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Abstract 

 

 

Areal densities of perpendicular hard-disk drives over 500Gb/in
2
 have already been 

demonstrated, with 1Tb/in
2
 densities being forecasted in the near future.  However, at 

these high areal densities the information bearing units on the magnetic storage medium 

are magnetically unstable at temperatures expected in hard-disk drives. To extend or 

bypass this limit, new developments in head and media technologies and understanding 

of their record, readout and noise performances are necessary. 

 

The aim of this project was to study the record, readout and noise properties of 

conventional and future perpendicular magnetic recording media, heads and their 

related technologies. The objectives were therefore to develop a flexible and robust 

experimental recording platform to test the performance of different heads and media, 

and develop the necessary readout theory to predict the replay performance. 

 

In line with the project objectives, a high-precision open contact recording tester was 

developed with 1nm resolution. The open nature of this system allows different heads 

and media combinations to be tested. A second, closed system was also developed 

based on a commercial perpendicular hard-drive, modified to serve as a spin-stand to 

provide signal and noise measurements in practical drive conditions. 

 

The readout process in perpendicular recording was modelled based on the reciprocity 

principle for a shielded TMR head to study the parameters that affect the readout signal 

performance, and for comparison with the experimental measurements.   

 

Measured signal roll-off curves showed a practical linear density of 450KFCI for the 

commercial perpendicular disk medium, and indicated that non-linear effects happen at 

linear densities approaching 550KFCI. These results were in agreement with the 

theoretical calculations of the replay process. Two-dimensional readout scans were 

found have similar or higher resolution than Magnetic Force Microscopy (MFM) 

images of the same recorded regions – indicating the versatility and precision of the 

developed contact tester.  

 

Inverse filtering employing the Wiener filter was used to extract the magnetic transition.  

The extracted transition profiles and transition extents from the replay signals had much 

higher resolution than MFM images measured for the same transition region, thus 

showing the applicability of the developed testers for in situ magnetic characterisation. 

        

The developed contact and non-contact testers allowed the investigation of a new 

proposed recording scheme, Shingled Magnetic Recording (SMR). Measured signal 

roll-off curves of shingled tracks indicated a rise in the signal amplitude at low 

densities. At higher linear densities the signal performance was the same as 

conventionally written tracks with guardbands. It was found that a 30% reduction in 

track width in SMR, increase the areal density by a factor of 1.58 above that in existing 

hard drives. 

 

   



 

 

 

 12 

 

 

 

 

 

 

 

 

 

To my parents



 

 

 

 13 

Declaration 

 

 

 

No portion of the work referred to in the thesis has been submitted in support of an 

application for another degree or qualification of this or any other university or other 

institute of learning. 

 

1. Copyright in text of this thesis rests with the Author. Copies (by any process) 

either in full, or of extracts, may be made only in accordance with instructions 

given by the Author and lodged in the University Library of Exeter. Details may 

be obtained from the Librarian. This page must form part of any such copies 

made. Further copies (by any process) of copies made in accordance with such 

instructions may not be made without the permission (in writing) of the Author. 

 

2. The ownership of any intellectual property rights which may be described in this 

thesis is vested in the University of Exeter, subject to any prior agreement to the 

contrary, and may not be made available for use by third parties without the 

written permission of the University, which will prescribe the terms and 

conditions of any such agreement. 

 

Further information on the conditions under which disclosures and exploitation may 

take place is available from the Head of College of Engineering, Mathematics, and 

Physical Sciences. 

 



 

 

 

 14 

Preface 

 

 

Komkrit Chooruang received his B.Eng and M.Eng degrees in Electronic and Electrical 

Engineering from King Mongkut's Institute of Technology Ladkrabang and Khon Kean 

University, Thailand in 1999 and 2004 respectively. 

 

He worked as a test engineer for Western Digital and Seagate Technologies, Thailand in 

2004 and 2005 respectively. Since then in 2006, he has awarded the Royal Thai 

Government Scholarship to pursue a Ph.D. degree at University of Exeter. His research 

involved the development of high precision automated perpendicular recording testers 

for the experimental investigation of signal and noise characteristics of perpendicular 

and shingled recording. His interests include the theoretical and experimental evaluation 

of ultra-high density magnetic recording systems. 

 

 

 

 

 



 

 

 

 15 

Acknowledgements 

 

 

I would like to express my sincere gratitude to Dr. Mustafa M. Aziz and Professor C. 

David Wright, who have been my supervisors since the beginning of my study. They 

provided me with many helpful suggestions, important advice and constant 

encouragement during the course of this work.  

 

I am very thankful to all the member of the College of Engineering, Mathematics, and 

Physical Sciences at University of Exeter especially to Dr. Lesley Wears for her help in 

using the MFM and Dr. Desmond Choo for helpful discussions. I would also like to 

thank all the members of my thesis committee for the time and effort they put into 

reading and commenting on this thesis. 

 

I am very grateful to the Royal Thai Government for the financial support. I also wish to 

thank Assoc. Prof. Dr. Apirat Siritaratiwat who initially guided me into the world of 

magnetic recording technologies and all of my friends at Seagate Technologies, 

Thailand. 

 

Last but not least, to my family, especially for my lovely sister, my brother-in-law and 

my girlfriend: thank you for your patience and support during the very intense months 

of putting this thesis together.  

 

 

 

 

 



 

 

 16 

Chapter 1 

 

 

Introduction and Background 

  

 

 

1.1 Introduction 

 

The Hard Disk Drive (HDD) has been the primary mass storage device for computers 

for over 50 years. The fast growth of Internet and digital consumer electronic products 

such as MP3 player, digital cameras, digital television and the use of Internet for sharing 

information, social networking, file storage and distribution services require continuous 

increases in storage capacities of HDD. In order to support these requirements, the 

development of hard-disk drive technologies has been continuing to push the areal 

density (measured by the product of the number of stored bits per inch length of the 

medium, times the number of tracks per inch) by at least 30-40% annually. Moreover, 

the transition to perpendicular magnetic recording (PMR) from longitudinal magnetic 

recording (LMR) made a significant contribution to the hard-disk technology and 

continued increases in their storage capacity. Nevertheless, there is a fundamental limit 

on the current technology such as thermal stability. 

 

PMR has many advantages over LMR in terms of high density recording performance 

such that in 2006, HDD manufactures successfully implemented PMR as the 

mainstream technology for mass production. PMR offers the great advantages of high 

thermal stability due to the rather thick recording layer, excellent writeability using a 

single-pole head with high permeability underlayer, and high linear density due to the 

negligible effect of the volume demagnetisation fields on the extent of written 

transitions compared with the longitudinal mode. However, it has been predicted that 
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PMR will face the fundamental limit at around 1 Tb/in
2
 (Wood 2000). Therefore, it is 

important to study signal and noise properties of PMR as well as alternative techniques 

to further understand practical limits of PMR and increase the areal densities of HDDs. 

The aim of this chapter is to provide an overview of the principles of PMR, compared to 

LMR, and its fundamental limitations. 

 

1.2 Longitudinal Magnetic Recording 

 

Longitudinal magnetic recording used to be the main recording method in HDDs for 

over 50 years since the first hard-disk drive in 1956 by IBM. The first HDD had a total 

storage capacity of 5MB at a recording density of 2kBits/in
2
.   

 

In longitudinal recording, the magnetisation is in the plane of the disk medium and lying 

parallel and anti-parallel to the direction of the moving disk as shown in Figure 1.1. The 

inductive write element records data in horizontal magnetisation patterns. The giant 

magnetoresistive (GMR) readout element is used to sense the stray magnetic fields from 

the transition between regions of opposite magnetisation to produce the readout voltage. 

 

 

Figure 1.1 Schematic drawing of a longitudinal recording system where B is the bit length, W is the 

track width, t is the medium thickness and d is the flying height of the head above the medium 

(Moser 2000). 

 

Traditionally, the areal density can be increased by simply reducing the size of the data 

bit on the medium and scale down the recording heads. However, there are limits to 

Disk Movement 
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how small the bit length can be made due to the thermal stabilities as will be discussed 

later (Charap, Pu-Ling et al. 1997). Thus, an improved medium with high coercivity is 

required. However, there is the problem of writing on such media with ring-type head 

due to the fact that the maximum write field for longitudinal recording heads is limited 

to around S2πM Gauss (SI units), where SM is the saturation magnetisation of the 

material. Hence, the highest areal density achievable with longitudinal recording is 

approximately 100Gb/in
2
 (Bertram and Williams 2000).  To overcome these problems, 

perpendicular magnetic recording has been introduced and implemented on HDDs. The 

principles of perpendicular recording and the fundamental components of a 

perpendicular magnetic recording system will be reviewed in the next section.  

 

1.3 Perpendicular Magnetic Recording 

 

Perpendicular magnetic recording provides far superior performance to longitudinal 

recording with respect to the superparamagnetic limit, higher write field amplitude, 

thicker recording layer and higher replay amplitude.  

 

 

Figure 1.2 Schematic drawing of a perpendicular magnetic recording system with a SUL and 

single-pole head (Moser 2000). 

 

Figure 1.2 shows a schematic of the perpendicular recording scheme. In perpendicular 

recording the easy axis of the recording medium is perpendicular to the disk surface; 
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hence, the orientation of the magnetisation is pointing either “up” or “down”. The read 

element is sensitive to medium magnetisation; thus, uniform magnetisation on the 

medium produces constant readback voltage of a given polarity in the read sensor. 

Therefore, the replay signal for perpendicular recording consists of voltage steps and 

resembles a square wave. 

 

1.3.1 Perpendicular Write Head 

 

In perpendicular recording, the write field is generated between the trailing pole of the 

single-pole head and a soft underlayer (SUL) as illustrated in Figure 1.3. 

 

 

Figure 1.3 Single pole perpendicular recording head with return pole, and ideal image in the SUL.  

The coloured contours represent the magnetic fields inside the magnetic recording medium. 

 

It can be seen that the SUL works as a perfect magnetic mirror. Therefore, the net 

writing field is a combination of the fields from the magnetic element above the SUL 

and their magnetic image located below the SUL. Furthermore, the write process 

effectively occurs between the gap of the real head and image head. Thus, simple 

superposition can be employed which sets the upper limit of the write field in 

perpendicular recording higher than the longitudinal mode by almost a factor of 2, 

which is equal to S4πM Gauss. This leads to improved writeability in that data can be 

written onto a higher coercivity medium and therefore the areal density can be increased 

without compromising thermal stability. Thus, the use of PMR can defer the 



Chapter 1                                                                              Introduction and Background 

 

 

 20 

superparamagnetic limit. The write heads are generally made of Ni80Fe20 permalloy. A 

typical structure of the write head for perpendicular recording consists of a trailing 

shield (TS) write head as shown in Figure 1.4 (a) or a wrapped-around shield (WAS) 

write head as shown in Figure 1.4 (b). The TS design provides high field gradients that 

can write sharp transition on a medium with less transition noise (Hsu, Nikitin et al. 

2007). The WAS design provides significant track density capability gain over a non-

WAS by suppressing side fields and thus causing less adjacent track 

erasure/interference (Das, Ito et al. 2009). 

 

 

(a)     (b) 

Figure 1.4 SEM images of single-pole perpendicular recording heads from the air-bearing side of 

the slider. (a) A trailing shield head (van der Heijden, Bonhote et al. 2006). (b) A wrapped-around 

shield head (Hsu, Nikitin et al. 2007). 

 

1.3.2 Read Sensor 

 

The increase in areal density often involves writing small bit sizes. Therefore, the read 

head is required to have high output amplitude and low noise characteristics in order to 

sense the recorded magnetisation without error. The current state-of-the-art readout 

heads use tunnelling magnetoresistive (TMR) elements as read sensors. The TMR head 

is based on spin-dependent tunnelling junctions (SDJ), also called magnetic tunnelling 

junctions (MTJ). Figure 1.5 illustrates a basic TMR structure which consists of a 

ferromagnetic free layer, insulator or barrier layer, ferromagnetic pinned layer and 

antiferromagnetic layer. 
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Figure 1.5 Basic TMR structure. 

 

The direction of the magnetisation of the free ferromagnetic film can be switched by an 

external magnetic field (from magnetisation pattern in recording medium). If the 

magnetisations of the free and pinned layers are in a parallel orientation, it is more 

likely that the tunnelling current through the insulating layer is larger than when they 

are in the anti-parallel orientation. Consequently, MTJ can be switched between two 

states of low and very high resistance. The use of TMR head provides higher replay 

amplitude than the conventional GMR heads. The magnetoresistive effect of the TMR 

was originally discovered by M. Jullière in 1975 (Julliere 1975) in Fe/Ge-O/Co-

junctions at 4.2 K. The relative change of resistance was under 1% at room temperature. 

However, in 2008, the relative change of resistance has been successfully increased to 

604% at room temperature and more than 1100% at 5 K by using junctions of 

CoFeB/MgO/CoFeB  (Ikeda, Hayakawa et al. 2008).  

 

In practice, the TMR element is placed between the upper and lower shields in the 

recording head as illustrated in Figure 1.6. The shields are made of high permeability 

magnetic materials. The presence of the shields helps to improve the short-wavelength 

response of the readout head and also reduces interferences from adjacent tracks 

(Mallinson 2002).  
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Figure 1.6 The arrangement of a TMR structure in the gap of a shielded head. 

 

Figure 1.7 shows a Transmission Electron Microscope (TEM) image of the first 

generation of TMR heads fabricated by Fujitsu Ltd (Kazuo 2006). The head was 

designed to operate at an areal density of around 100Gb/in
2
. The MR ratio was 25% 

which is four times larger than that of a conventional spin-valve GMR head. 

 

 

Figure 1.7 TEM image of first-generation prototype TMR head (Kazuo 2006). 
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1.3.3  Perpendicular Recording Media 

 

A typical perpendicular medium normally consists of two magnetically active layers: 

storage layer and soft-underlayer (SUL). There are a number of additional layers such as 

overcoat, seed, and buffer layers as shown in Figure 1.8. 

 

 

Figure 1.8 A schematic of a typical perpendicular medium. 

 

Generally, the storage layer is made from CoCrPt alloy of thickness about 20nm grown 

on top of the SUL. The SUL is normally made of FeTaC which the thickness is about 

60-120nm. The role of SUL is to mirror the magnetic charge and to decrease the 

demagnetising fields. Therefore, the writing field generated is doubled and the replay 

signal is stronger in comparison to the conventional medium without the SUL. The 

seed/exchange layer is used between the recording layer and the SUL to provide a 

strong perpendicular orientation for the easy axes of the magnetic grain (usually made 

from Ru). The overcoat layer is used for the protection of the storage layer. The whole 

structure is deposited on Al or glass substrates. For mobile applications such as hard 

drive in laptops or mp3 players, the glass substrate is preferred due to providing high-g 

impacts. On the other hand, the aluminium substrates are normally used in desktop PC 

products.  
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1.4 Superparamagnetic Limit 

 

Each data bit stored on the magnetic medium in a HDD consists of several magnetic 

grains. Typical grains in today’s media range from 5 to 10nm (Yuan and Laughlin 

2009). In order to increase the magnetic recording areal density, magnetisation 

transition widths between data bits must be scaled down to pack more bits over the 

length of the track, and more tracks in the cross-track direction. Hence, the bit length 

must be made smaller while maintaining a good signal-to-noise ratio (SNR) level for 

recovery of stored data. However, when the bit length becomes too small, the magnetic 

energy becomes small as well compared to the thermal energy expected in HDDs. This 

can cause unwanted reversals of the magnetisation and decreases the SNR of the replay 

signals which can lead ultimately to loss of stored data. This phenomenon is known as 

superparamagnetism and sets the limit of the maximum achievable density in magnetic 

recording media.  

 

 

Figure 1.9 The concept of superparamagnetic limit due to random magnetic field fluctuation.  

 

Figure 1.9 illustrates the concept of superparamagnetic behaviour which was originally 

explained by Nѐel (Néel 1949). The energy barrier bE is the amount of energy necessary 

to reverse the direction of the magnetisation of a grain. For a single grain, it is equal to 

UK V , where UK  is the magnetic anisotropy energy per unit volume and V is the 
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volume of the grain. A finite probability for the grains to flip its magnetic moment due 

to thermal fluctuations can be given by (Khizroev and Litvinov 2004): 

 

 0

B

∆E±
f± = f exp(- )

k T
 (1.1) 

 

where 0f is a characteristic frequency in the range from 10
9
 to 10

12
 Hz, Bk is 

Boltzmann’s constant, T is temperature, b U∆E = E = K V is the energy barrier between 

the two energy states and the subscripts “+” and “-” represents the magnetisation 

directions. For a medium to be thermally stable the ratio of U BK V k T should be 

substantially grater than 40 (Charap, Pu-Ling et al. 1997) which can be expressed as: 

 

 U

B

K V
40

k T
≥  (1.2) 

  

For higher areal densities, the magnetic grains must be very small and therefore, the 

anisotropy energy density UK should be increased in order to sustain thermal stability. 

However, the write head needs to be able to write onto the high anisotropy medium. 

Therefore, perpendicular recording is perfectly suited for writing on such high 

anisotropy media due to the strong write fields that can be generated (up to S4πM ) by 

the single-pole/soft underlayer arrangement.       
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1.5 Project Aim and Objectives 

 

The amount of digital information being created in 2010 has been estimated at 1000 

Exabyte, and this number is rising at an exponential rate that is faster than the annual 

growth rate in the storage capacities of HDDs (30-40%). To narrow the gap between the 

data created and storage capacities of HDD requires understanding of the practical 

limits of PMR technology, and research into alternative storage techniques that 

overcome the superparamagnetic limit. 

 

Mainstream approaches for overcoming the superparamagnetic limit include Bit 

Patterned Media (BPM), involve fabricating well-defined patterns of magnetic islands 

in which each bit is stored in a magnetic island of 10nm diameter (Shiroishi, Fukuda et 

al. 2009). A magnetic island is made from strongly coupled and therefore, thermally 

stable grains and separated by non-magnetic spacers. The challenges in BPM are 

fabrication techniques that produce such islands uniformly over a large disk area, and 

the write process which requires nano-scale heads along with a high precision 

positioning system to synchronise the write head to the location of the islands (Richter, 

Dobin et al. 2006; Litvinov, Parekh et al. 2008; Shiroishi, Fukuda et al. 2009).  

 

Heat Assisted Magnetic Recording (HAMR) has been proposed to overcome the 

writeability issues due to the fact that the coercivity ( cH ) of a medium decreases 

continuously to nearly zero when the medium is heated to its Curie temperature ( cT ). 

Therefore, the HAMR writing process uses this effect by heating of a small region of 

the medium with a laser, then rapidly cooling down to ambient temperature while the 

write field is applied to reverse the magnetisation (Rottmayer, Batra et al. 2006; Kryder, 

Gage et al. 2008; Shiroishi, Fukuda et al. 2009). This approach involves new recording 

head designs where the laser delivery system is embedded in the recording head and 

also requires special recording medium to provide the appropriate heating and cooling 

during the writing process.  

 

Microwave Assisted Magnetic Recording (MAMR) employs a microwave AC field to 

reduce the medium coercivity by applying the microwave AC field along an orthogonal 

direction to the applied writing field. In MAMR, the challenges would be the 
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modification of the recording head which includes the microwave oscillator, with 

focusing of the microwaves to nanometre-sized regions of the recording medium (Jian-

Gang, Xiaochun et al. 2008; Shiroishi, Fukuda et al. 2009). All these approaches require 

fundamental technology changes on the head/medium stack and their fabrication tools, 

which can be expensive and not suitable for mass production. 

 

An alternative new approach that relies on conventional head and medium architecture 

is shingled magnetic recording. In this mode, magnetic tracks are written heavily 

overlapped with no guardbands to separate them. The promise of this technique is to 

significantly increase the track density and hence areal storage density. However, due to 

the infancy of this approach, there is still no strategy being proposed or adopted for 

readout and physics of writing narrow tracks is not well understood. 

 

The aim of this project is to provide a flexible experimental platform to study the 

readout and noise performance of current and novel magnetic media and heads in 

general, and of perpendicular and shingled magnetic recording in particular. To achieve 

the project aims, the objectives were to: 

 

• Develop and automate two magnetic recording testers to study and analyse 

readout and noise performances of conventional and future head and media 

technologies. 

• Develop models of the readout process in PMR and compare with the 

experimental measurements. 

 

Significant portions of this project were dedicated to the development and automation of 

two recording testers: an open, high precision contact based tester that allows a variety 

of head and media to be tested; and a closed, non-contact tester based on a commercial 

perpendicular hard drive for benchmark and comparison with the contact tester 

measurements. 

 

The thesis is organised to follow the objectives of this project and work carried out.  
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1.6 Outline of the Thesis 

 

The focus of this thesis is on the experimental and theoretical studies of the signal and 

noise characteristic in perpendicular recording systems. This thesis divided into seven 

chapters.  

 

Chapter 2 mainly contains the theoretical development of the readout model for a 

shielded MR head on thin disk medium with a soft-underlayer for evaluating the replay 

signals from single and multiple recorded transitions. The losses of signal in the replay 

process are also examined in this chapter.  

 

Chapter 3 describes the design and development of the computer controlled magnetic 

contact recording test system which was developed for characterising the signal and 

noise properties of commercial and novel media and heads. 

 

Chapter 4 presents the results of experimental signal and noise measurements carried 

out on a commercial perpendicular disk using the developed contact recording tester. 

The readout theory developed in Chapter 2 is used in this chapter to produce fitting and 

comparison to the experimental results. The prediction of the performance of the 

commercial disk medium is then illustrated. 

 

Chapter 5 illustrates the application of inverse filtering and the Wiener filter to estimate 

the recorded transition shape from experimental data on perpendicular disk medium. 

The transition width parameter obtained from this chapter is used in the theoretical 

modelling in Chapter 2.  

 

Chapter 6 presents initial signal and noise studies of shingled magnetic recording. The 

experiments were carried out on the contact and non-contact recording testers. The 

comparison of the results from both testers is examined.  

 

Conclusions will be made in Chapter 7 along with discussions on the possibilities of 

further future developments. 
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Chapter 2 

 

 

Replay Signal 

  

 

 

2.1 Introduction 

 

The reciprocity principle is a powerful tool for the theoretical analysis and computation 

of the replay signals in magnetic recording. The replay signal, through reciprocity, can 

be obtained from the correlation of the sensitivity function of the replay head with the 

recorded magnetisation on a medium.  

 

The aim of the chapter is to derive the head field and replay signal of a shielded 

Magnetoresistive (MR) head for a medium with a soft-underlayer (SUL) using the 

reciprocity principle. This is to study the replay performance and determine the 

parameters that affect readout signal amplitude and signal in perpendicular magnetic 

recording. These are important for the system designers to determine the appropriate 

signal processing and channel design in HDDs. 

 

Firstly, the fundamentals of the reciprocity principle will be presented. Secondly, an 

application of the Fourier transform to calculate the head field and replay signals from 

Laplace’s equation will be demonstrated for isolated magnetic transitions. Then the 

replay waveform for multi-transitions is computed by assuming that the replay process 

is linear; thus, linear superposition is applied to obtain the signal for a sequence of 

recorded transitions. Finally, the effect of head-to-medium separation and transition 

width parameter on the replay signal shape will be analysed. The signal peak amplitude 

versus linear density (bit spacing) or roll-off curve, are plotted and discussed. The 
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modelling results are later used to compare with the experimental measurements in 

Chapter 3 to determine the linearity of the system. 

 

2.2 Reciprocity Principle 

 

 

Figure 2.1 Magnetic interaction between two coils illustrating the concept of mutual induction, and 

used in the derivation of the reciprocity formulation for the readout signals in magnetic recording. 

 

The reciprocity principle is based on the mutual induction between two coils (Mee and 

Daniel 1990). In Figure 2.1, the two coils shown are linked by a mutual inductance mL . 

A current 1i  in the left coil (head) will generate a flux 21φ in the right coil given by 

 

 21 m 1L iφ =  (2.1) 

 

The flux 12φ caused from a current 2i  in the right coil is 

 

 12 m 2L iφ =  (2.2) 

 

Eliminating mL  from (2.1) and (2.2) yields: 

 12 21

2 1i i

φ φ
=  (2.3) 
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In Figure 2.1, with reference to magnetic recording with the readout head flying over 

the magnetic medium, the left coil can represent the replay head’s coil and the right coil 

can represent the magnetisation in the recording medium. For perpendicular recording, 

only the vertical head field component and magnetisation are considered; the vertical 

head field yH (x,y) is excited by a write current 1i from the left coil. The flux 21φ is thus 

given by:     

 

 21 0 yµ H (x,y) dydzφ =  (2.4) 

 

where dydz is the area enclosed by the right coil and 0µ is the permeability of free 

space. 

 

The vertical field component of the magnetisation at point (x-x)  in the medium can be 

represented by 2i   

 2 y = M (x-x) dxi  (2.5) 

 

where x = vt  is the moving distance of the medium relative to the head as illustrated in 

Figure 2.2. v is the medium velocity, d is the distance of head to the medium and δ  is 

the medium's thickness. 

 

 

Figure 2.2 Simple head and medium definitions and co-ordinate system used in the replay signal 

theory development. 
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Substituting (2.5) and (2.4) in equation (2.3), the flux in the head coil can be expressed 

as: 

 
y

12 0 y

1

H (x,y)
= µ M (x-x)  dxdydz

i
φ  (2.6) 

 

The total flux in the coil can be obtained by integrating over the total volume of the 

recording medium and can be written in a general from as: 

 

 

d+δ

0
y y

1 d

µ
(x) = M (x - x) H (x,y) dxdydz

i
φ

∞ ∞

−∞ −∞

∫ ∫ ∫  (2.7) 

 

In addition, when the track width W is much larger than the other dimensions in the 

system and has uniformity across track width, the integration can be reduced to two 

dimensions. Therefore, equation (2.7) becomes: 

 

 

d+δ

0
y y

1 d

µ
(x) = W M (x - x) H (x,y) dxdy

i
φ

∞

−∞

∫ ∫  (2.8) 

 

This expression is called the reciprocity integral. The inner integral is effectively a 

correlation between the magnetisation and the replay head sensitivity function 

(Mallinson and Minuhin 1984).  

 

The correlation integral is sometimes very difficult to solve in the time (spatial) domain. 

Therefore, in the following sections, the Fourier transform and its inverse transform will 

be introduced; hence, the calculations of the head field and replay signals are calculated 

in the frequency domain to avoid the complexities in the time domain. 

 

2.3 Fourier Transform of Laplace’s equation 

 

The static distribution of magnetic fields from record and readout heads often involves 

the solution of Laplace’s equation for the scalar potential in the system. The 

corresponding magnetic fields are then found from the gradient of the scalar potential. It 

is often difficult to find analytical solutions to Laplace’s equation, particularly for 
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complex geometries and/or boundary conditions. Therefore, Fourier transform 

techniques are alternatively used to reduce the differential equations and solution into an 

algebraic and simple form. 

 

The Fourier transform defines the relationship between a function in the time (or 

spatial) domain and its representation in the frequency (or wavelength) domain. The 

Fourier transform of function f(x) is defined as: 

 

 -jkx

-

F(k) = f(x)e dx

∞

∞

∫  (2.9) 

 

Where 
2π 2πf

k =  = 
λ v

 and j = -1 . k is the wavevector, λ is the wavelength, v is the 

velocity and f is the frequency. The corresponding inverse Fourier transform is  

 

 jkx1
f(x) = F(k)e dx

2π

∞

−∞

∫  (2.10) 

 

Laplace’s equation is a partial differential equation and its solutions are important in 

many fields of science, notably the field of electromagnetism. Hence, the magnetostatic 

potential in free space can be determined by solving Laplace’s equation. In two 

dimensions, Laplace’s equation is given by: 

 

 
2 2

2

2 2

(x,y) (x,y)
 = +  = 0

x y

φ φ
φ

∂ ∂
∇

∂ ∂
 (2.11) 

 

where φ is the scalar magnetic potential, and 2∇ is the Laplacian operator. 

 

The Fourier transform of Laplace’s equation, (2.11) with respect to x is (Aziz 1999): 

 

 
2

2

2

(k,y)
+k (k,y) = 0

y

φ
φ

∂

∂
 (2.12) 

 

 



Chapter 2                                                                                                       Replay Signal 

 

 

 34 

The general solution of this second order ordinary differential equation is  

 

 ky -ky(k,y) = A(k)e +B(k)eφ  (2.13) 

 

The particular solution depends on the geometry considered and hence boundary 

conditions. The focus of this thesis (theoretical and experimental analysis) is on the 

perpendicular mode of recording using a medium with a SUL. The potential and fields 

for a generalised perpendicular readout head and medium are derived next. 

 

2.3.1 Fourier Transform of Two-Dimensional Magnetic Fields 

 

Consider the generalised two-dimensional geometry of the readout head and underlayer 

as shown in Figure 2.3 where u is the distance between head and underlayer. In this 

case, the potential between the head and underlayer is subject to the boundary 

conditions that (x,0)φ φ=  at the source plane y = 0, and that  = 0φ  at the high 

permeability soft underlayder.  

 

 

Figure 2.3 Generalised two-dimensional geometry of readout head and underlayer used for the 

development of the head field function and readout signal. 

 

Applying the boundary conditions to (2.13) yields: 

 

 
sinh(k(u-y))

(k,y) = (k,0)
sinh(ku)

φ φ  (2.14) 
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where y u≤ . The two dimensional field components are then obtained from the 

gradient of the potential. 

 

 ˆ ˆ ˆH(x,y) = - x + y
x y

φ φ ∂ ∂
 

∂ ∂ 
 (2.15) 

 

The Fourier transform of the field is: 

 

 
(k,y)ˆ ˆ ˆH(k,y) = - jk (k,y)x + y
y

φ
φ

 ∂
 

∂ 
 (2.16) 

 

Hence the two-dimensional field components using (2.14) are: 

 

 x x

sinh(k(u-y))
H (k,y) = -jk (k,y) = H (k,0)

sinh(ku)
φ  (2.17) 

  

 y x

1 k>0
(k,y) cosh(k(u-y))

H (k,y) = - = jH (k,0)sgn(k) , sgn(k) 0 k=0
y sinh(ku)

-1  k<0

φ


∂ 
≡ 

∂ 


 (2.18) 

 

where (k,y)φ is the Fourier transform of (x,0)φ and xH (k,0) = -jk (k,0).φ  

 

From equations (2.17) and (2.18), it can be seen that the two field components have the 

same magnitude but their phases are shifted by o90±  depending on the sign of k. In the 

limit where u → ∞  (no underlayer), (2.14) may be re-written by expending 

-ky1
2e

sinh(ku)
∼  for large u, and writing ( )k(u-y) -k(u-y)1

sinh(k(u-y)) e - e
2

=  to yield the 

potential: 

 

 
- k y

(k,y) (k,0)eφ φ=  (2.19) 

 

The term 
- k y

e  is the spacing loss term and shows that the output will drop exponentially 

with the ratio of spacing to wavelength (Wallace Jr. 1951): 
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 -ky

dSpacing Loss, L  = e  (2.20) 

 

where y is the spacing between head and medium. The loss amount of 54.6dB per 

wavelength can be found by taking logarithms on both sides of equation (2.20) (Bertram 

1994). The spacing loss therefore affects the replay signal and should be minimised 

such that dL 1→ . 

 

2.3.2 Modelling of Shielded MR Head 

 

In this section, a combination of a shielded MR head and medium with soft-underlayer 

(SUL) is modelled and then used in the reciprocity formula to predict the readout signal. 

The presence of the SUL is equivalent to increasing the recording layer thickness by a 

factor of two as well as doubling the magnetic recording fields. Hence, the total replay 

signal can be represented as the sum of signal from a real head and an image head in the 

SUL as illustrated in Figure 2.4 (Sakhrat Khizroev 2004). 

 

Figure 2.4 Read element and its image over perpendicular recording medium with a SUL. 

 

The shielded MR head configuration with a medium with a SUL used in this work is 

illustrated in Figure 2.5. The head consists of the MR sensor with the shields on both 

sides of the head. The shields are used to limit interference from adjacent transitions 

and, in the three-dimensional case, interference from the adjacent tracks, thus increasing 

the readout resolution (Mallinson 2002).   
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Figure 2.5 Shielded MR head with a SUL configuration.  Also shown is the assumed potential 

distribution on the surface of the shielded head, which is required for the derivation of the readout 

head sensitivity function for the reciprocity formulation. 

 

A simple and common approach for modelling fields from shielded heads is to assume a 

linear potential in the gaps of these structures, with surface potential (Potter 1974): 

 

 

L
+V for x

2

L
-V  for x > + g

2
(x,0) = 

2V L L L
-x +V  for <x< + g

g 2 2 2

2V L L L
+x +V for <x< - - g

g 2 2 2

φ


≤




    
    

   


    −   
    

 (2.21) 

where 
ggH

V =
2

and gH is the magnetic field in the head gap. 

Taking the Fourier transform of (2.21) and substituting in (2.14) yields the potential: 
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 (2.22) 

 

The vertical field component is then calculated from (2.18):  
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 (2.23) 

 

Using the Fast Fourier Transform, the inverse Fourier transform of (2.23) can be 

calculated to evaluate the corresponding magnetic field in the spatial domain. Table 2.1 

illustrates typical parameters of a commercial perpendicular HDD that uses a shielded 

TMR head (details are in Chapter 3). The vertical field component computed using 

equation (2.23) and parameters listed on Table 2.1 is demonstrated in Figure 2.6 at 

various head-to-medium separations. It can be seen that the vertical field component is 

symmetrical and ‘bell shaped’. In addition, at large head-to-medium separations, a 

significant drop of the head field amplitude is observed due to the spacing loss function 

as illustrated in equation (2.19).  

 

Table 2.1 Modelling parameters that correspond to experimental system. 

Parameter Symbol Value Unit 

Gap length g 8 nm 

Read sensor width L 10 nm 

Recording layer thickness δ  20 nm 

Head-to-medium spacing d 2 nm 

Head-to-underlayer spacing u d δ+  nm 
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Figure 2.6 Vertical head field of the readout element at various head-to-medium separations 

calculated using the parameters in Table 2.1. 

 

2.4 Magnetic Transitions and Their Fourier Transforms  

 

The recording medium consists of a sequence of magnetic transitions that reflect the 

stored binary information. In addition to the replay head sensitivity function, the 

magnetic transition profile is the other important ingredient in the reciprocity 

formulation that is necessary to evaluate the readout signal. There are a number of 

analytical functions such as the hyperbolic tangent, error and arctangent functions that 

have been used to represent the actual magnetic transitions. The tanh and error functions 

are sharper and have faster approach to remanance than the arctangent function as can 

be seen in Figure 2.7. However, there is a small difference on the shape and amplitude 

of replay signals by using these three functions (Wong-Lam 1997; Aziz 1999). 

Therefore, the arctangent function has been chosen to represent the magnetisation in the 

recording medium for the replay signal modelling as it is the most convenient and easy 

to manipulate mathematically (Aziz 1999). The three different mathematical functions 

of the magnetic transitions and their Fourier transforms are shown in Table 2.2. 
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Figure 2.7 Magnetisation transition profiles for different analytical models used in the development 

of the readout signal using the reciprocity principle. 

 

Table 2.2 List of possible shapes of recorded magnetisation distributions and their Fourier 

transforms (Aziz 1999). 
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The extent of the transition region has important significance in magnetic recording, as 

it determines how close transitions can be written next to each other in the recording 

medium and therefore its linear density. The transition extent is quantified by a 

transition width parameter that can be determined from the gradient of the transition 

function at its centre. From Table 2.2, all the transition profiles have common gradients 

of r2M

πa
 at centre of the transition, thus defining the transition extent as πa  with 

transition width parameter ‘a’. This parameter affects the shape and amplitude of the 

readout signal: the smaller the transition width, the higher output amplitude and 

narrower replay signals. The width of the transition region is determined by the write 

field gradient, hysteresis properties and granularity of the recording medium (Bertram 

1994). 

 

2.5 Replay Signal 

 

Magnetoresistive (MR) heads are flux-sensing devices in which the external field 

produced by the recorded pattern in a disk medium rotates the magnetisation of the MR 

element and thus change its electrical resistance. The written data on a medium can be 

detected by applying a constant sense current, I, that circulates through the MR element, 

and a change in the resistance of the element, δR,  will produce a replay voltage which 

is given by the Ohm’s law δV = IδR . 

 

The output voltage of a MR head is given by (Smith and Wachenschwanz 1987): 

 

 MR 2

0 s

2J∆ρ
E (x) = - (x)

µ tLM
φ

 
 
 

 (2.24) 

 

where J is the MR element current density, sM is the saturation magnetisation, 

∆ρ change in resistivity corresponding to the anisotropic MR effect, t is the MR strip 

height and L is the width of the MR element. 
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2.5.1 Isolated Replay Signal 

 

The replay signal for a single transition can be derived by using the reciprocity principle 

which is the correlation between the head sensitivity function and medium 

magnetisation function (Mallinson and Minuhin 1984). Evaluating the reciprocity 

integral directly in space is sometimes not possible analytically. Thus, Fourier 

transforms are employed. The Fourier transform is very useful since the correlation 

between the head field and magnetisation can be easily computed in the frequency 

domain. The correlation (convolution) of two functions in the time domain is equal to 

the product of their Fourier transforms. This relation can be written as: 

 

 
F.T.

-

f(x)*g(x)  f(x)g(x-x) dx  F(k)G(k)

∞

∞

≡ ⇒∫  (2.25) 

 

Taking the Fourier transform of (2.8), the isolated replay flux due to a shielded MR 

head for a medium with a SUL is then: 

  

 

d+δ

0
y y

1 y=d

µ
(k) = W M (k)H (k) dy

i
φ ∫  (2.26) 

 

By assuming an arctangent magnetisation transition along with the vertical field 

component in (2.23) and integrating through the medium thickness in the y direction in 

(2.26), the isolated replay flux is 
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In equation (2.27), the exponential term, -kae is known as the medium loss or writing 

loss function. The signal loss in this case is due to the imperfection of the ideal step 

change in the medium magnetisation and also due to medium's hysteresis characteristic, 
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both represented by the transition width parameter ‘a’. The last two exponential terms in 

the brackets are spacing loss functions, due to the finite distance from the MR sensor 

and the medium thickness. All these losses are important and need to be taken into 

account when designing or testing magnetic recording systems. 

 

From (2.24), the output voltage of a MR head in the wavelength domain is  

 

 MR 2

0 s

2J∆ρ
E (k) = - (k)

µ tLM
φ

 
 
 

 (2.28) 

 

To evaluate the replay signal in the spatial domain, the inverse Fourier transform is 

used: 

 jkx

MR MR

-

E (x) = C E (k)e  dk

∞

∞

∫  (2.29) 

where 
2

0 s

2J∆ρ
C = -

2πµ tLM
 

 

Since the focus here is on the shape of readout signal, the signal amplitudes are 

normalised to by the constant C in (2.29). 

 

The isolated replay signals for three different head-to-medium spacings, d, are 

illustrated in Figure 2.8. These signals were calculated numerically using the Fast 

Fourier Transform to evaluate the inverse Fourier transform of (2.28), and using the 

head parameters in Table 2.1. It can be seen that the isolated replay signals have higher 

amplitude when the head-to-medium spacing is small because of the decrease in the 

spacing loss in (2.27). Ideally, the head-to-medium spacing should be zero in order to 

decrease the spacing loss. Hence, the output amplitude of the replay signal and the areal 

density can be increased.  
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Figure 2.8 Isolated replay signal for an arctangent function for different head-to-medium 

separations. 

 

Figure 2.9 illustrates the replay signal at different transition width parameters. The 

replay signal exhibits odd symmetry and vanishes at the centre of the read element. 

Moreover, the slope of the replay signal decreases with the increase in transition width 

parameter due to the exponential medium loss function.  
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Figure 2.9 Isolated replay signal at various transition width parameters. 
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It can also be observed that the transition width parameter and head-to-medium 

separation influence the amplitude and shape of the replay signal. The maximum 

amplitude are localised near the transition edge and fall to zero away from the transition 

centre. 

 

2.5.2 Pulse Crowding 

 

For a sequence of recorded transitions, the replay signal can be determined based on the 

assumption of linearity of the replay process. The principle of linear superposition states 

that the replay signal from a sequence of step current changes is given by sum of the 

replay responses of individual transitions in correspondence with the spacing and 

polarity of the current sequence: 

 

 sp MR

n=-

E (x) = E (x - nB)
∞

∞

∑  (2.30) 

 

where MRE  is the isolated transition replay response and B is the half wavelength 

( 0λ /2 ) or bit spacing.  0λ is the wavelength of the fundamental component of the replay 

signal, where 0 0λ = v / f  and 0f is the bit cell frequency. 

  

Taking the Fourier transform of (2.30) and using the Fourier shift property yields:  

 

 -jknB

sp MR

n=-

E (k) = E (k) e
∞

∞

∑  (2.31) 

 

To numerically evaluate the replay signal using superposition, the isolated replay signal 

is convolved with a sequence of Delta functions separated by a spacing of B. The output 

voltage due to superposition can then be rewritten as: 

 

 sp MR

n = --

E (x) = E (x-x ) δ(x - nB) dx

∞ ∞

∞∞

′ ′ ′∑∫  (2.32) 

where (x)δ is Delta function.  
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Evaluating the integral in (2.32) using the sampling property of the Delta function, 

correctly yields (2.31). A sequence of Delta function is created numerically and then 

convolved with the isolated replay signal using Fast Fourier Transform (FFT) technique 

to generate the readout signal.     

 

Figure 2.10 illustrates the replay signal obtained from linear superposition where the 

isolated replay signal was convolved with a sequence of Delta functions at different bit 

spacings. The modelling parameters used in isolated replay signal are from Table 2.1. 

 

It can be seen that at low linear density (25KFCI and 50KFCI), the replay signals are 

isolated and do not overlap. On the other hand, when the linear density is increased to 

400KFCI as shown in Figure 2.10 (bottom), the replay signal amplitude reduces 

significantly due to the inter-symbol interference and overlapping of the neighbouring 

bits. In addition, the overall signal shape also resembles a sinusoidal waveform. 
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Figure 2.10 Linear superposition of isolated replay signals at different linear densities showing the 

effects of intersymbol interference. 
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2.5.3 Signal Roll-Off Curves 
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Figure 2.11 Signal roll-off curves at different head to medium separations using the tanh transition 

function, and showing the linear density at which the signal reduces by 50% of it peak value (D50) to 

estimate the practical linear density of a recording medium. 

 

Signal roll-off curves are obtained by plotting the peak replay signal voltage as a 

function of inverse bit spacing, or linear density. It provides information to media and 

channel designers of the supported linear densities for a given head and medium 

combination and of expected voltage levels at different linear densities. They also 

provide information about the linearity of the readout process and its range of validity. 

 

Figure 2.11 shows theoretical roll-off curves (normalised by peak voltage for 2nm head-

to-medium spacing) as functions of increasing head-to-medium separation. It can be 

seen that increasing d decrease the roll-off of the peak voltage at high densities due to 

the increase in spacing loss. Therefore, the head-to-medium spacing need to be 

minimised to maximise the output voltage at high densities. Current HDDs have the 

flying height ∼5nm. 

 

At low linear densities, the isolated replay signals interfere constructively to increase 

the peak voltage as shown in Figure 2.11. After the peak in the roll-off curve, the peak 
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voltage decreases with increasing linear density at a rate determined by the losses in the 

system including the spacing and medium losses. 

 

The linear density at which the peak replay voltage in the roll-off curves reduces to 50% 

of its maximum value, D50, is normally used to signify the useable or practical linear 

density for a given head and medium combination. In Figure 2.11, D50 for this system is 

approximately 470KFCI for d=2nm. 

 

2.6 Summary 

 

The replay signal for a shielded MR head from a medium with a soft-underlayer (SUL) 

has been developed using the reciprocity principle. The replay signal was calculated by 

assuming an arctangent magnetisation transition to represent the recorded data on the 

medium with a SUL. The replay signal is effectively a correlation between the replay 

head sensitivity function and the magnetisation transition. The calculations were carried 

out in the frequency domain using Fourier transforms.  

 

Linear superposition was employed to obtain the replay signal for a sequence of 

recorded transitions. This was calculated by using the convolution of a sequence of 

Delta functions with the isolated signal response. The roll-off curves indicate that a 

reduction of head-to-medium spacing leads to higher signal amplitude due to reduction 

in spacing loss.   
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Chapter 3 

 

 

The Contact Recording Test System  

  

 

3.1 Introduction 

 

The continued increase of areal densities of the hard-disk drive implies that the bit size 

and head/disk flying heights will have to be decreased to nanometre scales and new 

heads and media must be developed with improved characteristics. To test and 

characterise the performance of new heads and media requires an open experimental 

recording system with high precision instruments and test and measurement equipment. 

Therefore, a contact magnetic recording test system has been developed, which would 

help researchers to carry out recording experiments on different heads and media in 

order to investigate their signal and noise performances. 

 

In this chapter, an overview of conventional magnetic recording test systems or spin-

stand testers will be presented. The principle advantages of the contact recording test 

system are then outlined. This is then followed by a detailed description of the design 

and development of the contact recording system. The operation and performance of 

this system was tested by carrying out write and read experiments on a commercial 

perpendicular disk using a perpendicular write/read head assembly. More detailed 

parametric and signal and noise measurements results are presented and analysed in 

Chapter 4. 
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3.2 Overview of the Conventional Spin-Stand System 

 

A commercial spin-stand, the Guzik V2002 is shown in Figure 3.1. It is designed to 

mimic the operating conditions that are found on the actual hard drive. It is a 

sophisticated device that integrates many branches of knowledge in its design. The spin-

stand is widely used by hard-disk drive manufacturers to test their new products before 

shipping to customers, and it is also a valuable tool for researchers as a test equipment 

for the continual development of data storage technologies.  

 

Generally, the spin-stand system composes of three main functional blocks: a 

mechanical block for disk spinning and head positioning; an electronic block or the 

Read Write Analyzer (RWA) for signal acquisition and processing; and software control 

block that provides a wide range of parametric measurements, such as track profile, 

signal-to-noise ratio and error rate testing.  

 

 

 

 

Figure 3.1 The Guzik V2002 Spin-Stand (Guzik 2010). 

 

Spin-stand testers are important for the characterisation and development of new heads 

and media. However, they have restriction in term of the type of samples that can be 

used; they need to be disk samples of certain diameters and tribology requirement for 
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them to be ‘clamped’ into the system and provide an air-bearing surface (ABS) for the 

head assembly. Magnetic samples developed by researchers often have different sizes 

and tribology that are not appropriate for the fast rotating spin-stand, and therefore an 

open system with no restriction on sample size or read/write head connection would be 

valuable. Therefore, the contact recording tester has been developed as described in the 

next section. 

 

3.3 Introduction to the Contact Recording Test System 

 

The main advantages of the contact recording system are: 

 

• The contact recording tester allows the investigation of the performance of 

different types of media without worrying about tribological issues such as pitch, 

roll and flying height uncertainties. These parameters can also be controlled 

through motorised stages. 

• Thermal asperities are not present since the contact is continuous and scan speed 

is relatively slow. 

• The spacing loss function -kde  is reduced due to the contact nature of the system. 

Thus, replay signal amplitude is improved.  

• The contact recording tester is helpful to academic researchers since the spin-

stand is very expensive.  

• A sample of any size can be used for record/readout experiments. 

• The positioning resolution can be controlled through piezo-electric and/or 

motorised stages. 

• The low scan speed and therefore low writing frequencies mean that non-linear 

effect related to head switching are negligible. 

• Low writing frequencies allow signals to be captured at very high sampling 

resolution which is important for detailed analysis of signal and magnetic 

imaging. 

 

The contact system developed in this work is housed in a clean room to avoid dirt and 

contamination. Disk samples used with this system need to be very clean with a smooth 

surface to reduce striction and thermal asperity problems. In addition, the current system 
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does lack of ability to control the skew angle of the head. However, this could be 

developed by adding rotational motorised stages.  

 

3.3.1 System Instrument and Devices 

 

The main objective of the contact recording tester is to be able to test and characterise 

magnetic material from various sources. The recording process is performed by writing 

of simple data on the material sample. The read process is performed by placing the 

read head on the previously recorded track to acquire the read-back signal. The system 

architecture of the developed instrument is shown in Figure 3.2. 

 

 

Figure 3.2 The developed contact recording test system hardware and interfacing architecture. 

 

The system comprises of 6 main parts: signal generator, a nano-positioning stage, a 

digital phosphor oscilloscope (DPO), preamplifier interface, write, read circuits and the 
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GUI software control. All these parts are computer controlled via GPIB and/or serial 

ports. The details of each part will be explained in the next sections. 

 

3.3.2 Nano-Positioning Stage 

 

The motion control stage employs an x and y nano-positioning system, actuated by the 

piezo element aligned with x and y coordinate axes to move the magnetic sample to a 

specified location. The nano-positioning stage is manufactured by Physik Instrument 

which consists of a E-516 controller and a P-527 piezo nano-positioning stage as shown 

in Figure 3.3. The E-516 controller provides GPIB and rs-232 interfaces for computer 

control. The rs-232 port was chosen as the communication channel between the PC and 

the controller, since the controller requires low transfer rates with minimal size of 

command set. 

 

 

Figure 3.3 E-516 controller and P-527 piezo nano-positioning stages used for the development of the 

high-precision contact recording tester in this work. 

 

The stage can achieve a nominal resolution of 1nm with a travel range of 100µm  in x 

and y directions. The nano-positioning stage is placed on a damped optical table in 

order to minimise vibration during the scan. In the contact recording system, the head is 

fixed and can be adjusted in the up-down directions (z-axis) using a manual translation 

stage. The x-y stage works by moving the disk sample underneath the fixed head. When 

the magnetic sample is moving, the head can either write or read data on the disk 

medium. Two scanning modes have been implemented on the contact recording tester, 

which are unidirectional and bidirectional scanning modes, illustrated in Figure 3.4. The 

bidirectional scan mode is preferred since it is faster than the unidirectional scan mode. 
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However, the commercial head used in this system was designed to fly in one direction 

(due to ABS); therefore, the unidirectional scan yields less position jitter error. 

Therefore, the unidirectional scan is chosen. Moreover, to reduce the jitter error, the 

cross-correlation alignment technique is also implemented in the post-processing stage 

as will be described in section 3.4.3.2 later. 

 

Figure 3.4 Unidirectional and bidirectional raster-scanning modes that are programmed in the 

developed contact recording system. 

 

In order to determine the optimal stage velocity, a single data track at 100KFCI was 

recorded and then the replay signals were capture at different stage velocities. Figure 

3.5 shows the captured signal at four different speeds. It can be seen that at a stage 

velocity of 50µm/s, the replay signal has higher amplitude and uniform voltage 

envelope over the scan time. The signal amplitude variations at the stage velocity of 30 

and 75µm/s are due to track misregistration caused by positioning errors. Thus, a stage 

velocity at 50µm/s is optimal for the record and readout measurements in the system. A 

slightly higher, stage velocity of 51.28µm/s was selected to use in the contact recording 

tester to help for developing the control software and analysing measurement data more 

easily. In particular, to make the output frequency from the signal generator directly 
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correspond to the linear density of the recorded pattern as will be shown in the next 

section. 

 

Figure 3.5 The captured replay signal using the DPO at various stage velocities. The magnified 

section of the captured waveform is highlighted by a rectangle. The signal amplitude variations at 

the stage velocity of 30 and 75µm/s are due to track misregistration caused by positioning errors.  

 

3.3.3 Signal Generator 

 

The signal generator used in this system is the HP 33120A, high-performance 15MHz 

synthesized signal generator. The main duty of the signal generator is to generate the 

TTL signal for the write driver circuit. The linear density can be controlled by adjusting 

the output frequency of the signal generator.  

 

The linear density is a measure of the number of flux or magnetic reversals per unit 

length along the recorded track. It can be determined from the writing frequency and 

stage velocity as described next. 
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Figure 3.6 Showing definition of bit spacing, B, in the measured readout signals. 

 

The bit spacing, B, shown in Figure 3.6, is defined as the distance between two 

magnetic transitions, and equal to half the wavelength, 0B = λ 2 , of the readout signal. 

The signal wavelength 0 0λ = v / f  where v is the stage velocity and 0f is the writing 

frequency. The linear density (in flux changes per inch, FCI) is then found from: 

 

 

( )

0

0

0.0254
Linear density FCI  = 

B

0.0254
                                   =

λ /2

(0.0508)f
                                   =

v

 (3.1) 

 

For example, if the writing frequency is 100Hz, then the linear density can be obtained 

from (3.1) which is approximately 100KFCI when the stage velocity, v, of the nano-

positioning stage is set to 51.28µm/s .    
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3.3.4 Digital Phosphor Oscilloscope (DPO) 

 

The digital phosphor oscilloscope used in this system is a Tektronix DPO-7104, 1GHz 

bandwidth with 4 channels input. The DPO is used to capture the replay signal of the 

written data on the sample medium. A complete replay waveform can be captured and 

the raw data of the signal can be saved to Excel or MATLAB files for data analysis and 

post processing. The communication interface between the DPO and the PC is a high 

speed GPIB interface bus. A complete waveform over a scan length of 100µm can be 

sampled at 10Ksamples/sec which means the DPO can produce very high accurate 

measurements.  

 

Since the replay signal output from the read head preamplifier is differential, a 

differential probe is used to connect the DPO to the output of the preamplifier. The 

advantages of differential mode signals are having greater signal-to-noise ratios and 

performance because differential circuits react to the difference between the signals on 

two traces (whose signals are equal and opposite). Thus, the resulting net signal is twice 

as large, compared to ambient noise, as either of the single-ended signals. Moreover, 

differential signals are immune to electromagnetic interference (EMI) and crosstalk 

coupling. If the paired traces are routed closely together, then any externally coupled 

noise will be coupled into each trace of the pair equally. Thus the coupled noise 

becomes common-mode noise which can be easily rejected by the differential amplifier 

used in the developed system. The DPO and differential probe are shown in Figure 3.7. 

 

 

Figure 3.7 The Tektronix DPO-7104 used in this work to capture and digitise the readout signals 

using the equipped differential probe shown on the right. 
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3.3.5 Preamplifier Interface Circuit 

 

The perpendicular recording head with read/write preamplifier used in this system was 

taken from a commercial perpendicular hard-drive, Seagate model 7200.10. The head is 

bonded to a metal suspension, which is a small arm that holds the head in position 

above or beneath a disk. A head and suspension with preamplifier is called a Head Stack 

Assembly (HSA) as shown in Figure 3.8.  

   

 

Figure 3.8 Head Stack Assembly (HSA) of the hard-disk drive that was employed in the contact 

recording system. 

 

The HSA is equipped with a preamplifier, TI-SR1843. The preamplifier is 

manufactured by Texas Instrument and is a BiCMOS monolithic integrated circuit 

designed for use with six-terminal Magneto-Resistive recording heads. The reader 

architecture is impedance matched with current or voltage bias programmability. A 

read/write capable 3 wire serial port is provided to allow the user access to 

programmable registers. The device provides 10 Volt thin-film controlled impedance 

write driver architecture, low-noise read amplifier, serial port controlled head selection, 

write current control, programmable read gain, head heater function, and write fault 

detection circuitry. More details of the preamplifier and its operation commands can be 

obtained from the TI-SR1843 datasheet in Appendix I. 
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In order to control the operations of the preamplifier, a preamplifier interface circuit was 

designed; the schematic is shown in Figure 3.9 whereby the microcontroller PIC-

18F458 is used to communicate between the GUI software on the PC and preamplifier 

via an RS-232 port. The DS275 chip is a RS-232 level translator, J4 is the serial port 

terminal, J3 is the microcontroller reset switch, J7 is used to put the PIC into 

programming mode for uploading a firmware to program memory of the PIC. The 

custom made firmware on the PIC-18F458, written as part of this project, was 

developed using the CCS-C compiler. The main functionality of the PIC is to convert an 

understandable command from the PC to an appropriate command for the preamplifier 

such as the PC command, “R”, which translates to the machine code “E9142” in the PIC 

that tells the preamplifier to operate in read mode.     
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Figure 3.9 Simplified preamplifier circuit for interfacing the PC (and software GUI) to the HSA. 

 

The 3-wires serial interface on preamplifier is the communication protocol between the 

microcontroller and preamplifier. The serial controller has a standard 3-line interface: 

SCLK is the serial port clock, SDATA is the bi-directional serial port data, and SEN is 

the serial port enable. Data exchange is initiated upon the assertion of the serial enable 

line. Data present on the serial data line SDATA will be latched in on the rising edge of 
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SCLK line. The set of commands for controlling the operations of the preamplifier such 

as, write, read, and write current setting was programmed into the microcontroller 

firmware. The commands are transferred as ACSII strings. For example, sending “W” 

tells the preamplifier to enter into write mode, and “R” is for the read mode. The 

developed GUI interface software provides an easy way to control the preamplifier by 

using a graphic interface.  

 

3.3.6 The Recording (Write) Circuit 

 

The write circuit amplifier inside the TI-SR1843 chip needs a differential Pseudo 

Emitter Coupled Logic (PECL) signal input to drive the current through the write head. 

However, the signal from the function generator is Transistor-Transistor Logic (TTL) 

signal. Therefore, a TTL-to-PECL circuit, shown in Figure 3.10, was designed and 

manufactured based on the MAX9370 chip. It is a dual LVTTL/TTL-to-

LVPECL/PECL translators that operate at frequencies in excess of 1 GHz. The resistors, 

R5, R6, R11 and R12 are used to provide 50Ω π -impedance matching. The TLV1117 is 

a 3.3V voltage regulator to provide correct voltage level for the MAX chip. The contact 

recording system is operated at low speeds (51.28µm/s ), thus, requiring low frequency 

write signal in the Hz range. Therefore, this circuit provides very high-performance 

clock signal for the system. The write amplifier inside the TI-SR1843 also provides a 

very high speed write frequency which can be up to 1 GHz and controllable write 

currents in the range 10-60mA. The write current can be set via the GUI software.  

 



Chapter 3                                                                    The Contact Recording Test System 

 

 

 62 

J9

VCC

5V U3
TLV1117

G
N
D

OUTPUTINPUT
C3
10uF

C4
100uF

C5
10nF

C6
100nF

U4

MAX9370

Q0

Q0-

Q1

Q1- GND

D1

D0

VCC

R5
130Ω

R6
82Ω

R11
130Ω

R12
82Ω

 

Figure 3.10 Write signal translator circuit to enable using external signals, applied through a signal 

generator, with the HSA write amplifier. 

 

The main features of the write amplifier (TI-SR1843) in the head assembly are: 

• Write current range = 10mA to 60mA (4bit) 

• Maximum writer toggle rate of 2.0Gbits/second 

• High-speed write current rise/fall times 180pS 

• differential PECL Voltage mode write data input 

 

3.3.7 The Read Circuit 

 

The preamplifier TI-SR1843 provides a differential output voltage signal which can be 

measured directly using a differential probe. The differential probe then converts the 

differential signal to a single ended signal, that the DPO can measure and send to the 

PC. The read circuit inside the preamplifier is configured to use current bias mode. In 

this mode, a bias current is applied to the MR sensor while the voltage across the MR is 

monitored. The bias current of the MR sensor is controllable which can be set between 

0.071mA to 2.4mA. The selection of bias current will be made in Chapter 4. The 

voltage gain of the read circuit was set to 5 and the band-pass filter (0.5MHz-1GHz) 

inside the preamplifier is disabled since the contact recording tester operates at low 
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frequencies. Therefore, the operating bandwidth of the preamplifier in the contact tester 

spans DC-1GHz. 

 

The read amplifier main characteristics are: 

• MR resistance range = 60Ω to 500Ω 

• MR head bias current range = 0.071mA to 2.4mA (6 bit) 

• Preamp input noise = 1.8nV with RMR = 150Ω 

• Programmable read bandwidth up to 1GHz -3dB 

 

3.3.8 Record/Readout Heads 

 

The recording head used in this system was taken from commercial perpendicular hard-

disk drive (Seagate 7200.10 (2006)). A head stack assembly was removed from the 

drive and then a scanning electron microscope (SEM) was used to image the head for 

analysing its structures and geometries. It was found that the head has a trailing shield 

(TS) write head structure and a shielded Tunneling MagnetoResistive (TMR) sensor as 

shown in Figure 3.11. The TS design provides significant improvement in write field 

gradient, jitter and thus track density capability gain over a non-TS (Weixing, Hajime et 

al. 2004; van der Heijden, Bonhote et al. 2006). 

 

 

(a) 
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(b) 

                             

(c) 

Figure 3.11 (a) SEM images of perpendicular write/read heads used in the contact recording 

system, (b) focused SEM image of the writer and (c) focused SEM image of the reader.  

 

The SEM images reveal that the trailing pole width of the writer was approximately 

170nm. The TMR sensor length was 10nm and the gap between the shields and the read 

element was 8nm. These parameters are very important for replay signal modelling and 

were used in Chapter 2. These parameters were also used to extract the magnetic 

transition details using inverse filtering in Chapter 5. 
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3.3.9 The GUI Control Software  

 

A GUI control software has been developed using Visual Basic and MATLAB. The 

software allows the user to control all the functions and capabilities of the contact 

recording tester, such as performing write, read, erase operations and also control the 

piezo stage to move a disk sample to desired x-y positions. Figure 3.12 shows the main 

window of the software. In addition, the software was also programmed to allow the 

user to easily carry out parametric tests such as saturation curves, roll-off curves, replay 

signal width and transition jitter noise tests. In addition to the standard tests, the tester 

was programmed to produce magnetic imaging plots which are similar to Magnetic 

Force Microscopy (MFM) images. An overview of the main components of the contact 

recording system are illustrated in Figure 3.13. 

 

 

Figure 3.12 Screen shot of the software control developed for the contact recording system. 
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Figure 3.13 Main components of the developed contact recording test system. 

 

 

 

Figure 3.14 Modified HSA making contact and carrying write/read experiments on a disk sample. 
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3.4 System Testing 

 

In this section, the results of testing the contact recording system are presented. The 

tests include write, read, and two-dimensional imaging. This is to ensure that the 

hardware and software are working correctly. This will also help to provide technical 

information for system troubleshooting.   

 

3.4.1 Write Circuit Testing 

 

The write clock is generated using the signal generator. The main function of the write 

circuit is to convert a TTL signal from the signal generator into a PECL signal. In order 

to verify that this circuit works, TTL signals at various frequencies from 10Hz to 

15MHz (maximum setting of signal generator) were generated and the input and output 

signals of the write circuit were captured by the DPO. Figure 3.15 (a) and (b) show the 

captured TTL input signal (upper trace) and the PECL output signals (two lower traces) 

for two frequencies: 100Hz and 5KHz. The circuit converts the TTL signal into one 

positive and one negative signals as required for the write driver input of the 

preamplifier. According to the measurement results, the circuit works perfectly. 

Saturation tests using this circuit, at different write currents will be detailed in Chapter 

4. 
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(a) 

 

 

(b) 

 

Figure 3.15 Input and output signals captured to test the operation of the write circuit.  

(a) TTL-to-PECL at 100Hz (100KFCI) and (b) TTL-to-PECL at 5000Hz (5000KFCI). 
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3.4.2 Read Circuit 

 

In order to test the functionality of the read circuit, write then read operations were 

performed on the commercial perpendicular disk. The disk was firstly ac-erased with 

high write current (45mA) to remove old information and then four data tracks of square 

wave patterns with different linear densities were recorded. The head assembly was then 

scanned, in contact over the recorded tracks to read the data. 
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Figure 3.16 Replay signals at 25KFCI, 50KFCI, 100KFCI and 200KFCI recorded patterns. Scan 

speed was 51.28µm/s. 

 

Figure 3.16 shows the captured replay signals of 25KFCI, 50KFCI, 100KFCI and 

200KFCI recorded patterns. The bias current was set to 1mA. It is clearly seen that the 

contact recording tester can record data patterns on the disk sample. Even at a high 

linear density of 200KFCI, the system produced a good readout signal. The highest 

linear density for this medium is 800KFCI and is used for AC erasure purposes. A 

thorough characterisation of the replay performance and disk will be presented in 

Chapter 4. 
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3.4.3 Two-Dimensional Scan Imaging 

 

One important aspect of this research is the two-dimensional (2D) imaging of the 

written data on the disk sample. A 2D scan image of the sample can provides a wealth 

of information of the overall recording capabilities of the system. Magnetic Force 

Microscopy (MFM) is one of the great applications of Scanning Probe Microscopy 

(SPM) techniques, and is the most widely used method in magnetic recording for 

studying the magnetic microstructure of recorded patterns. 

 

3.4.3.1 Principle of operation of MFM 

 

The principle of operation of the MFM system is illustrated in Figure 3.17. The sample 

is raster-scanned with an extremely fine tip. The tip is mounted on a flexible cantilever 

and is brought close to the sample to follow the surface contour of the sample. Since the 

tip is coated with a ferromagnetic thin film, the stay field emanating from the sample 

interacts with the tip and causing the movement of the cantilever.  

 

 

Figure 3.17 An MFM imaging system. 

 

The tip and cantilever are forced to oscillate at around their mechanical resonance 

frequency by an ac signal which is applied to a piezo element. When the tip moves over 

the sample, a magnetic force alters the probe oscillation and the derivative of this force 

is proportional to the phase change of the probe’s oscillation frequency. The raw MFM 

image is obtained by plotting this phase change versus the two-dimensional spatial 

position (Mayergoyz 2007).  
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The voltage image plot of the contact recording test system is obtained in similar way to 

the raw MFM image. However, in our case, the TMR head is used to sense a magnetic 

field from the sample and then the raw image is plotted. It should be mentioned that the 

magnetic image plot here is simply the two-dimensional plot of the voltage versus x-y 

positions. However, under certain conditions discussed in Chapter 5, the shape of the 

replay signal is a very close representation of the magnetisation distribution on the 

surface of the recording medium. An example of recovering the magnetisation transition 

profile using deconvolution techniques will be presented in Chapter 5. 

  

3.4.3.2 Image Alignment 

 

Before imaging the 2D readback waveforms from the contact tester, it is necessary to 

align the array of scanned waveforms, as they are misaligned due to positioning error 

caused by thermal drifts, mechanical jitter and trigger delays. Therefore, an alignment 

technique based on cross-correlation is employed. Figure 3.18 (a) shows misaligned 

replay waveforms of a recorded track after successive cross-track scans. The resolution 

of the cross-track scan was 15nm. These signals were aligned by determining the down-

track off-sets between adjacent waveforms using successive cross-correlations. For 

example, the first waveform (in a 2D array) was selected as the reference, and then the 

off-set of the second waveform was determined from the maximum cross-correlation 

value of the first and second waveforms. The second waveform is then shifted by an 

amount equal to the off-set value to align it with the first (reference) waveform. This 

process is repeated to align all the scanned cross-track signals with the first reference 

signal. The aligned signals are shown in Figure 3.18 (b). 
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Figure 3.18 Replay waveforms at 50KFCI (a) before and (b) after alignment of signals using the 

developed autocorrelation-based alignment algorithm to allow averaging of captured signals and 

improvement of their signal-to-noise ratio. 

 

Figure 3.19 (a) and (b) show the 2D raw voltage image of recorded data on a 

perpendicular disk before and after alignment respectively. The importance of the 

alignment is clearly demonstrated. 

 

Figure 3.19 A 2-D readback image (a) before and (b) after alignment. 
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3.4.3.3 Example 2D Images from the Contact Recording Tester 

 

This simple example compares a 2D voltage image obtained with the developed contact 

recording tester, with an MFM image of the same recorded pattern. The disk sample 

was a perpendicular disk medium from a commercial hard-drive. The whole disk was 

recorded with square wave patterns at linear densities 25KFCI, 50KFCI, 100KFCI, 

200KFCI and 400KFCI after AC erasure.  Then the disk was cut into small pieces that 

can be placed on the sample holder of the MFM system and the contact recording tester. 

The MFM probe specification is shown in Figure 3.20. The MFM lift height was 30nm, 

the scan rate was 0.5Hz and the scan resolution was 256 samples on the Veeco Innova 

SPM. 

 

 

Figure 3.20 MFM probe specification of the Veeco Innova SPM (Veeco Instruments 2010) that was 

used in the measurements. 

 

Figure 3.21 (a) shows the 2D voltage scan image obtained from the contact recording 

tester, with a cross-track scan resolution of 50nm while Figure 3.21 (b)  is the magnetic 

image (MFM image) from the Veeco Innova SPM. 
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(a) 

 

 

(b) 

 

Figure 3.21 (a) Two-dimensional voltage scan of a perpendicular disk medium obtained using the 

contact recording tester and (b) MFM image of the same perpendicular disk medium measured 

using the Innova SPM using MFM mode. 

 

It can be observed that there is good agreement between the magnetic image from the 

MFM and voltage image from the contact tester. The image confirmed the recorded 

signal frequencies (linear densities). At high linear densities (400KFCI), both 

instruments cannot spatially resolve the transitions clearly. This problem can be 
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remedied by employing new modern heads, which have a smaller read sensor size that 

can increase the spatial resolution of the contact tester. It can be seen that the contact 

tester provides the ease of use for plotting 2D voltage images for quick analysis during 

the record/readout measurements without the need of removing the sample to the MFM 

system. Moreover, when inverse filtering is used with high resolution readout signal 

from the contact tester, more accurate and robust magnetic imaging is obtained than the 

MFM (Mayergoyz and Tse 2007). 

 

3.5 Summary 

 

A high precision contact recording test system has been developed to carry out the 

signal and noise measurements on conventional and future magnetic samples. It is an 

open system which allows various types of media and heads to be analysed. 

 

This system employs a piezo-electric x-y translation stage with nominal positioning 

resolution of 1nm to move the magnetic sample in contact with a stationary single-pole 

write/Tunnelling Magnetoresistive (TMR) read head assembly. In addition, a Tektronik 

DPO7104 digital scope, signal generator and electronic interface boards are fully 

controlled and synchronised by a PC to allow automated signal and noise measurements 

on the developed system.    

 

Control software has been developed to control the motion stage, data acquisition and 

perform test algorithms. The possible basic parametric tests that can be conducted using 

the contact system include saturation, roll-off, overwrite, transition jitter noise, cross-

track based tests and two-dimensional voltage scans.  
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Chapter 4 

 

 

Record and Readout Measurements 

  

 

 

4.1 Introduction 

 

The aim of this chapter is to present and analyse experimental measurements carried out 

using the developed contact tester. The measurements were carried out on a commercial 

perpendicular medium and a single pole/TMR head assembly. 

 

The magnetic characteristics of the disk medium will first be examined. This will be 

followed by parametric test to identify the optimum record/readout system parameter 

for the head/medium combination used. Finally, transition jitter noise is measured using 

a time-domain technique. Using signal and noise information, the maximum areal 

density of the head and medium combination is analysed.     

 

 

 



Chapter 4                                                                    Record and Readout Measurements 

 

 

 77 

4.2 General Magnetic Media Characterisation 

 

4.2.1 Hysteresis Loop 

 

A hysteresis loop is obtained by measuring the magnetisation as a function of the 

applied field for a ferromagnetic sample. Figure 4.1 illustrates typical hysteresis loop. 

The loop provides the relation between the magnetisation M and the applied filed H.  

 

 

Figure 4.1 Typical hysteresis loop of recording medium. 

 

The maximum magnetisation is called saturation magnetisation, Ms. The remanent 

magnetisation, Mr is the remaining magnetisation when the applied field H is reduced to 

zero. The squareness is defined as the ratio of r

s

M

M
, it is a measure of how square the 

hysteresis loop is. The coercivity cH  is the level of applied field required to reduce the 

magnetisation to zero after saturation. The physical meaning of cH  is dependent on the 

magnetisation process. In magnetic recording, a writer needs to be able to generate a 

field that exceeds cH  in order to switch the magnetisation direction on the medium. 
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4.2.2 Perpendicular Recording Media Measurement 

 

A 3.5 inch commercial disk with Al substrates was taken from a Seagate’s hard-disk 

drive model 7200.10 (2006). The drive had capacity of 80GB with areal density of 

101Gb/in
2
. The magnetic medium was perpendicular with a soft underlayer. The disk 

was analyzed using a Magneto-optic Hysteresis loop Kerr plotter and X-Ray diffraction 

spectral analysis that were carried out using the INCA Oxford Instrument in the college 

of Engineering at the University of Exeter. The disk sample was prepared by cutting the 

disk into small pieces. A small piece of sample was then coated with gold layer 10nm 

thick in order to increase the resolution of the X-Ray diffraction spectra. The sample for 

the Magneto-optic Hysteresis loop measurement does not requires this process. The 

measurements were done by Dr. Lesley Wears at the University of Exeter.  

 

Figure 4.2 shows the measured hysteresis loop with coercive field, cH , of 5000 Oe. The 

INCA Oxford Instrument was used to analyse the composition of the magnetic medium 

stack with results shown in Figure 4.3. The spectrum indicates that the disk is primary 

made from a CoCrPt magnetic recording layer, NiFeC for the SUL and Ru for the seed 

layer.  
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Figure 4.2 Hysteresis loop of the disk sample measured using a Kerr plotter, and showing a 

coercivity of around 5000 Oe. 
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Figure 4.3 X-Ray diffraction spectrum of the commercial perpendicular recording disk. 

 

The commercial medium used in this work has similar structure to typical recent 

perpendicular recording media as shown in Figure 4.4 (Piramanayagam and Srinivasan 

2009). In this stack, the substrate is made from AlMg alloy or glass and on top of this 

layer is an adhesion or interface layer made of Ti or Ta. The next layer is a SUL to help 

in the writing process and act as an image head. The next layer is the seed layer for 

exchanging decoupling the SUL and magnetic layer. The magnetic layer is normally 

made of CoCrPt along with some oxide (Si, Ti) and the carbon overcoat layer and 

lubricant layer are needed to protect the magnetic layer from mechanical impact during 

HDD operations.    

 

 Carbon   

Magnetic layer  CoCrPt-oxide Si, Ti 

Seed/Ex-decoupling layer  Ru/Ta, CuTi/Pd 

SUL  FeCo, NiFe, CoTzZr 

    

Adhesion layer  Ti,Ta 

Substrate  AlMg, Glass 

 

Figure 4.4 Structure of a typical current perpendicular recording medium. 
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4.3 Parametric Tests 

4.3.1 Saturation Curve 

 

To determine the suitable write current for the head and medium combination in this 

work, the saturation curve is measured in which the measured Track Average 

Amplitude (TAA) is plotted as a function of increasing write current. The saturation 

curve provides the information of the optimum write current that maximises the readout 

signal for the recording system.  

 

Figure 4.5 shows the saturation curve of the commercial disk medium used in this work. 

The measurements were carried out on the contact recording tester. For high density 

recording, the saturation curve should be tested at a short wavelength; thus a linear 

density of 200KFCI was selected. Data tracks a linear density of 200KFCI were 

recorded on the medium at different write currents then the TAA of the replay signal 

was measured and plotted.  
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Figure 4.5 Saturation curve of commercial medium tested on the contact recording tester; used to 

determine the optimum writing current for head/medium disk combination used in this work. 
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It can be observed that at write currents beyond 30mA, the output amplitude remains 

almost constant. Higher write currents can be used, but can cause the undesirable effect 

of head saturation that limits the performance of the write head. Hence, the optimum 

write current can be selected at this point (30mA). However, the overwrite condition 

need also to be considered. The overwrite will be presented next. 

 

4.3.2 Overwrite Curve  

 

The overwrite test consists of the following steps: 

• A square wave pattern with low frequency (25KFCI), 1f  is written and its replay 

signal is captured. The FFT is employed to transform the replay signal into the 

frequency domain and then the magnitude of the fundamental 1f , is measured as 

1A . 

• A pattern with higher frequency (50KFCI), 2f , is written on the same track over 

the old data pattern and its replay signal is captured. Then, the replay signal is 

transformed to the frequency domain and the residual signal at frequency 1f  is 

measured as 2A . 

• The overwrite ratio is calculated as: 

 

 2
10

1

A
OW = 20log ( ) (dB)

A
 (4.1) 

 

Figure 4.6 shows the overwrite curve of the commercial disk tested on the contact tester. 

The bias current of the read element was 1mA. The details of the chosen bias current 

will be discussed in the next section.  

 

Generally, the overwrite ratio indicates the ability of the new data pattern to suppress 

the old pattern. The overwrite ratio should be kept below -30dB (Bertram 1994). 

According to the results, it can be seen that to maintain an overwrite capability the write 

current need to be at least 20mA. Furthermore, by considering the saturation and 

overwrite curves, a write current at 30mA was selected due to higher replay amplitude 

and since overwrite ratio at this point is below -30dB.  
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Figure 4.6 Overwrite curve of commercial disk tested on contact recording tester. 

 

4.3.3 TMR Bias Current 

 

Improper setting of the bias current of TMR readout element can cause unwanted 

noises, such as Barkhausen noise and baseline popping noise (Li, Wang et al. 2000). 

Thus, it is important to optimise the bias current of the readout element. In this section, 

optimum bias current for the TMR read element was examined by plotting peak average 

voltage and the transition noise versus bias current. Ideally, optimum bias currents could 

be selected by considering the middle point of the relationship between bias current and 

output voltage. In the measurements carried out on the commercial perpendicular 

medium on the contact tester, the bias current was varied from 0.18mA to 1.95mA.  

 

The operation of the read element can be seen in Figure 4.7 where the output voltage is 

directly proportional to the bias current. Furthermore, the bias current as a function of 

transition noise was also measured and shown in Figure 4.8. Transition noise 

measurement will be presented later in this chapter. It can be observed that in order to 

minimise the transition noise, the bias current should be at least 0.8mA. Therefore, bias 
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current at 1mA was chosen which is around in the middle of linear operation and also 

maintain low transition noise. 
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Figure 4.7 Bias current versus peak average amplitude; used to determine the optimum (linear) 

bias current for the TMR readout element. 
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Figure 4.8 Bias current versus transition noise; used in combination with the peak average 

amplitude measurement in Figure 4.7 to determine the optimum bias current for the TMR readout 

element in this work. 
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4.3.4 Signal Roll-Off Curve 

 

Signal roll-off curves were obtained by writing a square wave pattern at different record 

wavelengths and then measuring the peak replay signal value (TAA) at each bit 

separation. A 50D  refers a linear density where the peak voltage has reduced to half of 

its maximum value. 

 

The captured replay signals for the linear densities of 100KFCI, 200KFCI, 400KFCI 

and 600KFCI and the experimental roll-off curve compared with theoretical curves are 

illustrated in Figure 4.9 and Figure 4.10 respectively. The signal distortion at high linear 

densities is mainly due to the partial erasure and the intersymbol interference (ISI).     
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Figure 4.9 Measured replay signal of 100KFCI, 200KFCI, 400KFCI and 600KFCI recorded 

patterns (top to bottom). 
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Figure 4.10 Measured signal roll-off curve of the disk sample compared with theoretical curves 

calculated using the arctangent and tanh transition models. 

 

The theoretical curve was plotted by using reciprocity in Chapter 2 with a transition 

width ‘a’ parameter of 14.5nm using the arctangent function, and 18.5nm for the tanh 

function. The ‘a’ parameters were obtained from inverse filtering analysis described in 

Chapter 5.   

 

It can be noticed that at around 450KFCI the measured signal amplitude drops to half of 

the maximum amplitude. This implies that the linear density at 450KFCI would be the 

maximum operating density. It is also seen that good agreements between the 

calculation and experimental roll-off curve was obtained, particularly using the tanh 

transition function. However, at linear densities beyond 450KFCI, linear superposition 

does not fit well to the experimental curve due to non-linear effects such as partial 

erasure at high linear densities (Bertram 1994) as shown in the captured replay signal of 

600KFCI in Figure 4.9. 
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4.3.5 50D  and 50T  Relation 

 

Another method of estimating the maximum areal density of a disk system is to consider 

the width of the isolated replay signal at 50% of its maximum value ( 50T ). The 

definition of 50T  is shown in Figure 4.11. 

 

Figure 4.11 Isolated replay signal and definition of 50T . 

 

The maximum system operating density, or 50D , can be estimated from pulse width of 

the isolated replay signal (Valcu, Roscamp et al. 2002). This approximation is based on 

comparison between experimental signal measurements and theoretical calculations and 

is given by: 

 

 50 50D T 0.56≈  (4.2) 

 

From the readout simulations in Chapter 2, it was found that 50T  for an arctangent 

transition is 25nm and for the tanh function is 30nm. Using these values the 50D was 

calculated using equation (4.2) as 552KFCI and 460KFCI for the arctangent and tanh 

functions respectively. These values are in good agreement with the measured 50D value 
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of 450KFCI from the roll-off curve in Figure 4.10. This is also evident from the 50T  

measurement on the commercial perpendicular medium at a frequency of 50KFCI 

producing a value of 31.35nm as shown in Figure 4.12 (a). The process of measuring 

50T and estimating 50D was automated on the contact recording tester software as shown 

in Figure 4.12 (b). 50T  is first measured from the captured replay signal and then 

substituted in (4.2) to estimate the operating areal density of the system.  
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Figure 4.12 50T from the measured replay signal (a) and the screen capture of the software reported 

50T and 50D values (b). 
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4.4 Transition Noise 

 

Noise in magnetic recording systems arises from several sources such as electronic 

noise, replay head noise and recording medium noise. This section will concentrate on 

transition noise in the recording medium as it is considered as the limiting noise source 

in HDDs, and understanding its behaviour is important for the design of channels that 

minimise its effects. 

 

Noise measurements can be performed using time domain or frequency domain 

analysis. In the frequency domain, a spectrum analyzer and off-line post processing are 

required. The noise spectrum of a replay signal includes contributions of the electronic, 

head and medium noise. Thus, electronic and head noises need to be removed from the 

replay spectra in order to extract the transition noise spectrum. This is normally 

achieved by subtracting the spectra of electronic and head noises while the head is 

unloaded from the disk from the captured replay spectra (after removing the signal 

spikes). There is also the DC and AC noise contributions which must also be removed 

before analysing jitter noise. The outcomes of spectral noise measurements is the noise 

power spectral density at different write frequencies. The process of extracting the noise 

spectra is time consuming and its accuracy is limited by the off-line post processing 

stages.  

 

In the time domain, timing jitter of transitions recorded by square wave recording can 

be obtained using a time interval meter (C. Denis Mee 1990). The root-mean-square 

(rms) of the time jitter is then calculated to provide the jitter noise standard deviation. 

Another approach to measure transition noise in the time domain is to use captured 

noisy replay signals and compare them with a reconstructed ideal signal. This approach 

has been chosen for the contact tester since the DPO can capture a replay signal at very 

high sampling rates that provide excellent measurement accuracy. Thus, no separate 

device or additional connector and hardware are required for the noise measurements. 

The algorithm for extracting timing jitter was implemented in the GUI software on the 

contact recording tester and is presented next. 
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4.4.1 Measuring Transition Jitter Noise Algorithm 

 

The algorithm is adapted from a Tektronik application note for analyzing clock jitter in 

communication system (Tektronik 2008). Generally, this method works by comparing 

the positions of zero crossings of the ideal and noisy signals and then subtracting them 

to work out the jitter noise. The algorithm is as follow: 

 

(i) Determine the zero crossing of the measured (noisy) waveform. 

(ii) Determine the number of transitions in the measured signal and store in a clock   

array.          

(iii) From the clock array, the location of the next transition can be determined 

using the first transition location and assuming a constant symbol rate as: 

 

 
location of next transition = measured location of the first transition 

                                                      + clocks/symbol rate
 (4.3) 

 

The above expression derives all the ideal edge (transition) locations in the captured 

replay waveform. This equation can be written in the form of a straight line equation 

as: 

 

 y = a + clocks × b  (4.4) 

 

where ‘y’ is the transition location, ‘a’ is the measured (known) location of the first 

transition and ‘b’ is ( )1 symbol rate or timing interval. By plotting the ideal 

transition locations versus the actual transition positions from step (i), the average 

symbol rate ‘b’ in the equation (4.4) above that gives the best fit between the ideal 

and measured transition locations can be obtained. 

 

(iv) After the average symbol rate is calculated, the ‘noiseless’ transition locations 

can be reconstructed from:  

 

 reconstructed transition  a + clocks × b=  (4.5) 
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(v) The jitter is then calculated by subtracting the measured ‘noisy’ transition 

locations from the reconstructed ‘average’ transition locations: 

 

 jitter  reconstructed transition location  measured transition location = −  (4.6) 

 

The RMS jitter is then calculated by  

 

 

2jitter
RMS Jitter = 

number of transitions

∑
 (4.7) 

 

An example of measuring transition jitter noise is shown in Figure 4.13. The replay 

signal of a 25KFCI recorded track was captured using the DPO at very high sample rate 

since accuracy of this method depends largely on the number of samples in the 

transition region. The more samples, the more accuracy can be obtained.  

 

In Figure 4.13 (a), the zero crossings of the replay signal were determined from the 

locations of the noisy transitions. Linear regression was then performed to find the 

average symbol rate for determining the ideal transition locations in (4.5) as shown in 

Figure 4.13 (b). 

 

In Figure 4.13 (c), jitter noise is then determined by subtracting the locations of zero 

crossing (noisy) from the reconstructed locations. Finally, the RMS jitter noise is 

calculated using (4.7) for all the transitions in the captured waveform.  
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y = a + clocks × b  
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Figure 4.13 illustrating the adopted, time-domain algorithm for estimating the transition jitter 

noise.  (a) Captured replay signal at 25KFCI, showing zero crossings and reconstructed transitions. 

(b) Showing linear regression of measured transitions and clock array. (c) Magnified section of a 

transition region showing the measured and ideal zero crossing locations. 

 

In Figure 4.14, the transition noise was measured as a function of linear density. The 

DPO was set to 200µs per point which is a very fast sampling rate compared to the 

frequency range of Hz on the contact tester. The write current was 30mA and the bias 

current was 1mA. It can be seen from the figure that transition noise increases with 

linear density, almost linearly at low frequencies. The rise in transition noise can be 

attributed to the increase in proportions of noisy regions or noise power with the 

increase in linear density. Partial erasure may be attributed to the reduction of noise 

(and signal) power at high linear densities. Transition noise starts to decrease rapidly 

after a peak at a linear density of 450KFCI and then drops to the system noise floor at 

700-800KFCI.     

Jitter = Reconstructed Transition – Zero Crossing 
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Figure 4.14 Measured rms transition jitter noise of the disk sample, using the time-domain 

algorithm, at various linear densities. 

 

4.4.2 Areal Density 

 

An areal density or bit density refers to the amount of data that can be stored on the disk 

medium per square inch. The first hard-disk in 1956, RAMAC developed by IBM had 

an areal density of two thousand bits per square inch (2kBits/in
2
). The areal density of 

hard-disk drives has increased dramatically over the year. Current magnetic and optical 

disks have areal densities of several gigabits per square inch.  

 

The areal density can be calculated from the product of linear density and track density. 

 

 ( ) ( ) ( )Areal Density AD   Track Density TPI  x Linear Density KFCI=  (4.8) 

 

Track density is a measure of how tightly the tracks can be packed in one inch, and has 

a unit of tracks per inch (TPI). For example, for the commercial disk and heads used in 

this research, the track width was 150nm, giving a maximum track density of 

approximately 169,333 tracks per inch (assuming that there are no guardbands between 

tracks as will be explained further on). 
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Linear or recording density is a measure of how tightly the bits are packed within a 

length of a track, in flux changes per inch (FCI). The maximum flux changes per inch 

can be estimated from the 50D  value which was 450KFCI from the roll-off curve. 

Therefore, in this case, the commercial disk would be able to support an areal density of 

76.2Gb/in
2
. It should be noted that the areal density from the contact system is the 

minimum value since in actual operation of the hard-drive, there are many signal 

processing techniques that are employed in order to improve the areal density. The 

squeezed track technique (Arnett and McCown 1992; Miura, Yamamoto et al. 2009) is 

one of the methods that have been used for this Seagate 7200.10 drive; the data tracks 

are recorded with almost no guardband between adjacent tracks. The track pitch is 

reduced to 120nm. Thus, the track density increases to 211,666 TPI, giving an areal 

density around 100Gb/in
2
. 

 

4.5 Summary 

 

The contact recording tester was shown to be able to perform standard parametric 

measurements and noise measurements. The optimal write current was determined from 

the saturation and overwrite (OW) curves. The overwrite ratio needed to be at least -

30dB while maintaining high signal amplitude. 

 

The comparison of the experimental and theoretical roll-off curves showed that the tanh 

transition function is better representation of the actual magnetic transition than the 

arctangent function. The maximum linear density for the medium used was around 

450KFCI.  

 

A time domain technique was used to measure transition. It is found that transition noise 

increased with increasing linear density and dropped sharply after the 50D point. It was 

found that the commercial disk had a maximum areal density of 76.2Gb/in
2
. However, 

by employing squeezed track recording, an areal density at 100Gb/in
2
 can be achieved.  
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Chapter 5 

 

 

Estimation of Recorded Magnetisation Transition 

Shape using Weiner Deconvolution 

  

 

5.1 Introduction 

 

The reciprocity principle in magnetic recording is a correlation integral of the 

magnetisation and the head field function. The magnetisation is normally assumed to 

follow the hyperbolic tangent (tanh) or arctangent (tan
-1

) functions. The estimation of 

the magnetisation shape on a disk medium can be determined from the reciprocity 

theorem and this involves a deconvolution (or inverse filtering) process.  Since, in 

perpendicular recording mode, the perpendicular component of the head field is an even 

function, then the correlation and convolution are equivalent. 

 

The aim of this chapter is to present the Wiener deconvolution technique. This 

technique is used for removing noise from measured replay signal and extracting the 

magnetisation transition based on a deconvolution process. The purposes of estimating 

the magnetisation shape and transition width is to use them in theoretical studies of the 

record and the readout process to estimate the performance of a given head-medium 

combination. Moreover, this technique is also applicable to magnetic imaging using 

recording testers (Mayergoyz and Tse 2007). 
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The chapter will start by illustrating the principle of the Wiener deconvolution 

technique. This will be followed by analyses of the performance of the magnetisation 

shape recovery process using simulated replay signals with added random noise and 

then applying the Wiener deconvolution filter to recover the shape of magnetisation 

transition. The computational error in the modelling and recovery process due to signal-

to-noise ratio (SNR) of the processed signal will be examined. Experimental results, 

carried out using the contact and non-contact recording testers, of a perpendicular disk 

medium, will then be presented.  

 

5.2 Deconvolution Process 

 

From Chapter 2, the replay signal in the perpendicular recording mode can be written, in 

two dimensions, using the reciprocity principle as: 

 

 

d+δ

y y y

y=d x=-

e (x) = C M (x) H (x+x, y) dxdy

∞

∞

⋅∫ ∫  (5.1) 

 

where C is a constant, x = vt  and v is the linear velocity of the disk. The y subscript 

denotes the consideration of the perpendicular components of the head field and 

magnetisation.  

 

Taking the Fourier transform of (5.1) with respect to x yields: 

 

 y y yE (k) = C M (k) H (k) ⋅ ⋅   (5.2) 

where 

 

 

d+δ

y y

y=d

H (k) = H (k,y) dy∫  (5.3) 

 

yE (k)  is the Fourier transform of the perpendicular isolated replay signal, yM (k) is 

magnetisation transform and yH (k)  is the head field transform. k is the wavenumber 

(spatial frequency) given by k = 2π / λ  where λ  is the wavelength. 
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Figure 5.1 Simple diagram of reproduction process of replay signal. 

 

Figure 5.1 shows a simplified diagram that illustrates the production of a practical 

replay signal s(x) , from the magnetisation distribution yM (x) and the head field yH (x)  

in the presence of the noise n(x) . The spatial measured replay signal s(x) therefore 

consists of an ideal replay, ye (x) , and noise, n(x) , signals, where the ideal replay signal 

is a correlation of the magnetisation transition yM (x) and the head field yH (x)  as 

shown in Figure 5.1 and represented by equation (5.1). Hence, the spatial measured 

replay signal including the noise can be written as: 

   

 ys(x) = e (x) + n(x)  (5.4) 

 

The Fourier transform of the measured replay signal s(x)  with random noise added 

n(x)  can be written as: 

 yS(k) = E (k) + N(k)  (5.5) 

 

where N(k)  is the Fourier transform of the noise signal. The noise signal includes the 

contribution of the electronic and head and medium noise (AC and DC erase noise). 

Jitter noise at low frequencies is negligible to be considered here in the analysis. 

 

It can be seen from (5.2) that it is possible to reconstruct the Fourier transform of the 

magnetisation by dividing the replay signal transform by the head field transform. The 

constant C can be ignored since this chapter concentrates on the mathematical shape of 
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the magnetisation transition. Therefore, the Fourier transform of the reconstructed 

magnetisation yM (k) ɶ can be determined as:  

 y

y

S(k)
M (k) = 

H (k)
ɶ  (5.6) 

 

The recorded magnetisation function can then be obtained by taking the inverse Fourier 

transform of (5.6). However, there are several difficulties with equation (5.6) where 

direct calculation cannot be implemented due to the noise enhancement when 

yH (k) 0→ . To avoid the noise enhancement, the Wiener filter will be employed to 

remove noise from measured replay signals. The principles and operation of Wiener 

deconvolution will be presented in the next section. 

 

5.3 Wiener Deconvolution 

 

Wiener deconvolution is an application of the Wiener filter to minimise the effect of the 

noise on the deconvolution process. This technique works in the spatial frequency 

domain, attempting to minimize the effect of deconvoluted noise by convolving an 

optimal filter, Φ(k) , with the measured replay signal (J.S.Lim 1990). 

 

 y

y

S(k)
M (k) = Φ(k)

H (k)
⋅ɶ  (5.7) 

 

The Wiener optimal filter can be determined based on least-square minimisation of the 

error between the ideal and recovered magnetisation, which can be expressed as: 

 

 
2

y yγ(k) = M (k) - M (k)Ε ɶ  (5.8) 

  

where E  denotes expectation or average of x, 
-

Ε(x) = x f(x) dx

∞

∞

 
⋅ 

 
∫ and f(x) is the 

probability density function.  
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Substituting (5.7) in (5.8) yields: 

 

 

2

y

y

S(k)
γ(k) = Ε M (k) - Φ(k)

H (k)
⋅  (5.9) 

 

Substituting (5.5) in (5.9), the following rearrangement can be made: 

 

 

2

y

y

y y

E (k) Φ(k)
γ(k) = Ε - E (k) + N(k)

H (k) H (k)
    (5.10) 

 

Assuming that the noise is independent of the signal, i.e. Ε S(k) N(k)  = 0⋅ , then (5.10) 

can be manipulated and reduced to: 

 

 2 2

2

y

1
γ(k) = R(k) 1-2Φ(k)+Φ (k) +Φ (k)Q(k)

H (k)
      (5.11) 

 

where 
2

yR(k) = Ε E (k) is the power spectral density (PSD) of the replay signal and 

2
Q(k) = Ε N(k) is the PSD of the noise signal. 

 

To find the minimum error value, equation (5.11) is differentiated with respect to Φ(k)  

and set equal to zero as: 

 

 ( )
dγ(k)

 = R(k) 2+2Φ(k) +2Φ(k)Q(k) = 0
dΦ(k)

 (5.12) 

 

Finally the Wiener optimal filter that minimises the mean square error is found from 

solving (5.12) for Φ(k) : 

 

 
R(k)

Φ(k) = 
R(k)+Q(k)

 (5.13) 
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The Wiener filter requires the head field transform that can be obtained from the theory 

as described in Chapter 2 and the PSD of the noise signal that can be estimated from the 

noise variance of the captured replay signal (Martin 2001). Thus, the Wiener optimal 

filter can be rewritten in term of the noise variance as: 

 

 
2

R(k)
Φ(k) = 

R(k)+
n

σ
 (5.14) 

   

where 
22 E N(k)

n
σ = is the variance of the assumed additive white Gaussian noise 

component in the replay signal. The magnetisation distribution estimate yM (x)ɶ  can then 

be determined by inverse Fourier transform of yM (k)ɶ . 

 

5.3.1 Interpretation of Wiener Filter Operation 

 

The operation of the Wiener filter can be understood by rewritting equation (5.13) as: 

 

 

1
Φ(k)  =  

Q(k)
1+

R(k)

1
         =  

1
1+

SNR(k)

 
 
 
 
  

 
 
 
 
  

 (5.15) 

 

It can be observed that the filter response is a noise reduction system. Hence, the overall 

reconstruction process is a cascade of a noise removal and a deconvolution process. 

When the noise is not present in the system, the signal-to-noise ratio, SNR(k) , is 

infinite and thus the term inside the filter response Φ(k) 1→ and the Wiener filter is 

simply the deconvolution (inverse) filter. On the other hand, as the noise increases, the 

SNR decreases, and the filter response also declines. Therefore, the filter response 

changes accordingly with the SNR of the measured replay signal.  
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5.3.2 Estimation of Noise Variance 

 

The noise variance of a captured signal can be extracted from the measurement. This 

can be achieved by applying a smoothing technique to the captured signal and 

subtracting the smoothed signal from the captured signal. An example of an estimation 

of the noise variance from a noisy signal using this technique is illustrated in Figure 5.2. 

The noisy signal is a simulated square wave with additive noise of variance 0.2 as 

shown in Figure 5.2 (a) (solid line) and the smoothed signal (dash line) was calculated 

using a fast and robust smoothing spline algorithm (Garcia 2010) in MATLAB. 

 

Figure 5.2 (a) Simulated noisy replay signal and smoothed version (using a spline algorithm) and 

(b) extracted noise. 

 

Figure 5.2 (b) shows the extracted noise signal. The estimated noise variance 2

n
σ  was 

0.2047 compared with the ideal value of 0.2. It is seen that this algorithm works very 

well for estimating the noise variance. 
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5.4 Validation of Deconvolution Technique and Simulation Examples 

5.4.1 Head parameters 

 

In this section, a simulation will be used to verify the efficiency of this technique for 

reconstructing the magnetisation transition from a measured replay signal. The error in 

the filtering depends on the accuracy of the head field function model. Therefore, head 

dimensions such as head gap length, read sensor thickness and head-to-medium spacing 

need to be known with accuracy. In order to obtain the correct detail of the head, a 

scanning electron microscope (SEM) was used to image and measure the head 

dimensions as described in Chapter 3. The parameters summarised in Table 5.1 are for 

the perpendicular readout head used in the recording tester and shown in Figure 3.11. 

 

Table 5.1 Commercial readout head parameters used in the modelling. 

Parameter Symbol Value Unit 

Gap length g 8 nm 

Read sensor length L 10 nm 

Read sensor width W 100 nm 

Recording layer thickness δ  20 nm 

Head-to-medium spacing d 2 nm 

Head to soft under layer distance u d δ+  nm 

 

5.4.2 Replay Signal Model 

 

In this work, the vertical head field and the replay signal were simulated based on the 

Karlqvist approximation. A readout signal with 4096 samples with sampling interval T 

= 0.5ns and velocity, v = 1 was used in the simulation. The ideal replay signal from an 

arctangent function with an additive white Gaussian noise with SNR = 35dB (noise 

variance = 43.2 10−× ) was generated in MATLAB as illustrated in Figure 5.3. The 

random noise was added to simulate the actual measured replay signal, which is 

normally associated with electronic, head and medium noise.   
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Figure 5.3 Simulated ideal replay signal with added random noise (SNR = 35dB). 
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Figure 5.4 Magnified section of unfiltered and filtered simulated replay signal (SNR = 35dB). 

 

The transform of the Wiener filter response was calculated using the supplied SNR, and 

the filtered signal was then calculated from evaluating the product of S(k) Φ(k)⋅ , where 

Φ(k)  was evaluated using equation (5.14) and then calculating the inverse Fourier 

transform (IFFT). Figure 5.4 shows that the noise has been reduced significantly with 

the application of the Wiener filter. 
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The performance of the Wiener filter depends on the SNR of the measured signal. The 

filter works by adjusting its attenuation level or cut-off frequency accordingly to the 

SNR. However, in the case of high noise levels, such as a replay signal with SNR of 

15dB, the performance of the filter is very poor and hence, the filtered signal is still 

distorted when compared with the ideal signal. An example of a high noise signal is 

shown in Figure 5.5 with SNR equal to 15dB. As expected the filtered signal is a poor 

representation of the ideal (noiseless) signal due to high noise. 

 

The next stage is to evaluate the performance of the Wiener filter as a function of the 

SNR. The simulated replay signal using the arctangent transition function with 

transition width parameters of 15nm and 18nm were used and then the recovered 

magnetisations were computed. 
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Figure 5.5 Simulated high noise situation of replay signal (SNR = 15dB). The Wiener filter was used 

to calculate the filtered signal shown. 

 

A computational error was defined as the difference between the ideal and computed 

transition width parameter, aɶ , which can be calculated as a percentage by: 

 

 
a-a

Computational Error (%) = ×100
a

ɶ
 (5.16) 

 

where ‘ aɶ ’ is estimated and ‘a’ is actual transition width parameters. 
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The estimated transition width parameter can be determined by fitting the computed 

magnetisation waveform with the arctangent function. The equation for the arctangent 

function is: 

 

 -1r
y

2M x
M (x) = tan

π a

 
 
 

ɶ

ɶ
 (5.17) 

 

rM denotes the remanent magnetisation. 

 

Figure 5.6 shows the computational error for various SNRs. The SNR was varied from 

10dB to 90dB. Clearly, at SNRs above 40dB the error is reduced dramatically to less 

than 1%. Therefore, in the experimental measurements, it is important that the SNR of 

the captured signal need to be at least 40dB to minimise the error. 
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Figure 5.6 Computational error versus SNR in estimating the transition width from inverse 

filtering of replay signals. 

 

In addition to the computational error versus SNR test, the sensitivity of the filtering 

process to the magnitude of the transition width was also considered. The SNR was 

fixed and the transition width parameter was varied. Figure 5.7 shows the estimated 

transition width parameter, varied from 12nm to 20nm and compared with the actual 
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value. The transition width parameter of the computed transition was calculated by 

fitting the arctangent function to the computed magnetisation. 

 

(a) 

 

(b) 

Figure 5.7 Estimated ‘a’ parameter versus an ideal ‘a’ parameter for (a) 15dB and (b) 60dB. 

 

As can be seen from Figure 5.7, there is very close agreement between the 

magnetisation obtained by inverse filtering and the ideal transition at a SNR of 60dB. 

On the other hand, when the SNR was 15dB, the agreement between the ideal and 
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computed ‘a’ was very poor. The computed magnetisation when the SNR was 60dB 

compared with the ideal arctangent transition is demonstrated in Figure 5.8. The 

difference between the computed transition width and the ideal transition width is only 

0.53%.      
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Figure 5.8 Computed magnetisation from inverse filtering for a 60dB signal-to-noise ratio, 

compared with the ideal arctangent transition. 
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Figure 5.9 Replay signal (SNR = 60dB) and computed magnetisation from inverse filtering. 
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In the case where the head-to-medium spacing is much smaller than the other 

dimensions in the system, and the transition width is larger than the replay head gap 

length, then the replay spectrum is approximately proportional to the magnetisation 

spectrum. This is illustrated in Figure 5.9 where the shape of the replay signal and 

computed magnetisation are very similar.  

 

 y yM (x) -e (x)∝  (5.18) 

 

Moreover, it was found that the transition width computed from the replay signal 

directly corresponds to the one from inverse filtering. Nevertheless, more accurate 

estimation of recorded magnetisation requires the use of inverse filtering (or 

deconvolution) techniques, such as the Wiener filter developed in this chapter. 

 

5.5 Experimental Results 

 

The measurements were carried out on the contact recording tester. A perpendicular 

disk medium was used in the experiments.  The vertical head field was calculated using 

the parameters listed in Table 5.1. AC erasure was performed prior to writing the 

sequence of an all ones square wave on the disk medium. The linear density was chosen 

to be small for isolated signal measurements to avoid the overlap and non-linear effects 

from adjacent transitions. Thus, a linear density of 25KFCI was chosen. Furthermore, 

the stage velocity of the contact tester was optimised to 51.28µm/s  as described in the 

Chapter 3, to prevent vibration and mechanical noise effects. A DPO was set to a high 

sampling rate of 5µs/pt to avoid aliasing effects when carrying out the FFT operations. 

The captured waveforms contained 8192 samples. The captured signal is illustrated in 

Figure 5.10.  
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Figure 5.10 Measured replay signal for a 25KFCI recorded pattern used for the inverse filtering 

process. 

 

5.5.1 Evaluating the Signal-to-Noise Ratio (SNR) of the Measured Signal 

 

The sequence of square wave recording at 25KFCI was written and then the replay 

signal was obtained and converted into the frequency domain using the FFT. The 

spectrum is shown in Figure 5.11. The magnitude of the fundamental peak at 25Hz 

(25KFCI) was then compared with the noise floor level to obtain the signal-to-noise 

level. It is clearly seen that the SNR of the contact recording tester is very good, and is 

approximately 60dB. Thus, the Wiener filter which will be implemented next can 

performs well with the captured signal from the contact tester.   
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Figure 5.11  FFT spectrum of the measured replay signal at 25KFCI. 

 

5.5.2 Reconstruction of the Computed Magnetisation Transition 

 

To calculate the filtered signal, the noise variance was initially determined using the 

smoothing technique described in section 5.3.2, and then substituted in (5.14) to 

determine the Wiener filter response. The Wiener filter was then convolved with the 

captured replay signal to produce the filtered signal shown in Figure 5.12. From this 

figure, it can be seen that the filtered replay signal is almost unchanged due to the high 

SNR of the contact tester (60dB) signal. In particular, the slope of the transition region 

(which links to the transition width) is unchanged. Therefore, the gain of the Wiener 

filter in this case is close to one, i.e. (k) 1Φ → .  
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Figure 5.12 Captured replay signal compared with filtered signal. 

 

The computed magnetisation transition using the deconvolution process is illustrated in 

Figure 5.13. Using the evaluated Wiener filter response from (5.14), the estimated 

Fourier transform of the magnetisation was obtained using (5.7). Calculating the IFFT 

of (5.7) produced the spatial magnetisation distribution in Figure 5.13. A least-squares 

curve fitting was used to fit the computed magnetisation transition with the arctangent 

and tanh functions. The estimated transition width parameter from the arctangent 

function was 14.5nm and 18.5nm for the tanh function. It can be observed that the 

computed magnetisation transition from the experimental measurement is close to the 

tanh function. Thus, in perpendicular recording mode, the tanh function is a preferred 

assumption of the magnetisation shape than the arctangent function. 
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Figure 5.13 Extracted magnetisation transition for the contact recording tester, compared with 

theoretical transition functions. 

 

5.6 Non-Contact System Measurements 

 

To compare the magnetic transition shape and extent from the contact tester to those in 

practical HDDs, a non-contact recording test system, based on a commercial 

perpendicular HDD, was developed. The details of the non-contact test system are 

postponed to the following chapter (chapter 6).  

 

In this section, the non-contact tester with a head-to-medium spacing of ∼5nm was used 

for the record and readback processes. The TMR head and perpendicular medium used 

here are identical to the contact tester except for the head-to-medium spacing. 

Therefore, the d parameter was set to 5nm for the head field calculations. The other 

parameters remain the same as computed for the contact tester. A linear density of 

25KFCI was recorded at a speed of 30m/s and then the replay signal was captured. The 

Wiener filter was applied to recover the magnetisation transition. The SNR was 68dB 

and the estimated noise variance was 71.5 10 .−×  
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Figure 5.14 Computed magnetisation transition for the non-contact recording tester. 

 

Figure 5.14 shows the computed magnetisation transition for the non-contact tester 

fitted to the tanh and arctangent functions. The estimated transition widths were 

18.83nm and 22.61nm for the arctangent and the tanh functions respectively. It can be 

seen that the computed transition for the non-contact tester is wider than the contact 

tester. This is expected due to the larger head-to-medium spacing of the non-contact 

tester (5nm in comparison to 2nm) which leads to high spacing loss, -kde  and therefore 

wider transitions. 

 

Experimental MFM imaging was also carried out on both the contact and non-contact 

recorded samples to study the magnetic transition details and compare them with the 

computed magnetic transition from the replay signals. Focused MFM images and their 

corresponding line scans of the transition regions recorded on the non-contact and 

contact testers are shown in Figures 5.15 (a) and 5.15 (b) respectively. From these 

figures, fitting the line scan to the tanh transition function reveal a transition width 

parameter of 63.6nm for the non-contact system, while a width parameter of 47.7nm for 

the contact system. The larger transition width parameter in the non-contact system is 

consistent with the larger head-to-medium separation. 
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(a) 

 

 

(b) 

Figure 5.15 (a) A focused MFM image of the transition region recorded using the non-contact 

tester. (b) A focused MFM image of the transition region recorded using the contact tester.  The 

arrows indicate the direction of magnetisation for the different coloured regions.  Also shown are 

the line profiles of the transition regions. 

 

Comparing the line scan to the computed magnetisation profile from the replay signal 

reveal that the MFM based magnetisation transition is wider than that determined from 

the replay signal. This is attributed to the limited resolution of the MFM system to 

around 61nm at room temperature (Lu, Li et al. 2010). Thus, the estimated transition 

profile and width from the replay signal provide higher resolution than a standard MFM 

measurement, provided that a high resolution replay signal is available and an accurate 

model of the readout head and dimensions is used. A high-resolution MFM (which 
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operate in high vacuum) can achieve resolutions down to 16nm (Lim, Wilson et al. 

2010). 

 

5.7 Summary 

 

The technique of recovering the magnetisation transition shape from a noisy replay 

signal was demonstrated. The noise is mainly associated with electronic, head and 

medium noise and assumed to be additive white Gaussian noise. By the application of 

the Wiener optimal filter, the noise can be suppressed. Therefore, a deconvolution 

process can be used to reveal the magnetisation transition shape.  

 

The performance of the Wiener filter depends on the signal-to-noise ratio (SNR) of the 

captured signal. It was found that at SNRs above 40dB, the computed magnetisation 

transition error is less than 1% (simulation). In practice, the parameters used in the head 

field model are also important. Thus, SEM images were used to obtain accurate values 

of the head dimensions for accurate modelling of the replay head field function. 

 

The noise power spectral density of the captured signal was estimated by using the noise 

variance. The estimation of the noise variance was calculated from an extracted noise 

signal. The extracted noise signal was determined by subtracting the ideal (smoothed) 

signal from the captured replay signal. The extracted magnetisation transition conform 

closely to the tanh distribution.   

 

In perpendicular recording and under the restrictions that the head-to-medium spacing is 

small compared to other dimensions in the system, it is possible to determine the 

magnetisation transition directly from the measured reply signal. The transition width 

parameter obtained from inverse filtering was found to be as same as the result from 

using the replay signal fitted with magnetisation function. However, the replay signal 

must have a high signal-to-noise ratio. It was found that the larger head-to-medium 

spacing, the wider magnetisation transition.   
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Chapter 6 

 

 

Experimental Studies of Shingled Recording 

  

 

6.1 Introduction 

 

The data storage industry and researchers are now confronted with the challenge of 

increasing the areal densities of HDDs beyond 1 Tb/in
2
. Currently, areal densities of 

612Gb/in
2
 have been demonstrated by Hitachi (Tanahashi, Nakagawa et al. 2009). 

However, conventional recording was predicted to face the fundamental physical limit 

at around 1 Tb/in
2 

due to thermal instability (Wood 2000). Traditionally, scaling down 

of feature sizes in recording heads and media has played a major role in increasing the 

areal densities of HDDs. However, further reductions in the magnetic size causes the 

superparamagnetic effects whereby the smaller grain volume makes them increasingly 

susceptible to thermal fluctuations, which decreases the signal sensed by the read head 

and lead ultimately to loss of data. 

  

To extend this limit, new recording approaches have been explored such as bit patterned 

magnetic recordings (BPMR) in which bits are stored in lithographically defined 

“magnetic islands” and islands are separated by non-magnetic spacers. This approach 

faces the most obvious challenge of economically manufacturing large, uniform arrays 

of magnetic islands, and also the write/read head synchronisation with the location of 

the islands for writing and reading (Shiroishi, Fukuda et al. 2009). 
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Other approaches to increasing the density and overcome the writability issue in high 

coercivity magnetic recording media involve temporarily changing the material’s 

switching field by employing a laser to rapidly heat, followed by cooling and 

application of a write field to switch the magnetisation, of small regions of the medium 

to reduce their energy. This is called heat assisted magnetic recording (HAMR) 

(Rottmayer, Batra et al. 2006; Seigler, Challener et al. 2008). Microwave assisted 

magnetic recording (MAMR) is another technique where a microwave AC field is 

applied along an orthogonal direction to the applied writing field to soften the high 

coercivity medium to allow switching of the magnetisation (Jian-Gang, Xiaochun et al. 

2008). These approaches require new construction and mechanical designs that differ 

significantly from existing magnetic disk designs and might be expensive or too slow 

for mass production. 

 

In contrast to these techniques which require fundamental changes in design, shingled 

magnetic recording (SMR) builds directly on the existing HDD technologies. The aim 

of this chapter is to present the results of initial shingled writing experiments, and study 

the signal and noise properties of narrow, shingled recorded tracks.  

 

This chapter will start by describing the principles of SMR and outlining the 

experimental apparatus, namely hardware, software, and head and disk used for the 

measurements. The experimental observations will be made on a non-contact and a 

contact recording test systems. The results of basic parametric tests including saturation, 

roll-off, overwrite and in addition transition noise curves will be illustrated. Comparison 

between the non-contact and contact tester measurements will also be made.  
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6.2 Principle of Shingled Magnetic Recording (SMR)  

6.2.1 Writing Process 

 

In SMR, tracks are written sequentially with no guardbands between them as shown in 

Figure 6.1. The removal of guardbands immediately leads to increases in the track 

density, and therefore the areal density of the medium. Conventional, single-pole 

perpendicular heads can be used for writing. For heavily overlapped tracks, the recorded 

transition profile and therefore the readout signals are determined by the writing fields 

of the corner regions of the single-pole heads. Figure 6.1 shows the shingled recording 

process in which a wide write pole is used to write data tracks. A corner writer will be 

needed to maximize the write field gradients (Wood, Williams et al. 2009) to create 

well-defined transitions in the cross-track and on-track directions. 

 

 

 

 

Figure 6.1 Shingled recording process (Wood, Williams et al. 2009). 

 



Chapter 6                                                      Experimental Studies of Shingled Recording 

 

 

 119 

6.2.2 Replay Process in Shingled Magnetic Recording 

 

No readout strategy has yet been proposed or adopted for SMR. Any proposed readout 

strategy will depend on the width of the shingled tracks. The simple readout schemes 

considered here include readout in 1-D similar to conventional readout in HDDs, and 

successive 1-D readout scan across the track to produce a 2-D voltage signal. 

 

6.3 Experimental Measurements 

 

Experimental measurements of SMR were carried out on the developed contact 

recording tester described in Chapter 3, and on a non-contact recording tester. The non-

contact tester is based on a modified commercial hard-disk drive. Carrying out 

experiments on the non-contact tester is important to study the performance of shingled 

magnetic recording in practical drive conditions. The outcomes of the measurements on 

the non-contact tester will also highlight, from comparison to the contact tester 

measurements, the important head-to-medium parameters that contribute towards the 

improvement of signal-to-noise ratio in practical drives employing SMR. 

 

6.3.1 Non-Contact Recording Tester 

 

The non-contact tester system consists of a modified commercial hard-disk drive with 

perpendicular heads and media, an in-house software control. The hard drive used in the 

system was Seagate 7200.10 (2006) with areal densities of 101Gb/in
2
.  

 

Figure 6.2 shows the system configuration which consisting of Tektronix DPO-7104, 

digital phosphor oscilloscope (DPO) with 1GHz bandwidth with an active differential 

probe, the perpendicular HDD and a computer. In this set up, channel 4 of the DPO is 

connected to the index (read gate) pulse, which marks the beginning of a track, and 

channel 1 is connected to the read channel of the hard-disk drive to capture the replay 

signal. A GPIB card was used to communicate with the DPO for downloading data to 

the PC for processing. A serial port was used to interface the PC to the control board of 

the hard- drive. Basic parametric tests such as, saturation, overwrite, roll-off, transition 
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noise curves and 2-D voltage imaging were performed using the software control 

developed in Visual Basic and MATLAB. The 3.5 inch perpendicular disk medium was 

rotated at a speed of 7,200 revolutions per minute. The writer with a trailing shield and 

the tunnelling magneto resistive (TMR) head described in Chapter 3 were in the drive. 

The system configurations are illustrated in Table 6.1.  

 

 

 

 

Figure 6.2 Experimental setup of non-contact measurement system. 

 

Table 6.1 Summary of the non-contact system configuration. 

Parameter Value Unit 

Writer trailing pole width 170 nm 

Read sensor length 10 nm 

Head-to-medium spacing 5 nm 

Disk velocity (outer radius) 30 m/s 

 

There are some advantages of using the non-contact tester such as faster test time, and is 

easier to control. However, the writing frequency (square wave recording) can only be 

varied within six values: 25, 50, 100, 200, 400 and 800KFCI. This limitation is due to 

the firmware and clock generator on the hard-disk drive which currently cannot be 

bypassed. Nevertheless, further investigations on shingled recording will be examined 

using the contact recording tester, without the restriction of limited writing frequency 

range. 
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In Figure 6.3, a 2D voltage scan of five written data tracks is illustrated, with linear 

densities of 25, 50, 100, 200 and 400KFCI recorded using the non-contact tester. The 

scan resolution (the cross-track displacement) was 15nm in this plot. It can be observed 

that the track width is approximately 150nm which is smaller than the writer trailing 

pole width (170nm). This is due to the spacing loss in the head field caused by the 

flying height. The cross-correlation technique described in Chapter 3 was used to align 

the voltage waveforms in Figure 6.3 and all subsequent 2D voltage scans in this chapter. 

 

 

Figure 6.3 Two-dimensional voltage image of recorded data tracks written and recovered using the 

non-contact recording tester. 

 

6.3.1.1 Write Current Optimisation 

 

The choice of the write current is very important in shingled recording since overwriting 

of existing tracks takes place. The write current must therefore be sufficient not only to 

produce the correct switching field, but also to completely overwrite the existing/or part 

of existing tracks and suppress their contribution toward the output signal. 

 

In this section, saturation and overwrite testes were performed in order to determine the 

suitable write current for the non-contact tester. Prior to all the tests, the disk sample 

was firstly AC erased with high write current (45mA) and high recording frequency 

(800KFCI) to remove old information. During the saturation test, a linear density of 
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200KFCI was written and the track averaged peak voltage was measured as a function 

of the write current. The written tracks were regular with guardbands between them 

(track pitch = 150nm). 

 

In the overwrite test, a 25KFCI low frequency square-wave pattern (LF) was firstly 

recorded and then the replay waveform was captured. The old pattern was then 

overwritten with a 50KFCI high frequency pattern (HF) on the same track and then the 

replay waveform was also captured. Both waveforms were transformed into the 

frequency domain by utilising the FFT. The magnitude of the fundamental low 

frequency signal is 1A and the residual component of the low frequency fundamental 

signal magnitude is 2A . The overwrite ratio is then calculated as: 

 

 2
10

1

A
OW = 20log ( )

A
 (6.1) 

 

Figure 6.4 shows saturation and overwrite curves for the non-contact system. It can be 

seen that the saturation curve voltage increases with increasing write current and then 

remains steady when the write current is above 25mA. On the other hand, the overwrite 

ratio decreases with increasing write current. Typical overwrite ratios should be less 

than -30dB to sufficiently suppress old written data (Bertram 1994). Both curves agree 

that a write current of at least 25mA is needed to attain maximum output amplitude as 

well as to maintain overwrite capability, in agreement with the contact tester 

measurements in Section 4.3 of Chapter 4.        
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Figure 6.4 Saturation and overwrite curves for the non-contact recording tester; used to determine 

the optimum writing current for the head/medium combination used. 

 

Figure 6.5 shows a voltage image of three tracks recorded using write currents of 10, 25 

and 30mA respectively. The linear density was 200KFCI and the scan resolution was 

15nm. From this figure, it is obvious that the track recorded by a write current of 30mA 

shows clearer and shaper track image than those using currents of 10mA and 25mA. 

Therefore, a write current of 30mA was chosen for the remainder of the recording 

experiments in this chapter. 

 

Figure 6.5 Voltage image of recorded tracks at 200KFCI at different write currents 



Chapter 6                                                      Experimental Studies of Shingled Recording 

 

 

 124 

6.3.1.2 Head Asymmetry and Erase Bands 

 

With shingled, narrow tracks, it is expected that the wide readout element will 

experience different level of flux along its width. This can lead to the replay signal 

being non-symmetrical in the cross track direction, thus giving different signal 

amplitudes when the read head scans narrow tracks along different portion of its width. 

Thus it is important to test the symmetry of the readout element using the microtrack 

profile method (Shan X. Wang 1999). 

 

A microtrack is crated by symmetrically erasing both edges of a full track until the 

remaining track is substantially narrower than the readout element. A full track (150nm 

wide) at 50KFCI was AC erased progressively from both side until the track width was 

100nm. Figure 6.6 shows the microtrack profile of this narrow track using the non-

contact tester. It is obtained by measuring the track average amplitude as the readout 

element is moved across the microtrack with resolution of 15nm. It can be seen that the 

microtrack profile demonstrates good symmetry of the readout element. 

 

 

Figure 6.6 Microtrack profile of a 100nm wide track written using the non-contact tester, and used 

to determine the erase band width of the writing single-pole head in the HSA used in the 

experiments. 
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Erase bands are areas of randomised magnetic moment located on either side of a track, 

and are not intended to carry any recorded information. Erase bands are typically 

created simultaneously with writing data onto a disk medium. An increase of Erase 

Band Width (EBW) will decrease track density. Therefore, it is important to measure 

EBW in order to estimate the overall data storage capability of a disk medium. From 

carrying cross-track profile analysis of microtrack, it was found that the EBW of the 

non-contact tester was 25nm by considering the distance between the 50% of the peak 

of the microtrack profile and noise floor as shown in Figure 6.6. 

 

6.3.1.3 Replay Signals in Shingled Magnetic Recording 

 

Three readout schemes are proposed and investigated in this work that involve one- and 

two-dimensional voltage scans. Figure 6.7 (a) illustrates a 2D voltage scan of two 

(overlapping) shingled tracks written at linear densities of 100KFCI (F1) and 50KFCI 

(F2), with track pitch of 100nm. Since the readout element is wider than the shingled 

written tracks, then the 2D voltage scan in Figure 6.7 (a) is possible readout scheme for 

shingled tracks. The recovery of data from such 2D voltage scans would require the use 

of 2D channels. 

 

Positioning the readout element over the centre of each track as shown by F1 and F2 in 

Figure 6.7 (a), provides another possible readout scheme that is similar to the 

conventional 1D readout schemes in HDDs. The corresponding readout signal 

waveforms are shown in Figure 6.7 (b), and are consistent with readout signals from 

conventional HDDs.  

 

With the readout element at the centre position between the two tracks in F3, a third 

possible readout scheme arises. The corresponding 1D readout waveform can be 

considered as the superposition of the individual readout signal from adjacent tracks. 

This technique has been recently proposed for BPM (Karakulak, Siegel et al. 2008).        
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(a) 

 

(b) 

Figure 6.7 (a) Two-dimensional readout scan for two shingled track written at frequencies 

F1=100KFCI and F2=50KFCI, at track pitch 100nm and (b) the corresponding replay signals at 

three different locations across the shingled tracks. 

 



Chapter 6                                                      Experimental Studies of Shingled Recording 

 

 

 127 

6.3.1.4 Roll-Off Curves 

 

In conventional recording, the track pitch needs to be at least the same as the track 

width to avoid interference from adjacent tracks during the write and replay processes, 

whereas in shingled recording tracks are heavily overlapped in order to increase the 

number of track per inch (TPI) and hence improve the areal density.  

 

To study the maximum linear density achievable in a recording system, the signal roll-

off with varying bit spacing is measured. Two data tracks were recorded and separated 

by track pitches of 200nm and 100nm for conventional and shingled recording 

respectively as shown in Figure 6.8. The roll-off curves were measured by writing two 

data tracks on an AC erased medium. The first data track (left) was recorded at a fixed 

linear density of 25KFCI and the second data track (right) was then recorded at different 

linear densities and track pitches. At each track pitch the linear density was varied in the 

second written track and the TAA was measured from the second track. Figure 6.8 

illustrates the voltage images of two recording scheme; conventional (a), (b) and 

shingled recording (c) and (d).  

 

 

Figure 6.8 Voltage image of conventional and shingled recording on the non-contact tester at track 

pitches (a) 200nm, (b) 200nm, (c) 100nm and (d) 100nm, respectively. 

50KFCI 

50KFCI 

200KFCI 

200KFCI 
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Figure 6.9 compares the signal roll-off curves of conventional and shingled recording 

for the two written tracks at 200nm and 100nm track pitches respectively. At low linear 

densities, the measured output amplitude of shingled recording is higher than that of 

conventional recording, while they both agree at high densities.  
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Figure 6.9 Roll-off curves measured on the non-contact tester, using track pitches of 200nm and 

100nm for conventional and shingled recording respectively. 

 

The voltage enchantment at low densities can be explained by the fact that the read head 

picks up additional flux from adjacent tracks magnetised in the same direction 

(constructive interference) as shown in Figure 6.10 (a). At high linear densities, there 

are more regions on the second track which oppose the magnetisation in the first track 

leading to destructive interference as shown in Figure 6.10 (b). In this case, only the 

flux from the second track contributes to the measured signal leading to the 

conventional roll-off at high linear densities. The issue of constructive inter-track 

interference in shingled tracks puts emphasis on the coding scheme used for writing 

adjacent tracks in SMR, and is currently receiving strong attention by researchers 

(Jermey, Shute et al. 2009). 
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(a) 

 

 

(b) 

 

Figure 6.10 (a) Voltage enhancement at low linear density in shingled recording and (b) voltage 

enhancement and reduction (constructive + destructive interferences) at high linear density in 

shingled recording. 

 

6.3.1.5 Transition Noise 

 

Transition noise was measured using the time domain based method described in 

Chapter 4. The sampling rate of the DPO on the non-contact tester was set to 

10Gsamples/sec, which is a very high sampling rate and 200,000 data points were 

captured and used in the noise calculations in less than five seconds.  

 

The measured transition noise for the non-contact system is illustrated in Figure 6.11 for 

track pitches of 200nm (conventional recording) and 100nm (shingled recording). The 

transition noise is observed to increase with linear density as expected for both track 

pitches. It can also be seen that transition noise in shingled recording is higher than that 

in conventional recording. One explanation for this is that flux from neighbouring 

recorded tracks interferes with the writing fields during recording leading to variation in 
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contours of switching field and therefore positions of recorded transitions, leading to 

enhancement of noise. 
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Figure 6.11 Transition  noise on the non-contact tester. The track pitches were 200nm and 100nm 

for conventional and shingled recording respectively. 

 

6.3.2 The Contact Recording Tester 

 

The measurements of the previous sections were repeated on the contact tester using the 

same experimental conditions of the non-contact tester. It should be noted that on the 

contact tester, the write field gradients are stronger than the non-contact tester and 

hence, better signal and clearer written tracks were observed as shown in Figure 6.12 

(also see MFM images in Chapter 5) due to the reduced head-to-medium separation. In 

addition, the written track width in the contact system was approximately 180nm, which 

is slightly wider than the non-contact tester. This is expected due to the reduction in 

head-to-medium spacing in the contact tester with near full contact between the writer 

pole and the disk surface. The head-to-medium distance on contact tester is assumed to 

be around 2nm due to the thickness and surface roughness of the protective overcoat 

layer on top of the recording layer. 
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Figure 6.12 Voltage image of recorded tracks at 200KFCI on the contact tester (track pitch was 

400nm) illustrating the well defined recorded bits and readout signals in contact mode. 

 

It should be mentioned that there was a different configuration in the voltage gain 

setting on the non-contact and contact testers since these testers were operated in 

different frequency ranges. The contact tester operates in a frequency range of less than 

1KHz. Thus, the preamplifier was programmed to disable the band-pass filter (0.5MHz 

– 1.2GHz) with a fixed voltage gain of 5. In contrast, on the non-contact tester, the 

replay signal passes through the band-pass filter of the preamplifier with 26dB (20 

times) voltage gain and then to the differential probe. Moreover, the 10 times attenuator 

on the differential probe was also used to prevent the probe damage due to transient 

voltage during changing the operation modes of the preamplifier such as switching from 

the write to the read mode. In consequence, the output voltage measured from the non-

contact tester need to be divided by a factor of four in order to compare with the contact 

tester measurements. 

 

6.3.2.1 Roll-Off Curves 

 

In this section, the roll-off curves were measured using the same procedure as described 

in Chapter 4. However, the contact tester allows a wider range of linear densities to be 
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tested. The linear density was varied from 25 to 800KFCI. The TMR bias current was 

set to 1mA and the write current was 30mA. 

 

Figure 6.13 shows the measured roll-off curves for conventional and shingled tracks 

where it can also be observed that the amplitude of the readout signal from the shingled 

track is larger than from the conventional, well separated tracks. At higher densities, the 

roll-off is the same for both conventional and shingled tracks with 50D being almost the 

same for both. The reason for the increased voltage at low linear densities is the 

constructive, inter-track interference as described for the non-contact measurements. 
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Figure 6.13 Roll-off curves from the contact recording tester for track pitches of 200nm and 100nm 

for conventional and shingled recording respectively. 

 

6.3.2.2 Transition Noise  

 

The transition noise was measured in the same manner as for the non-contact tester 

except that the linear density was varied from 25 to 800KFCI. Since the contact tester 

operates in a low frequency range (in Hz), the sampling of the DPO was set to 

5Ksamples/sec and 5,000 data points were captured to determine the jitter noise 

variance. 
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It can be seen from Figure 6.14 that transition noise curves on conventional and 

shingled recording exhibit similar behaviour. However, a higher transition noise was 

found with shingled recording as found on the non-contact system, and can be explained 

gain by the write induced additional position jitter from adjacent track interference.  
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Figure 6.14 Transition noise on the contact recording tester for track pitches of 200nm and 100nm 

for conventional and shingled recording respectively. 

 

6.3.3 Areal Density 

 

For conventional recording using 150nm track pitch, an areal density of 76.2Gb/in
2
 was 

achieved on the contact system as was shown in Chapter 4. Since the track pitch has 

been reduced to 100nm for shingled recording, then, the new track density increases 

from 169,333 to 254,000 tracks per inch. The 50D value still remains at 450KFCI for 

shingled recording leading to an increase in areal density to 114.36Gb/in
2
. Thus, it can 

be seen that shingled recording can improve the areal density with at least 1.58 times by 

using existing write/read heads. Further increase in areal densities can be achieved using 

narrower track pitches. The effect this has on the achievable SNR and the details of the 

recorded magnetisation pattern will need to be investigated in the future to realise the 

full potential of SMR.  
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6.4 Summary 

 

This chapter presented initial signal and noise measurements of shingled magnetic 

recording. The measurements have been made on the non-contact and contact testers. 

By comparing the experimental results on non-contact and contact tester, it was found 

that the roll-off curves follow the same trend found in conventional recording except at 

low linear density, where shingled recording gave slightly higher voltage amplitudes 

compared to conventional recording attributed to constructive, inter-track interference. 

Furthermore, the 50D was also virtually unchanged; this implies that the reciprocity 

principle and superposition could still be applied to model the readout process in 

shingled recording. 

 

Transition noise was measured using time domain techniques. The measurements 

indicated a strong noise signal on shingled recording and its peak was around the 

50D point of the medium. With shingled tracks at 100nm track pitches, a 1.58 increase in 

areal density can be achieved. However, the major disadvantage of shingled recording is 

the update-in-place or direct overwrite which is no longer possible since tracks are 

written sequentially in the cross-track direction. Thus, a portion of track cannot be 

rewritten without recovering many tracks from 2-D voltage waveforms and after 

altering the target track, the neighbouring tracks need to be updated.  
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Chapter 7 

 

 

Conclusions and Future Work 

  

 

7.1 Conclusions 

 

 

This project was set out to develop an open, and flexible contact recording system with 

high resolution, and develop models of the readout process in perpendicular magnetic 

recording. These objectives were for the purpose of studying the record, readout and 

noise performances of current and future magnetic recording heads and media for the 

continued development of ultra-high density hard-disk drive system. 

 

The contact recording test system was successfully developed using a nano-positioning 

stage with a modern perpendicular recording head assembly. The test system allows the 

user to perform a wide range of signal and noise measurements with no restriction on 

the magnetic sample size. 

 

The system employs a high-resolution piezo stage with 1nm positioning accuracy, thus 

allowing, high resolution 1D and 2D voltage scans to be made using the read head in 

contact with the sample. The tester has been used to characterise signal and noise 

properties of a commercial perpendicular disk medium including: 

 

• Peak output voltage versus write current (saturation test) 

• Output voltage versus linear densities (roll-off curve test) 

• Overwrite test 

• Bias current test 
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• Transition jitter noise  

• Two-dimensional magnetic pattern imaging 

 

Models of the readout signal in perpendicular recording were developed based on the 

reciprocity principle in Chapter 2. The model focused on the shielded magneto-resistive 

head, and a recording medium with mainly out-of-plane magnetisation component 

employing a soft magnetic underlayer. The models were two-dimensional, which was a 

reasonable assumption since the track width in current hard-disk drives are larger 

(almost ten times) than the read element length and other critical dimensions in the 

system. This was validated by the very good agreement that was obtained with the 

experimental measurements in Chapter 4, 5 and 6. 

 

The hardware and software development of the contact recording tester are fully 

documented in Chapter 3. This system offers a high degree of flexibility and control to 

carry out a wide range of record, readout and noise experiments using its graphical user 

interface. More advanced and customised recording experiments can also be easily 

integrated within the control software. Moreover, the development of the programmable 

interface between the head preamplifier and PC means that different head (preamplifier) 

generations can be easily incorporated into the system.     

 

Experimental Measurements have been performed in Chapter 4 on a commercial 

perpendicular disk medium using the contact recording tester and then compared with 

the theoretical modelling results obtained from Chapter 2. The suitable write current for 

the disk sample was determined by using overwrite and saturation curve tests. It was 

found that at write current of 30mA maximised the output signal amplitude while 

maintaining an excellent overwrite capability. Good agreement between theoretical and 

measured roll-off curves was achieved. The 50D for the perpendicular head and medium 

used was 450KFCI obtained from the roll-off curve. With 150nm track widths and 

pitch, the areal density for this medium was at around 76.2Gb/in
2
. 

 

Recovering the magnetisation transition shape using inverse filtering techniques was 

demonstrated in Chapter 5. The Wiener filter was used to reduce the noise in captured 

replay signals. It was found that the effectiveness of inverse filtering depends on the 

signal-to-noise ratio (SNR) of the measured replay signal; SNRs above 40dB yielded 
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computational error less than 1% (compared with ideal transition shape). By comparing 

the recorded magnetisation from the replay signal from the contact tester to MFM 

images of the transition region, it was found that contact system results offer excellent 

resolution by virtue of low frequency, high sampling rate operation and high spatial 

resolution.  

 

Initial investigations of shingled magnetic recording have been carried out using the 

contact and non-contact recording testers. It was found that the roll-off curves for 

shingled recording remain almost the same as for the conventional recording. However, 

at low linear densities the output amplitude of shingled recording is slightly higher due 

to the voltage enchantment from constructive inter-track interference. With SMR, the 

areal density can increase at least by the factor of 1.58 (114.36Gb/in
2
) using the same 

conventional heads and media. 
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7.2 Further work 

 

The current motorised stage of the contact recording tester supports only movement in 

the x-y axes. In order to investigate new recording approaches such as corner-type 

writing shingled recording (Wood, Williams et al. 2009), a precision rotation platform 

can be added to control the skew angle of the recording head. Furthermore, the 

recording head can be replaced with a newer model, having smaller read/write elements. 

This will enable the evaluation of the recording performances at higher linear densities. 

 

The current non-contact tester has the ability to vary the write frequency in only five 

steps due to limitations of the internal clock generator and firmware of the tester. These 

problems can be solved by using an external high frequency signal generator to feed 

writing patterns directly to the preamplifier. 

 

Further investigation of shingled recording can be made using these recording systems 

such as investigation of signal and noise properties of corner-writing, studies of the 

readback strategies for shingled recording, studies of different coding schemes, the 

resulting inter-track interference effects and 2-D channel design. Both testers can 

provide raw readback data that can be used to compare with simulation results. 
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