two parameters, flatness [25] and asymmetry, will be used to quantify
the burst shape, which are believed to be the most important. The burst flatness
is defined in (5.2), where B, is the burst magnitude where N and Q burst across
each other and B, is the maximum magnitude of the N or Q burst as illustrated
in Figure 5.2. Please take note that the N and Q crossing point is defined as the

track center or 0% off-track location.

BCT‘S
Flatness = . (5.2)

max

as defined in [25]
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Figure 5.3: Concept of burst asymmetry.
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In addition, together with former colleague Hong Fan, we define burst asym-
dN(0) dQ(0)
d
dx an dx
are the slope of the N and Q bursts at their crossing point respectively.

metry as (5.3) with reference to [177]. As shown in Figure 5.3,

Asmy — (d]iio) + d%io)) J2N(0)). (5.3)

5.3 Ideal Burst Pattern

In this section, the efforts have been made to find out the best possible shape
of burst pattern, which will result in the minimum PES non-linearity through sim-
ulation. The focus is only on the null burst pattern since it is the most commonly
used pattern in today’s HDDs. It is assumed that both of N and Q bursts have
the same shape and repeat itself for every two tracks. The cross-track phase shift
between N and Q bursts is half of a track. Since N and Q bursts are the periodic
functions of off-track location, they can be decomposed by Fourier series into differ-
ent harmonic components. The 1.X harmonic will be treated as the baseline burst

shape.

Let the baseline ideal N burst to be the waveform defined as a cosine function
of the period of 2 tracks. In our model, the baseline Q burst is constructed from
the baseline N burst by simply shifting it to the right by half of a track. Then, the
PES can be derived by using (5.1). The ideal PES, which will be denoted as PES;,
should be a straight line with the slope of 1. However, as shown in Figure 5.4, the
PES derived from baseline N and @ bursts is not a straight line, which will be called
raw PES and denoted as PFES, in the rest of this chapter. The difference between

PES, and PES,; is called PES correction values or PES, as shown in the bottom
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Figure 5.4: Demodulation and non-linearity of baseline Null burst pattern.

of Figure 5.4. For the baseline bursts, the peak-to-peak value of PES, is 4.52%trk.

PES.(x) = PES,(z) — PES(x). (5.4)

Next, it is tried to change the shape of burst by adding different harmonics to
the baseline burst according to (5.5). The 1.X sine harmonic is set to 0 since it will
not alter the shape of the baseline burst except changing the burst magnitude and
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phase only. The magnitude of the burst is normalized and the phase shift between

N and Q burst is fixed at half of a track.

Npurst(2) = c(cos(mx) + Z(ancos(nm:) + bysin(nmx))). (5.5)

n=2

The harmonics from 2 to 5X are studied with amplitudes of +/ — 10% of the
baseline burst and all other higher order harmonics are ignored since their magni-
tudes tend to be very small. Each harmonic is studied individually and the distorted
N burst is the sum of baseline burst and each individual distortion harmonic. The
distorted Q burst is constructed by simply shifting the distorted N burst by half of
a track. And the track center is defined as the cross point of two burst profiles. The

distortion effect of each harmonic are studied by focusing on the following aspects:

e The shape of the distorted burst.
e The period of PES error and its peak-to-peak value.
e DC squeeze which happens when the distance between the two track centers

does not equal to one track.

The detailed plots for all the distorted burst profiles are shown in Appendix

A and the distortion effects are summarized in Table 5.1.
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Figure 5.5: PES error vs. distortion amplitude.

From the above results, the following conclusions can be drawn:

e PFES, is periodic in half-track for odd harmonic distortion, which means that
the correction table can be only half-track wide [173]. However, PES, has
the period of 2 tracks wide for even harmonic distortion and need a bigger

correction table to do the correction.

e Some of the even harmonic such as 4X cosine harmonic will cause DC squeeze,

which can only be corrected by two-tracks wide table.

e —3X cosine and +5X cosine harmonics of small amplitude will improve the

baseline PES,, and all other harmonics will make the baseline PE'S,. worse.
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Figure 5.6: Burst with 7.5% 5X cos harmonic distortion.

To further verify the impact of the amplitude of each harmonic on PES,, the
harmonic amplitude are swept from —20% to 20%, and PES, are calculated for
each case. The results are shown in Figure 5.5. It is confirmed that only 3X and
5X cosine harmonic can reduce PES,.. And the minimum PFES, can be achieved
by harmonic amplitude around —7.5% and 7.5% respectively. For 7.5% 5X cosine

harmonic distortion, the peak-to-peak value of PES, can be reduced to 0.258%trk
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Figure 5.7: Burst with —7.5% 3X cos harmonic distortion.

as shown in Figure 5.6. However, in the real drive, this kind of burst shape does
not exist because the real burst profile has flattened top and bottom due to head
media properties such as the fringing field effect, the geometric shape of the head
etc [171,178]. Instead, the flat top burst shape resulted from —7.5% 3X cosine
harmonic distortion is desired and practical. The resulted peak-to-peak value of
PES. is also very small at 0.428%trk as shown in Figure 5.7. From this study,

it can be concluded that the best burst shape should be symmetric with flatness
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Figure 5.8: Burst profile comparison for different track width.

around 0.82 from (5.2).

5.4 Improve Written-in Burst Pattern

Non-linearity

From previous studies, the desired burst profile should have flatness around
0.82 and the asymmetry should be minimized as much as possible. Some research
works have been focusing on the effects of reader width [179,180] and erase band [181]
on the non-linearity of the PES signal. The reader width is normally defined as the
width of the micro-track profile at its 50% amplitude. In the extreme case, if the

track pitch is too big compared to the reader width, the burst profile will look more
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like a trapezoid shape, which generally will have higher flatness. In contrast, if
the track is too narrow, the burst profile will look more like a triangle. The burst
asymmetry is also related to the track width. The wide track will tend to produce
asymmetric burst profiles. The detail is illustrated in Figure 5.8. In tradition HDDs,
the servo track pitch is fixed for all the drives build with the same model of the head.
However, due to the variation of the production process, the reader width is not a
constant but varies according to some distributions. If the requirement on the burst
linearity is not very high, this approach is acceptable. However, when the areal
density is increased to a few Tb/in?, it is desired to improve the burst linearity as
much as possible to improve the track-following performance. This research proposal
is to optimize the servo track pitch for each individual head such that the peak-to-

peak value of PES. can be minimized for all the heads.

An experiment was carried out on a particular head at different location of
the disk, namely the outer diameter (OD), the middle diameter (MD) and the inner
diameter (ID). Null burst patterns are written with different track pitch and PES.
are measured thereafter. The PES, can be decomposed by the Fourier series using
Equation (5.6). Since B; coefficient is the biggest contributor, B; coefficient is
plotted against the ratio of reader width to track width for all the three locations.
As shown in Figure 5.9, the minimum PFES, is achieved when the ratio between
reader width and track pitch is around 68% for this particular head, where B; = 0.
The similar method can then be used to find out the optimized servo track pitch

during the drive calibration process.

PES.(z) = Z Aycos(kwx) + Bysin(kwz). (5.6)
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Figure 5.9: B; coefficient of Fourier series for PES, versus the ratio of reader to
track width.

5.5 Conclusion

In this chapter, the burst non-linearity and its relationship with respect to the
shape of the null phase burst profile are discussed. The ideal burst profile shape is
identified, which produces minimum non-linearity by using simulations. The burst
shape can be manipulated by controlling the ratio between the reader width and the
servo track pitch. And the burst non-linearity can be improved with better burst

shape. The benefits of the minimizing the burst non-linearity are:

e Minimize the effort required for burst correction and reduce the burst correc-

tion residue error.

e Better burst linearity will improve the linear interpolation accuracy of the
RRO compensation values used for CWRRO scheme which will be discussed

in the next chapter.
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Continuous Wedge Repeatable

Run-out Compensation

6.1 Introduction

Previous chapter focuses on the minimization of the burst non-linearity in
order to improve the PES demodulation accuracy. Smaller demodulation error will
improve the track-following performance in “average” sense since it applies to all the
servo wedges. In contrast, there are random noises and disturbances, which make
accurate track-following a very challenging task with the increasing areal density
of HDDs. These disturbances can be classified into two categories, non-repeatable
run-out (NRRO) and repeatable run-out (RRO). The RRO is mainly due to the
disk eccentricities, the imperfection of spindle motor assembly, the disturbance and
noise during servo writing process, and the randomness of the magnetic grains. The
RRO is normally cancelled in two ways. The first one is to “follow” the RRO
[35-39]. This method works best for the frequency components, which are coherent

from track to track. This kind of RRO is normally in the low-frequency range,

99



100 CHAPTER 6

|<—-' Micro-jog

unreliaple Wdg rd_wrro rd_wrro r wrro..wr WIT
zone #n+1 [ﬂ*z} [n+2} (n+2) [n+2}
reliable wdg rd_wrro rd_wrro r_WITO| Wr_wrr
zone [n+1} [n+1} [n+1} [n+1}

data trk data trk data trk data trk
2 1 2 1
Read-WRRO Write-WRRO

Figure 6.1: Hlustration of read-WRRO and write-WRRO.

and the RRO is learned in real-time, which is also known as online learning. The
second method is to “anti-follow” the RRO [40-46,182]. This method works best for
non-coherent frequency components, which may cause over-writing to the adjacent
tracks as explained in Chapter 2. Using this method, the learned RRO values are
subtracted from the PES so that the head trajectory will follow the ideal circular
track. Both of these two methods are implemented to tackle different frequency
components. And sometimes, they can even be applied to the same frequency

component.

This thesis only focuses on the “anti-follow” method. The RRO mentioned
thereafter all refers to non-coherent RRO unless otherwise specified. In current
modern HDDs, RRO values are learned offline for each data track and stored in the
servo sector, and is called wedge RRO (WRRO). Since the reader and writer are
separated by some distance, there is an offset between the reader and writer center
in the radial direction, which is called micro-jog. The micro-jog amount varies for
the different skew angle. The micro-jog is 0 for 0 skew angles at middle diameter
(MD) location and reaches the maximum value at extreme outer diameter (OD)
and inner diameter (ID). Due to the existence of micro-jog, the RRO compensation
values are different for the read and write operations and need to be learned and
stored separately, which are called read-WRRO and write-WRRO respectively. The

basic idea is shown in Figure 6.1.
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The traditional WRRO (TWRRO) compensation scheme mentioned above is
working perfectly for the conventional magnetic recording. However, when the data
track pitch becomes smaller and smaller due to increased areal density, the TWRRO
scheme will not work properly due to the reduction in off-track read capability
(OTRC). For example, using SMR technology, the gap between two data tracks
does not exist any more [21]. Furthermore, the data track width is designed to be
a little bit wider than the reader only. Since the WRRO fields have the same width
as the data track, the WRRO OTRC is substantially reduced. If under vibration
condition, the WRRO value may not be decoded. In the worse case, the wrong
values could be applied such that the track-following performance will be badly
degraded.

To overcome the above-mentioned issues, a new WRRO scheme, continu-
ous WRRO (CWRRO) is proposed. The major differences between CWRRO and
TWRRO are:

e Each CWRRO field will occupy two tracks and zig-zag between adjacent two
RRO fields.

e CWRRO is learned and stored based on servo track instead of data track.
There is no need to differentiate read-WRRO and write-WRRO as in TWRRO

any more.

e For CWRRO, since the data track center can be located at any offset location
of the servo track, the RRO must be learned at multiple offset locations per
servo track and use them to estimate RRO at any other off-track location.
The trade-off between the number of learning locations, the format efficiency

and the total learning time must be made.

In the remaining of the chapter, the multi-track blending (MTB) technique
will be introduced, which improves the TMR performance of the basic CWRRO
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Figure 6.2: Ilustration of CWRRO.

scheme without incurring any format efficiency loss.

6.2 Multi-Track Blending for CWRRO

In this section, the layout between TWRRO and CWRRO are compared first
in Figures 6.1 and 6.2. Figure 6.1 shows the layout for TWRRO, where the read-
WRRO is shown on the left and the write-WRRO is on the right. The light blue and
purple zone are where the WRRO values can be read back reliably and unreliably
respectively. The width of these two zones is determined by OTRC. TWRRO is
associated with the data track. Read-WRRO is written at the data track center
and write-WRRO is written to the location whose distance to data track center is
equal to the micro-jog amount. Please take note that micro-jog can be more than
one track wide. Figure 6.2 illustrates the layout for the proposed CWRRO. The
RRO values are learned and stored with respect to the servo tracks. There are two
RRO fields, RRO field 1 and RRO field 2, in each wedge and they are written in

a zig-zag manner as shown in Figure 6.2. Each field occupies two tracks including
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unreliable zone in order to improve the OTRC. The RRO field 1 stores two values
learned for odd tracks at +/ — 25% off-track location, and RRO field 2 stores values
for the even tracks. When the data read/write operation is performed, the read
position could be at any offset locations. And the RRO compensation value at that
location can be estimated by linear interpolation of two stored RRO values which
are learned nearby [26,27]. The proposed layout ensures that the required RRO
values are always available. One of the drawbacks of CWRRO is that it occupies
double space compared to TWRRO with both read-WRRO and write-WRRO, or
four times compared to TWRRO with only write-WRRO. Another drawback is the
performance degradation if the head location falls in between the learning locations.

And it will be elaborated more in the following.

When the head location is in between the nearby two learning locations, the
WRRO compensation value at that location C, is estimated by linear interpolation
as shown in Figure 6.3. However, in order for this kind of estimation to be mean-
ingful, the true WRRO values at the current head position should be dependent
on the WRRO values at learning locations in some degree. The correlation coef-
ficient can be used to measure their dependency. The definition of the correlation
coefficient for two vectors is shown in (6.1), where X and Y are vectors containing
WRRO values learned at each location. The cov() in the equation is the covariance
operator. Firstlyy, WRRO are learned at 4/ — 25% off-track location for multiple
tracks respectively, and then cascaded into one vector as L_o59 and Losy respec-
tively. Next, WRRO are learned at locations in between +/ —25% off-track location
and stored into vectors in a similar manner. Finally, the correlation coefficients of
all the learning locations with respective to L_s59 and Losy, are calculated. The re-
sults are shown in Figure 6.4. As shown, the correlation coefficient is always bigger
than 0 but decreases when the distance between their learning locations increases.
This implies that the estimation error will increase when the head location is further

away from the learning locations.

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE



104

CHAPTER 6
Learnt track 1 track 0
WIERD L, L, L, L,
n | | I |
50% 28% 0%  -25% -50% 28% ' ot  -25% -50%
B th"' N
¥io =% )%
c —Sﬂ_x(L —L)+1L f:'-[ﬁux“
xr — 50 2 1 1

Figure 6.3: Concept of linear interpolation.
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(6.1)

In Figure 6.5, the TMR performance is compared for TWRRO and the basic
scheme of CWRRO. TWRRO has the best performance at the learning location and
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Figure 6.5: TMR performance comparison between TWRRO and basic CWRRO
scheme.

degrades quickly when the head moves away. CWRRO also have lowest TMR at
learning locations of +/ — 25% off-track and the worst TMR happens at the center
in between the learning locations. As shown, the worst CWRRO TMR is bigger
than 10% off-track TMR for TWRRO. Since our maximum off-track target is 10%
of the track pitch, the basic scheme CWRRO cannot meet the specification. In
order to improve the CWRRO performance, the most effective way is to reduce the
distance between learning locations such as four locations per servo track instead of
two. However, if all the values are stored in the servo sector, it will occupy twice of
the space than the basic CWRRO scheme, which cannot meet the format efficiency

requirement.
The multi-track blending is a trade-off between TMR performance and the
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Figure 6.6: Concept of MTB.

format efficiency. The basic idea of MTB is illustrated in Figure 6.6. The WRRO
values are learned for four locations per track at —50/ — 25/0/25% off-track respec-
tively and are stored in the vectors denoted as L,, for all the wedges. For each wedge,
the learned WRRO values are filtered by MTB filter and the output is called M,,,
where a; are the filter coefficients. Next, M, is down-sampled by 2 to get W,,, which
will be stored in the servo sectors. As a result, it has the same format efficiency as
basic CWRRO scheme and the interpolation distance is still 50% of track pitch. In
order to find the MTB filter coefficients, the mean square error (MSE) between L,
and P, is minimized, where P, is derived based on (6.2). The MSE is defined in
(6.3).

Mn—l + Mn+1 . .
—— ,if n is even,

P, = 2 (6.2)
M, if n is odd.

MSE = Xn:E{(Pk — L)%} (6.3)

k=1
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Let the order of MTB filter to be 2N + 1, then the output of filter is defined

as:

M, = Z a;Lyyi, a; is filter coefficients. (6.4)

i=—N

Substituting (6.2) and (6.4) into (6.3) leads to:

MSE = > (E{(P, — L)’} + E{(Pix1 — Le1)’})

k=1,3,5-
My, + M,
= S (B{(My = L} + B{(— 52 — L))
k

N (6.5)

Z(E{< Z a;iLywi — Li)?}

k i=—N

FB{(Y 5 (ks + Lisars) = L)},

bo| 8

Find the partial derivative with respect to each filter coefficient and set it to

oM S E
aa,-

> E{2 Z ;L — Li) Ly}

k=1,3,5-

N

Q;
+B{( D 5 (Liwi + Lisasi) = Licra) (L + L))}
i=—N

(6.6)

—0,j € [-N,N].
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With some simplification:
N
(Y. BE{LipiLiss} + E{Lrtilrais}

i=—N k=1,3,5-

+ E{Lj+2+iLitj} + E{LgyoyiLpi2+i})) i

(6.7)
= Y E{LijiLisarg)
k=1,3,5--
+ 4E{LyLi+j} + 2E{Lys1Lg1;}), jin[—N, N].
This can be written in matrix form as:
Az =b. (6.8)
x=A"'Dh. (6.9)

Equation (6.9) can be used to find all the filter coefficients, which are contained
in vector x. Next, the order of the MTB filters are going to be figured out. Firstly,
the order is required to be odd as shown in the previous derivation. Next, since
the reader width is normally less than 80% of the track pitch, 5th order (N = 2)
should be enough since the area covered by L, 5 to L, o is 100% of the track
pitch. To verify our choice, a 7th order filter is designed. However, the higher
order filter coefficients are almost 0. This proves that 5th order is adequate. After
the filter order is determined, the optimized filter coefficients are identified at OD,
MD, and ID of the disk respectively. As shown in Figure 6.7, the coefficients are
symmetric which indicate that the reader micro-track profile of this particular head
is symmetric. In the meantime, the coefficients are very similar for all the three
zones. This fact makes the implementation of MTB very simple since only five

coefficients can be used for the whole disk surface.
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Figure 6.7: Example of MTB coefficients.

coeff index, n

Figure 6.8 shows the TMR performance comparison between basic CWRRO

scheme and MTB. MTB can improve the worst case RRO3, by trading-off the

performance at the learning location of 4/ — 25% off-track. With the help of MTB,

the worst case RROs, can match TMR performance of TWRRO at 7% off-track.

In addition, MTB can also improve the average RRO3, across the whole surface as

shown in Figure 6.9. This is achieved because the M'TB is designed in a way such

that the MSE between estimated RRO and true RRO is minimized. Figure 6.10

shows the improvement of MSE across the whole surface. The only drawback of

MTB compare with the basic scheme is the increase of total learning time.
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Figure 6.8: TMR comparison between CWRRO basic scheme and MTB.

6.3 Conclusion

The CWRRO solution is proposed to handle TWRRO off-track performance
issue and improve the WRRO OTRC when areal density is beyond 1 terabyte/in?.
The TMR performance of CWRRO can beat TWRRO if off-track is more than
T%trk. The major cost is the format efficiency loss due to the doubled payload
compared with TWRRO, which has both of read-WRRO and write-WRRO. In
the future, the better scheme should be developed to further improve the TMR
performance without causing any further FE loss. In addition, efforts should be
made to reduce the test time, which is one of the most important concerns in the

mass production.
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Chapter 7

Conclusions and Future Works

7.1 Conclusions

Future HDDs could achieve the areal density of a few terabyte/in?, which
will translate to more than one million track per inch. Much higher track density
requires sophisticated track-following performance, which will exceed the capability
of current HDD design. The HDD track-following performance can be improved from
various aspects, such as the servo pattern quality including both of the burst pattern
and RRO fields, the servo controller design, the mechanical design, the replacement
of air with helium and so on. This thesis only focuses on the improvement of the

servo pattern quality.

In Chapter 3 and 4, the main topics are the system modeling of the HAMR
writing process and the applications of the model. This is essential for writing
good quality servo patterns since the principle of writing technology for HAMR
is fundamentally different from the PMR. The main challenges for HAMR are to

design the laser light delivery system and the recording media. The areal density
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and written-in signal quality are determined by the thermal profile of the hot spot.
Given the head and media design, the thermal profile is determined by the input
laser power and the NFT to media spacing or NMS. Due to the laser-induced heat
sources, the NMS keeps changing due to various protrusions, which makes the NMS
control a very complex task. In addition, the heating process takes time for the
temperature of the recording layer to reach its steady state. Using the dynamic
model identified, the protrusion and thermal power delivered to the media under
different conditions can be predicted. Then the optimized input laser power profile
can be designed to write signal with good SNR from the very first bit of data. By
doing so, the wasted FE by writing a long preamble to wait for signal quality to
settle can be minimized. By using the protrusion output of the model, the various
protrusions throughout the writing process (i.e, not limited to the steady state) can

be predicted and NMS clearance can be maintained to avoid the head damage.

In Chapter 5, the ideal burst profile are identified, which should be symmetric
and has a flatness of 0.82. This kind of burst profile can minimize burst non-linearity,
and the resulting peak-to-peak PES error is only 0.42%trk from the simulation. The
shape of the burst profile can be controlled by adjusting the ratio between the reader
width to servo track pitch. The PES is the only feedback signal in HDD to determine
the head location for servo control. By reducing the PES demodulation error, the

track-following performance will be improved.

In Chapter 6, a revolutionary HDD RRO compensation scheme is introduced,
which is called continuous WRRO or CWRRO. RRO is the residue error or noise
for every interested location after the PES demodulation correction process. They
are random in nature and need to be learned for every servo sector and tracks. The
TWRRO compensation scheme only learns and compensates for the RRO at data
track center for read and write operation respectively. However, when the track

pitch is significantly reduced, TWRRO performance will be badly degraded due
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to its poor OTRC. As its name suggests, CWRRO is capable of providing RRO
compensation at any off-track locations. In order to achieve good performance, it
is necessary to learn RRO compensation values at neighboring locations and do
linear interpolation in between to approximate the RRO values for the locations in
between. The lower non-linearity burst in Chapter 5 can help in this respect. In
order to improve the TMR performance of the CWRRO scheme, a smaller distance
between adjacent learning locations are desired. However, this also means that more
data need to be stored in the media and a longer process time will be taken. As a
result, a trade-off must be made between the TMR performance, format efficiency
and the process time. Proposed MTB is to learn the RRO compensation values at
more locations, and filter the compensation values to half the number of locations for
storage. In this way, the worst TMR can be reduced without doubling the storage

overhead.

With all of the above, the servo pattern quality can be improved, especially
for HAMR drive, which, in turn, will improve the track-following performance of

the future higher areal density HAMR HDDs.

7.2 Suggestions for Future Research

All the major HDD manufacturers have made tremendous progress in the
HAMR technology. And prototypes of the HAMR drives are built and tested in the
lab such as the one used for this research work. The HAMR drives are expected to
reach the market in the coming years. With the continuous improvements on the
head and media design, it is very important to evaluate their dynamic responses, es-
pecially in the drive level. The proposed HAMR writing process modeling discussed
in Chapters 3 and 4 provide a good way to perform such evaluations. However,

there are other areas for further improvements in order to improve the usefulness
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and accuracy of the model.

e Firstly, the highest writable frequency is determined by the disk rotation speed
and thermal gradient in the down-track direction. As a result, in order to
ignore the effect of the thermal profile in the down-track direction in our mod-
eling, fairly low frequency single tone signals are written onto the media for
the model identification process. However, the highest possible signal fre-
quency for the recorded data is desired for higher areal density, and the effect
of the down-track thermal profile should be considered in the modeling so
that the dynamic response versus written-in signal frequency can be charac-
terized. Higher written-in signal frequency can also improve the resolution of
our model, which is determined by the period of the signal. The maximum
thermal gradient is determined by the media and the writer head. However,
when the read-back signal magnitude is measured, the effect of reader needs to
be considered as well. One way to study the effect of down-track thermal pro-
file is to write signal of different frequencies and then compare the read-back

signal with those simulated from micro-magnetic simulations.

e In this thesis, a quadratic function is used to approximate the relationship
between the media thermal power and written-in signal magnitude when the
thermal power is small. This relationship enables us to estimate the media
thermal power by measuring the signal magnitude since thermal power is not
directly measurable. Although quadratic function is a good approximation,
any deviation from the real situation will be transferred to the errors of iden-
tified model parameters. In another word, a better approximation is always
desired in order to minimize the model identification errors. This becomes
more important when the heat spot size and reader width become smaller
and smaller. The relationship between the media thermal power and signal

magnitude can be modeled more accurately with the help of micro-magnetic
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modeling. The new relationship can be incorporated into the model and then
all the parameters can be identified as before. Finally, the comparison can be
made between the new model output and the real drive measurement to see

whether the residue error can be reduced.

e In Chapter 4, the input laser profile is optimized based on the signal magnitude
response only. However, one of the biggest bottlenecks for HAMR is the
lifetime of the NFT due to over-heating. In future, the temperature response
of the NFT needs to be modeled, and the maximum NFT temperature should
be limited while optimizing the input laser current in order to increase the
lifetime of the NFT. As such, the problem can be formulated as a constrained
optimization problem as opposed to the constrained command input shaping

problem [30].

e In this thesis, the Gaussian-Newton method is used to identify the non-linear
system by splitting it into a few sub-systems. The system identification [148—
151] is a very big and complex topic. To find the best method to identify the
model in this thesis by comparing different methods is very useful and may

leads to better estimation results.

Both the burst pattern and CWRRO fields writing require stitched write in
order to write a phase aligned pattern of bigger width than the magnetic write
width. Since the written-in magnetic pattern is mainly determined by the thermal
spot size for HAMR drive, the curvature effect of the written-in pattern in HAMR is
more serious than PMR [183]. When the areal density is increased further, the heat
spot size becomes smaller and smaller. And the curvature effect will become worse
and worse. As a result, its impact on the quality of burst pattern and CWRRO
field needs to be evaluated. And countermeasures need to be in place to tackle any

adverse effects.
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For the CWRRO scheme, it is desired to find a better data compression scheme
in order to store more useful RRO data in the media with lower format efficiency
loss. In the meantime, the RRO correlation and linear interpolation performance

for new generation head and media and servo writing technology are to be studied.

In addition, efforts must be made to reduce the processing time, which is one
of the most important concerns in mass production. MTBs effectiveness on reducing
the RRO estimation error is mainly due to the correlations of RROs among different
locations. Although the high frequency RRO components have weak correlation, the
level of correlation is high enough for adjacent RRO estimation if the distance is
kept small such as half-track or quarter-track as shown in Figure 6.4. In HDDs, the
RRO is most commonly learned through iterative learning control (ILC) or similar
idea [42]. The basic approach is that the learning buffer is initialized to zeros and
then filled with some learned values after first revolution. Then the buffer values are
added with new learned values after multiplying some gain. This process continues
until some convergence criteria is met or the maximum number of revolution is
reached. The above procedure can be improved by initialized by some value learned
from previous track instead of zeros. Since the adjacent learning location RROs
contain some information about current learning location, the learning convergence

rate could be improved.
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APPENDIX A

Appendix A

Burst Distortion with 2 to 5X Harmonics

In Chapter 5 section 3, we try to find out the effect on PES non-linearity
of different kinds of burst shapes. We add 2X to 5X sin and cos harmonics as
the distortion on top of the pure sinusoidal baseline burst to derive different burst
shapes. For each harmonic, we set its amplitude to be +/ — 10% of the baseline

burst amplitude. The results for each distortion are listed in the following figures.
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Figure Al: Demodulation and non-linearity of Null burst pattern with —10% 2nd
order cos harmonic distortion
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Distortion of 10% Amp, 2X COS Harmonic Distorted N, Q Burst
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Figure A2: Demodulation and non-linearity of Null burst pattern with 10% 2nd
order cos harmonic distortion
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Distortion of -10% Amp, 2X SIN Harmonic Distorted N, Q Burst
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Figure A3: Demodulation and non-linearity of Null burst pattern with —10% 2nd

order sin harmonic distortion
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Distortion of 10% Amp, 2X SIN Harmonic Distorted N, Q Burst
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Figure A4: Demodulation and non-linearity of Null burst pattern with 10% 2nd
order sin harmonic distortion
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Distortion of -10% Amp, 3X COS Harmonic Distorted N, Q Burst
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Figure A5: Demodulation and non-linearity of Null burst pattern with —10% 3rd
order cos harmonic distortion
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Distortion of 10% Amp, 3X COS Harmonic Distorted N, Q1 Burst
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Figure A6: Demodulation and non-linearity of Null burst pattern with 10% 3rd
order cos harmonic distortion
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Distortion of -10% Amp, 3X SIN Harmonic Distorted M, Q Burst
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Figure A7: Demodulation and non-linearity of Null burst pattern with —10% 3rd
order sin harmonic distortion
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Distortion of 10% Amp, 3X SIN Harmonic
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Figure A8: Demodulation and non-linearity of Null burst pattern with 10% 3rd
order sin harmonic distortion
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Distortion of -10% Amp, 4X COS Harmonic Distorted N, Q Burst
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Figure A9: Demodulation and non-linearity of Null burst pattern with —10% 4th
order cos harmonic distortion
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Distortion of 10% Amp, 4X COS Harmonic Distorted N, Q Burst
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Figure A10: Demodulation and non-linearity of Null burst pattern with 10% 4th
order cos harmonic distortion
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Distortion of -10% Amp, 4X SIN Harmonic Distorted N, Q Burst
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Figure A11: Demodulation and non-linearity of Null burst pattern with —10% 4th
order sin harmonic distortion
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Distortion of 10% Amp, 4X SIN Harmonic
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Figure A12: Demodulation and non-linearity of Null burst pattern with 10% 4th

order sin harmonic distortion
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Distortion of -10% Amp, 5X COS Harmonic Distorted N, Q Burst
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Figure A13: Demodulation and non-linearity of Null burst pattern with —10% 5th
order cos harmonic distortion
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Distortion of 10% Amp, 5X COS Harmonic
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Figure Al4: Demodulation and non-linearity of Null burst pattern with 10% 5th

order cos harmonic distortion
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Distortion of -10% Amp, 5X SIN Harmonic Distorted N, Q Burst
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Figure A15: Demodulation and non-linearity of Null burst pattern with —10% 5th
order sin harmonic distortion
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Distortion of 10% Amp, 5X SIN Harmonic Distorted N, Q Burst
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Figure A16: Demodulation and non-linearity of Null burst pattern with 10% 5th
order sin harmonic distortion
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