
METHODS FOR READING DATA FROM A STORAGE MEDIUM USING A 

READER AND STORAGE DEVICES 

Cross-reference to Related Application 

[0001] The present application claims the benefit of the United States provisional 

patent application No. 61/671,832 filed on July 16 2012, the entire contents of which are 

incorporated herein by reference for all purposes. 

Technical Field 

[0002] Embodiments relate generally to methods for reading data from a storage 

medium using a reader head and to storage devices. 

Background 

[0003] The amount of data to be stored on data storage devices is increasing. Thus, it 

may be desired to provide data storage devices with a high data storage capacity. 

Summary 

[0004] According to various embodiments, a method for reading data from a storage 

medium using a reader (with one reader head or with a plurality (for example an array) of 

reader heads, for example multiple readers on a single slider) may be provided. The 

method may include: reading a first signal with a reader head of the reader at a first 

position of the storage medium; reading a second signal with a reader head of the reader 
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at a second position of the storage medium; and determining data stored at a pre­

determined position of the storage medium based on the first signal and based on the 

second signal. The reading of the signal can be sequential (for example using a single 

reader head) or parallel (for example using multiple reader heads in a slider). 

[0005] According to various embodiments, a storage device may be provided. The 

storage device may include: a storage medium; a reader (for example including one 

reader head or multiple reader heads; in other words: a plurality of read heads) configured 

to read a first signal with a reader head of the reader at a first position of the storage 

medium and configured to read a second signal with a reader head of the reader at a 

second position of the storage medium; and a data determination circuit configured to 

determine data stored at a pre-determined position of the storage medium based on the 

first signal and based on the second signal. 

Brief Description of the Drawings 

[0006] In the drawings, like reference characters generally refer to the same parts 

throughout the different views. The drawings are not necessarily to scale, emphasis 

instead generally being placed upon illustrating the principles of the invention. In the 

following description, various embodiments are described with reference to the following 

drawings, in which: 

FIG. 1A shows a flow diagram illustrating a method for reading data from a 

storage medium using a reader (with one reader header or with a plurality of reader 

heads) in accordance with an embodiment; 

FIG. IB shows a storage device in accordance with an embodiment; 
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FIG. 2 shows a schematic illustration of a wide reader for shingled tracks on a 

recording medium in accordance with an embodiment; 

FIG. 3 shows an illustration of a de-convolution method for a fixed-offset 

adjacent track subtraction method in accordance with an embodiment; 

FIG. 4 shows a diagram of simulated shingle write pattern in accordance with an 

embodiment; 

FIG. 5 shows a simulated read back from a reader which is wider than the track 

pitch in accordance with an embodiment; 

FIG. 6 shows an illustration of signal processing of a fixed-offset adjacent track 

subtraction method on simulated signal in accordance with an embodiment; 

FIG. 7 shows an illustration of recovered simulated written signal in accordance 

with an embodiment; 

FIG. 8 shows an illustration of a read back signal Xi and X2 over 2 shingle tracks 

in accordance with an embodiment; 

FIG. 9 shows an illustration of a general schematic diagram of deconvolution 

based on amplitude coefficient estimation method in accordance with an embodiment; 

FIG. 10 shows an illustration of a schematic diagram of deconvolution based on 

amplitude coefficient estimation method in sequential plurality reading in accordance 

with an embodiment; 

FIG. 11 shows an illustration of a first phase and amplitude coefficient detector 

scheme implementing a cross-correlation method or matching filter method; 

FIG. 12 shows an illustration of an extraction of continuous PES signals out from 

high sampling amplitude coefficient; 
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FIG. 13 shows a dual stage PES Servo configuration; 

FIG. 14 shows a second phase and amplitude coefficient scheme including a 

preamble as phase synchronization and introducing an additional multi-frequency data 

pattern in data region for amplitude coefficient detection; 

FIG. 15 shows a diagram and a signal associated to the second scheme; 

FIG. 16 shows a signal comparison between original track signal and 

reconstructed track signal; 

FIG. 17 shows a SNR comparison for the case NR (No signal recovery apply), 1 

and 2 (shingle track signal recovered using the scheme 2), NT31 (original shingle track 

with no adjacent interference) and WT31 (wide track signal); 

FIG. 18 shows a third phase and amplitude coefficient detection scheme wherein 

a buried layer dedicated servo can generate both PES and phase synchronization signal 

for wide reader magnetic recording; and 

FIG. 19 shows an illustration of a writing scheme for wide reader in shingle 

magnetic recording in accordance with an embodiment; 

FIG. 20 illustrates a system for real time spindle speed variation and relative 

head-disk motion measurement in accordance with a present embodiment: 

FIG. 21 illustrates a double filter variant of the system of FIG. 20 in accordance 

with the present embodiment: 

FIG. 22 illustrates a graph of filtered signals of the variant system of FIG. 21 in 

accordance with the present embodiment; 

FIG. 23, comprising FIGs. 23A and 23B, illustrates experimental results from the 

system of FIG. 20 in accordance with the present invention, wherein FIG. 23A shows 
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experimental results obtained using the system of FIG. 20 on an air bearing spindle with a 

measured spindle speed variation and FIG. 23 B shows experimental results obtained 

using the system of FIG. 20 for measurements on a hard disk drive (HDD) product; 

FIG. 24 illustrates experimental results obtained using the system of FIG, 21 for 

measurements on the HDD product of FIG. 23B in accordance with the present invention; 

FIG. 25 illustrates a cutaway view of a read-write head over disk media in 

accordance with the present invention; 

FIG. 26 illustrates a top planar view of the reader head of FIG. 25 superimposed 

over tracks of a servo layer of the disk media of FIG. 25 in accordance with the present 

embodiment; 

FIG. 27, comprising FIGs. 27A and 27B, illustrates block diagrams of 

synchronization signal generation and processing for detection of downtrack vibration, 

spindle speed variation and jitter in accordance with the present embodiment, wherein 

FIG. 27A depicts a block diagram of the synchronization signal generation and FIG. 27B 

depicts a block diagram of the synchronization signal processing; 

FIG. 28 illustrates a first set of simulation results of the synchronization signal 

processing of FIG. 27B in accordance with the present embodiment; 

FIG. 29 illustrates a second set of simulation results of the synchronization signal 

processing of FIG. 27B in accordance with the present embodiment; 

FIG. 30 illustrates spinstand simulation results of the synchronization signal 

processing of FIG. 27B in accordance with the present embodiment; 
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FIG. 31 illustrates a graph of a normal synchronization signal and a detected 

synchronization signal in a speed increase situation in accordance with the present 

invention; 

FIG. 32 illustrates a block diagram of position error signal (PES) generation and 

flying height signal generation in accordance with the present invention; 

FIG. 33 illustrates Wallace equation generation in accordance with the present 

embodiment; 

FIG. 34, comprising FIGs. 34A and 34B, illustrates a graph of touchdown curves 

in accordance with the present embodiment, wherein FIG. 34A depicts a touchdown 

curve using flying height signals averaged over one hundred measurements and FIG. 34B 

depicts a touchdown curve using an instantaneous flying height signal measurement; 

FIG. 35 illustrates a graph of experimental results for off-track variations of the 

flying height signal measured in accordance with the present embodiment; 

FIG. 36, comprising FIGs. 36A and 36B, illustrates simulation results of flying 

height signals under various conditions in accordance with the present embodiment 

wherein FIG. 36A depicts the flying height signal vibration prior and acoustic emissions 

(AEs) and FIG. 36B depicts root mean square values of the flying height signal as well as 

AE sensor signals; 

FIG. 37 illustrates a graph of a change in the flying height signal from thermal 

flying height control (TFC) actuation at different altitudes in accordance with the present 

embodiment; and 

FIG. 38 illustrates a conventional graph of the curve of flying height versus TFC 

actuation as it varies at different altitudes. 
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Description 

[0007J Embodiments described below in context of the devices are analogously valid 

for the respective methods, and vice versa. Furthermore, it will be understood that the 

embodiments described below may be combined, for example, a part of one embodiment 

may be combined with a part of another embodiment. 

[0008] In this context, the storage device as described in this description may include 

a memory which is for example used in the processing carried out in the storage device. 

A memory used in the embodiments may be a volatile memory, for example a DRAM 

(Dynamic Random Access Memory) or a non-volatile memory, for example a PROM 

(Programmable Read Only Memory), an EPROM (Erasable PROM), EEPROM 

(Electrically Erasable PROM), or a flash memory, e.g., a floating gate memory, a charge 

trapping memory, an MRAM (Magnetoresistive Random Access Memory) or a PCRAM 

(Phase Change Random Access Memory). 

[0009] In an embodiment, a "circuit" may be understood as any kind of a logic 

implementing entity, which may be special purpose circuitry or a processor executing 

software stored in a memory, firmware, or any combination thereof. Thus, in an 

embodiment, a "circuit" may be a hard-wired logic circuit or a programmable logic 

circuit such as a programmable processor, e.g. a microprocessor (e.g. a Complex 

Instruction Set Computer (CISC) processor or a Reduced Instruction Set Computer 

(RISC) processor). A "circuit" may also be a processor executing software, e.g. any kind 

of computer program, e.g. a computer program using a virtual machine code such as e.g. 

Java. Any other kind of implementation of the respective functions which will be 
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described in more detail below may also be understood as a "circuit" in accordance with 

an alternative embodiment. 

[0010] The amount of data to be stored on data storage devices is increasing. Thus, it 

may be desired to provide data storage devices with a high data storage capacity. 

[0011] Reducing the bit aspect ratio (BAR) may be a way to further increase the areal 

density of HDD (hard disk drives) in the future. Shingled writing with a sharp field 

gradient may be a promising approach to further reduce the track pitch for higher KTPI 

(or kTPI, or kilo TPI, wherein TPI may stand for tracks per inch). The reader width may 

be a determination factor for achievable areal density. With noise limitation and also 

fabrication tolerance limit, the further reduction of the track width of a reader may be an 

issue with a big challenge, especially, reducing BAR towards 1. According to various 

embodiments, devices and methods may be provided to enable reading data from a track 

pitch which is narrower than its reader size. 

[0012] According to various embodiments, devices and methods may be provided for 

shingle reading with a wide reader. 

[0013] FIG. 1A shows a flow diagram 100 illustrating a method for reading data from 

a storage medium using a reader in accordance with an embodiment. The reader may 

include for example with one reader head or a plurality of reader heads, for example 

multiple readers on a single slider. In 102, a first signal may be read with a reader head of 

the reader at a first position of the storage medium. In 104, a second signal may be read 

with a reader head (for example the same reader head used for reading a the first position 

of the storage medium, or another reader head of the reader) at a second position of the 

storage medium. In 106, data stored at a pre-determined position of the storage medium 
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may be determined based on the first signal and based on the second signal. The same 

procedure can be achieved by using multiple readers head to pick up multiple location 

signals at one read process. The multiple read heads may have a fixed reader offset in 

both down track and cross track. This may provide a simple way for reconstructing the 

narrower track information from wide reader. 

[0014] In other words, in a method according to various embodiments, a plurality of 

readings may be made, wherein a reader head may be at different positions for each of 

the plurality of readings (for example at a first position for the first reading, at a second 

position for the second reading, and so on). Then, based on the plurality of readings, data 

that is stored on one pre-determined position of the storage medium may be determined 

based on the plurality of readings. The plurality of readings can be based on multiple read 

heads. According to various embodiments, in a single reader head (in other words: in a 

reader with only one reader head) signals may be read sequentially in a plurality reads. In 

a multiple readers head (in other words: in a head with a plurality of reader heads) signals 

may be read parallel in a plurality (parallel or simultaneous) reads. Multiple readers head 

mean many that there is provided a plurality of reader sensors in one head. Each reader 

may pick up a signal at different location simultaneously. 

[0015] According to various embodiments, it may be understood that the reader head 

at a position may be understood as the center of the reader head on (or above) the 

position of the storage medium. 

[0016] The storage medium may for example be a magnetic storage medium, for 

example a hard disc drive. 
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[0017] According to various embodiments, the storage medium may include a 

plurality of tracks. Each track may have a width (or a pitch) smaller than a width of a 

reader head of the reader. 

[0018] According to various embodiments, for at least one of the first position or the 

second position a reader head of the reader may cover a first track and a second track. 

[0019] According to various embodiments, the pre-determined position may include 

or may be one of a pre-determined position on the first track or a pre-determined position 

on the second track. 

[0020] According to various embodiments, the first track and the second track may 

be adjacent. 

[0021] According to various embodiments, the method may further include: reading a 

plurality of signals. For each signal, a reader head of the reader may be at a different 

position of the storage medium. The method may further include determining data stored 

at the pre-determined position of the storage medium based on the plurality of signals. 

For example a multiple readers head may be used to pick up multiple signals at different 

location. 

[0022] According to various embodiments, the method may further include: 

determining the data stored at the pre-determined position of the storage medium based 

on a de-convolution. 

[0023] According to various embodiments, the method may further include: reading a 

frequency burst signal with a reader head of the reader at a position of the storage 

medium, wherein the position includes a frequency burst provided before a data drack on 

the storage medium. According to various embodiments, the method may further include 
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determining the data stored at the pre-determined position of the storage medium may 

further be based on the frequency burst signal. 

[0024] According to various embodiments, the storage medium may include a 

plurality of tracks having a width (or a pitch) smaller than a width of a reader head of the 

reader, and the storage medium may include at least one track having a width (or a pitch) 

equal to or larger than the width of the reader head. 

|0025] According to various embodiments, the first position may be different from 

the second position. 

[0026] According to various embodiments, determining of the data stored at a pre­

determined position of the storage medium may further be based on determining an 

amplitude coefficient, the amplitude coefficient indicating a contribution of data stored at 

the first position of the recording medium. 

[0027] According to various embodiments, determining of the data stored at a pre­

determined position of the storage medium may further be based on determining an 

amplitude coefficient, the amplitude coefficient indicating a contribution of data stored at 

the second position of the recording medium. 

[0028] According to various embodiments, determining of the data stored at a pre­

determined position of the storage medium may further be based on determining a phase 

offset of data stored at the first position of the recording medium. 

[0029] According to various embodiments, determining of the data stored at a pre­

determined position of the storage medium may further be based on determining a phase 

offset of data stored at the second position of the recording medium. 
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[0030] FIG. IB shows a storage device 108 in accordance with an embodiment. The 

storage device 108 may include a storage medium 110. The storage device 108 may 

further include a reader 112 (for example including one reader head or a plurality of 

reader heads) configured to read a first signal with a reader head of the reader at a first 

position of the storage medium and configured to read a second signal with a reader head 

(for example the same reader head used for reading a the first position of the storage 

medium, or another reader head of the reader) at a second position of the storage 

medium. The storage device 108 may further include a data determination circuit 114 

configured to determine data stored at a pre-determined position of the storage medium 

based on the first signal and based on the second signal. The storage medium 110, the 

reader 112, and the data determination circuit 114 may be coupled with each other, like 

indicated by lines 116, for example electrically coupled, for example using a line or a 

cable, and/ or mechanically coupled. 

[0031] According to various embodiments, it may be understood that the reader head 

at a position may be understood as the center of the reader head on (or above) the 

position of the storage medium. 

[0032] The storage medium may for example be a magnetic storage medium, for 

example a hard disc drive. 

[0033] According to various embodiments, the storage medium 110 may include a 

plurality of tracks, each track having a width (or a pitch) smaller than a width of a reader 

head of the reader. 

[0034] According to various embodiments, for at least one of the first position or the 

second position a reader head of the reader may cover a first track and a second track. 
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[0035] According to various embodiments, the pre-determined position may include 

or may be one of a pre-determined position on the first track or a pre-determined position 

on the second track. 

[0036] According to various embodiments, the first track and the second track may 

be adjacent. 

[0037] According to various embodiments, the reader 112 may further be configured 

to read a plurality of signals. For each signal, a reader head of the reader 112 (for 

example the same reader head (for example the single reader head of the reader) or 

different reader heads of the reader) may be at a different position of the storage medium 

110. The determination circuit 114 may further be configured to determine data stored at 

the pre-determined position of the storage medium 110 based pn the plurality of signals. 

[0038] According to various embodiments, the determination circuit 114 may further 

be configured to determine the data stored at the pre-determined position of the storage 

medium 110 based on a de-convolution. 

[0039] According to various embodiments, the reader 112 may further be configured 

to read a frequency burst signal with a reader head of the reader 112 (for example the 

same reader head (for example the single reader head of the reader) or different reader 

heads of the reader) at a position of the storage medium including a frequency burst 

provided before a data drack on the storage medium 110. The determination circuit may 

further be configured to determine the data stored at the pre-determined position of the 

storage medium further based on the frequency burst signal. 

[0040] According to various embodiments, the storage medium 110 may include a 

plurality of tracks having a width (or a pitch) smaller than a width of a reader head of the 
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reader 112. The storage medium 110 may or may not include at least one track having a 

width (or a pitch) equal to or larger than the width of the reader head 112. 

[0041] According to various embodiments, the first position may be different from 

the second position. 

[0042] According to various embodiments, the determination circuit 114 may further 

be configured to determine the data stored at a pre-determined position of the storage 

medium further based on determining an amplitude coefficient, the amplitude coefficient 

indicating a contribution of data stored at the first position of the recording medium. 

[0043] According to various embodiments, the determination circuit 114 may further 

be configured to determine the data stored at a pre-determined position of the storage 

medium further based on determining an amplitude coefficient, the amplitude coefficient 

indicating a contribution of data stored at the second position of the recording medium. 

[0044] According to various embodiments, the determination circuit 114 may further 

be configured to determine the data stored at a pre-determined position of the storage 

medium further based on determining a phase offset of data stored at the first position of 

the recording medium. 

[0045] According to various embodiments, the determination circuit 114 may further 

be configured to determine the data stored at a pre-determined position of the storage 

medium further based on determining a phase offset of data stored at the second position 

of the recording medium. 

[0046] A shingled magnetic recording (SMR) zone may include a plurality of 

shingled or overlapping tracks. For instance, a first track may be overlapped by a second 

track immediately adjacent (i.e. contiguous) to the first track and the second track may be 
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overlapped by a third track immediately adjacent (i.e. contiguous) to the second track. 

The width of a writing element may be larger than the track pitch (i.e. the non-overlapped 

portions of the width of a data track). 

[0047] According to various embodiments, a de-convolution method may be 

provided to enable a larger reader to read data from track pitch which is narrower than its 

reader size. Simulation results and experimental data will be described below to 

demonstrate the feasibility of the various embodiments. Furthermore, according to 

various embodiments, a subsequent suitable shingle writing scheme and an 

implementation of correlation ratio by using a dedicated frequency burst before a data 

track may be provided, like will be described in more detail below. 

[0048] FIG. 2 shows a schematic illustration 200 of a reader for shingled tracks on a 

recording medium. In the shingled magnetic recording, a shingled track (for example a 

first shingled track 204, a second shingled track 206, and a third shingled track 208) may 

be designed to be narrower than the reader width (for example as indicated by an 

exemplary size of reader head 210) as shown in FIG. 2. It will be understood that 

although three shingled tracks 204, 206, and 208 are shown in FIG. 2, any number of 

shingled tracks may be provided. At the last track of shingled zone, the track 202 may be 

wider than the reader (or reader head) such that the reader may reproduce the integrity 

single track signal. This signal may be called the reference track signal. When the reader 

moves to the shingled tracks, the reader covers 2 tracks in one reading. Subsequently, the 

reader picks up a number of tracks of data or a page of data. According to various 

embodiments, a de-convolution process may be applied to get the data back (in other 

words: to determine the data stored in the recording medium). 
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[0049] For example, at a first position 212, the reader may read a first signal from the 

wide track 202 only. The first signal may correspond to the data stored in the wide track 

202. At a second position 214, the reader may read a second signal which may be a 

combination or a mixture of signals from (or stored in) the wide track 202 and from (or 

stored in) the first shingled track 204. By knowing the signal from the wide track 202, the 

data stored in the first shingled track 204 may be reconstructed. At a third position 216, 

the reader may read a third signal which may be a combination or a mixture of signals 

from (or stored in) the first shingled track 204 and from (or stored in) the second shingled 

track 206. By knowing the signal from the first shingled track 202, the data stored in the 

second shingled track 206 may be reconstructed. At a fourth position 218, the reader may 

read a fourth signal which may be a combination or a mixture of signals from (or stored 

in) the second shingled track 206 and from (or stored in) the third shingled track 208. By 

knowing the signal from the second shingled track 204, the data stored in the third 

shingled track 208 may be reconstructed. 

[0050] A de-convolution method can be either using a fixed-offset adjacent track 

subtraction method or amplitude coefficient estimation method to reconstruct the shingle 

track information. 

[0051] FIG. 3 illustrates an example of a read back process of a de-convolution 

method. For example, a fixed-offset adjacent track subtraction method may be shown. If 

the magnetic reader width (MRW 304, or short "reader width" or "read width"), which 

for example may be measured in nm, is defined to be larger than the Magnetic shingle 

Track width (MTW 302, or short "track width"), which for example may be measured in 

nm, the equation of the read back signal Xn at location n may be 
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X*=AJ\+B»T:2 = mw-M 
MRfF 1 2 

where A may be the ratio of the amplitude signal contributed by a first data track, for 

example the data track Ti, and B may be the ratio of the amplitude signal contributed by a 

second data track, for example the data track Tj , wherein M 306 may be a step size 

(which may for example be measured in nm), n may be a step index, nM may be an offset 

(for example measured in nm) from the adjacent read, nM may be smaller than or equal 

MTW 302 (in other words: nM <MTW), and A + B = 1 (for example to normalize 

against MRW 304). For this example scheme, the MRW 304 may be larger than MTW 

302 (of the second track T2). But MRW 304 may be smaller than the MTW of Tl (of the 

first track). The first MTW may be larger than MRW to provide a good signal without 

adjacent track interference for the subsequent track data recovery. Furthermore, it will be 

understood that X„ corresponds to an n step offset from an initial position. 

[0052] In the following, a fixed-offset adjacent track subtraction method according to 

various embodiments will be described. 

[0053] According to various embodiments, a method may be provided which takes 

the subtraction of two adjacent tracks read back signal with a known read offset. Generic 

equations derived from equation (1) may be shown as below: 

[0054] It will be understood that the equations (2) and (3) may be derived from 

equation (1). The only different of them may be the step size or read offset. 

M T M . 
MRW 1 + MRW 

nM y, nM 
MRW 1 + MRW 

n (2) 

•T2 (3) 
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[0055] Equation (2) illustrates the results of direct subtraction of 2 adjacent track 

with a known read offset between the signal. Equation (3) shows a special case where Xo 

in equation may be referring to the signal only solely is contributed by the wide track Ti. 

Equations (2) and (3) may have a unique characteristic whereby the coefficient of Ti and 

T2 may be equal. The coefficient is defined as ratio of read offset to MRW. Substituting 

the known Ti from reference track, Xo, Tz may be reconstructed. 

[0056] A simulation may be carried out to demonstrate the devices and methods 

according to various embodiments. 

[0057] FIG. 4 shows an illustration 400 of a simulated shingle writing scheme which 

includes 5 data track, Ti to T5 (for example Ti (402), T2 (404), T3 (406), T4 (408), and Ts 

(410)). 

[0058] Ti may be the last shingle writing zone (which may also be referred to as the 

reference track) where the MTW may be set to be 12 units (arbitrary unit length) whereas 

the track width of the other tracks may be set to be 6 units. In this simulation, the MRW 

may be assumed to be same size as reference track width, 12 units. 

[0059] FIG. 5 shows an illustration 500 of a mapping of the reader's read back signal 

X„ by moving 1 unit/step using equation 1. The resultant X„ is later subtracted by Xn-i 

(equation 2 and 3) as described in the fixed-offset adjacent track subtraction method. FIG. 

6 shows the resultant processed signal of fixed-offset adjacent track subtraction method 

as in the illustration 600. Subsequently T2 to Ts signal may be reconstructed as shown in 

illustration 700 of FIG. 7. by solving the equation. 

[0060] In the following, deconvolution by amplitude coefficient estimation method 

according to various embodiments will be described. For example, Xn=ATi+BT2; and the 
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fixed offset adjacent track method according to various embodiments as described above 

does not need to know what is component A and B. By subtracting Xn to X„-i, it may be 

solved for the Tj and T2. In the amplitude coefficient estimation method according to 

various embodiments, a method to estimate A and B may be used in order to solve or 

reconstruct the TI and T2. According to various embodiments, the fixed offset adjacent 

track method may use a multiple reader configuration. 

[0061] FIG. 8 shows the illustration 800 of a read back signal Xi and X2 over 2 

shingle tracks Ti and T2: 

Equation (4) can be solved to reconstruct T| and T2 if coefficient a, b, c and d are 

accurately estimated. Equation 5 shows the reconstructed shingle track T1 and T2. 

[0062] FIG. 9 shows an illustration 900 of general schematic of de-convolution 

method using the amplitude coefficient estimation method according to various 

embodiments. For illustration purpose, the scheme shows only 2 read back signals 902 

(for example Xi and Xi) to describe the working principle. According to various 

embodiments, the numbers of read back signals may not be limited. The 2 input signal 

may be sequentially read by a single reader head (sequential plurality read) or parallel 

read by multiple reader head (parallel plurality read). In real HDD application, signal Xi 

Xl=aTl+bT2 

X2= cl^+dl^ (4) 

X,-bT, 

(5) 
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and X2 may be subjected to down track jitter noise and cross track positioning jitter 

(amplitude coefficient). A de-convolution process may require that both signals are phase 

synchronized in down track direction and track positioning jitter needs to be captured in 

the track amplitude coefficient a, b, c and d. The individual read back signal may go 

through a phase detector and amplitude coefficient detector 904 to estimate phase offset 

and a, b, c, d value. The phase offset of X2 may be adjusted by a phase adjuster 906 

according to Xj to produce synchronized signal. Ti and T2 may be reconstructed (for 

example by de-convolution 908 following the de-convolution process as described in 

equation (5). 

[0063] In sequential plurality reading, a de-convolution scheme may utilize the 

benefits of inherent wide track of shingle write as shown in illustration 1000 of FIG. 10. 

If the input signal 1002 is from wide track (as determined in 1004), the read back signal 

X may directly be store in a memory 1006 as data track Tj. Subsequently, a read back 

signal X„ from shingle track may go through a phase detector and amplitude coefficient 

detector 1008 to determine phase offset of X„ with respect to T„ from memory and 

estimate the amplitude coefficient, a and b. Output of the detector will go through a phase 

and amplitude adjuster 1010 to produce synchronized signal before deconvoluting (in 

1012) to reconstruct track info of Tn+i. The scheme will continue to use T„+i to 

reconstruct the next track signal. 

[0064] There may be many ways to determine the phase offset and amplitude 

coefficient. Various embodiments will be described. Most of the following description is 

based on the scheme illustrated in FIG. 10. but the principle illustrated may also be 

applied in scheme illustrated in FIG. 9. 
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[0065] FIG. 11 shows a phase and amplitude detector scheme 1100 using cross-

correlation method or matching filter method to recover the signal. The reference signal 

Xi in memory 1102 may first cross-correlate (or match) itself using a match filter 1104 to 

produce a reference amplitude, A<j. Subsequence shingle read signal X2 may match with 

the reference signal Xi (for example using a further match filter 1106) to produce the 

phase difference Pj and amplitude A|. The amplitude coefficient, a may be a 

normalization of amplitude Ai with respect to Ao. After the phase and amplitude adjuster, 

the shingle track data may be reconstructed. 

[0066] The matching filter scheme may have additional benefits. If we divide the 

reference data and shingle data into smaller section as shown in illustration 1200 of FIG. 

12, a higher sampling of amplitude coefficient a{ ( [Ai/Ao]i ) may be obtained. The 

amplitude coefficient may translate into the position error signal (PES). Thus, a 

continuous PES system may be extracted from the arbitrary data pattern in the shingle 

reading system. A dual stage PES servo control system 1300 in FIG. 13 may then be 

provided. During the wide track read back, the continuous servo from arbitrary data 

pattern may not available. The conventional drive servo may be applied as the wide track 

requires less TPI (tracks per inch) resolution. When the head is reading the narrow track, 

it may need high TPI capability and the matched filter may generate precise PES 

continuously or higher bandwidth servo control. Besides, higher sampling rate of 

amplitude coefficient a= (Ai/Ao)i, the devices and method according to various 

embodiments may have ability to compensate the PES error during the recovery of 

shingle track signal and hence may make the system more tolerate to PES error and relax 

the need of high bandwidth servo control system. Combination of high PES bandwidth 
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and high sampling rate of amplitude coefficient may make the system more robust in 

shingle read system. 

[0067] FIG. 14 shows another phase and amplitude detector scheme 1400. It uses 

conventional drive servo preamble to achieve phase synchronization and uses additional 

multi-frequency data pattern to determine the amplitude contribution factor of reference 

track in shingle read track. FIG. 15 shows an illustration 1500 wherein the additional 

single frequency data pattern is written at the beginning of data sector or at the end of 

data sector. The adjacent shingle track may write a different frequency for differentiation. 

Hence a multi-frequency data pattern is formed across the shingle track. In the shingle 

read track, the amplitude coefficient, a,b,c,d may be estimated through the different 

frequency burst. In 2 frequency system, the first method to estimate a value may be 

through iteration. Base on FIG. 15, the signal Xi is the wide track frequency burst, while 

signal X2 is the shingle read track dual frequency signal. By iterating "a" value during 

subtraction of X2 to Xi, until the maximum SNR of shingle track T2 (frequency burst 

region) is achieved. This condition achieved when the TI signal is at minimum in 

frequency signal. At the beginning of each data track, a frequency burst may be written. 

For example, a first track Ti may have a first frequency Fj and a second track T2 may 

have a second frequency F2. When the head read is at the position in between the 2 tracks 

(this may be a second read, while we have the first read at T1 wide track), it may follow 

the equation shown in Figure 5 (T2= X2-aXi). At each iteration of subtracting X2 from Xi 

(Xi=Ti), the "a" value may be adjusted until the resultant T2 signal has least component 

of T1 signal. This may be reflected in SNR as we the FFT (fast Fourier transform) of F2 
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may be compared against F] signal. Another method to estimate amplitude coefficient 

may be through the amplitude detection of frequency burst. The value may become: 

a = An~AF2 (6) 

AF | + AF2 

[0068] FIG. 16 and 17 showing the de-convolution results from the "a" iteration 

method. FIG. 16 show the signal image comparison 1600 between wide track data Xi, 

shingle read track X2, original shingle track data T2-o> and recover shingle data T2. The 

reconstructed shingle track T2 look alike as original shingle track T2-0. In FIG. 17, a chart 

1700 shows that without signal recovery, the shingle read track SNR is 4.76dB compared 

to the original shingle track NT31 at 11.97dB. The wide track signal WT31 may have 

relatively larger SNR compared to the NT31 as the wide reader will pick up the media 

noise outside of the narrow track. The reconstructed signals (1 or 2) may have SNR 

relatively close to the NT31. It shows that the de-convolution scheme according to 

various embodiments may reproduce a signal of a shingle track. 

[0069] For the third phase and amplitude coefficient detector scheme, a buried layer 

dedicated servo system, like will be described in more detail below, may be used to 

realize the wide reader shingle magnetic recording system. FIG. 18 shows the example 

1800 of dedicated multi-frequency servo which may generate both continuous PES and 

phase synchronization signal. If two frequencies burst F1 and F2 are written in the 

dedicated servo layer below the data layer, and the reader is position to cover 2 servo 

track, the read back signal can generate the PES signal by detecting the amplitude of the 

frequency burst as shown in equation (7). 

PES = Apl ~ Apl (7) 
AFI + AF 2 
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It may be a similar concept to equation (6) in determining the amplitude coefficient of 

reference track. The mixing frequency F1 and F2 together with the low pass filter may 

generate an output sine wave with frequency F1-F2. This signal may be used as phase 

synchronization signal. Besides, phase offset can be detected through the preamble signal 

as described above. 

[0070] The deconvolution scheme shows in FIG 9 is to have a wide track as the 

reference track in a data zone. However, in reading process, it may need to have start 

reading from the wide track to retrieve the data. It may increase the reading time if only a 

few data track is needed out of the whole data zone. Hence, a suitable shingle writing 

scheme 1900 shown in FIG. 19 can be applied to reduce the reading time by increasing 

the number of wide tracks 1902 in the data zone. For example, at each n shingle narrow 

write track 1904, a wide track (MTW 3vIRW) may be written as the reference signal. 

This wide track 1902 may serve as the reference track to recover the both sides of narrow 

shingle read track. This may avoid the need to read the whole data zone if only a small 

portion of data is need. Besides, this writing scheme may have advantages by limiting the 

number of narrow shingle track to be recovered with reference to the wide track. For 

example, the scheme showed in FIG. 19 indicates that at every 2 narrow shingle tracks 

will have a wide track. Since each wide track may be the reference for both adjacent 

narrow shingle tracks, the scheme may provide a certain quality of SNR to be maintained 

in the shingle reading scheme. It may benefit especially to the case where the subsequent 

narrow recovered track may inherence some signal deterioration. If the signal becomes 

the next reference track for the next shingle reading track recovery, the error may 

accumulate and SNR may worsen. 
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[0071] In the following, a buried layer dedicated servo system (for example relating 

to methods and apparatus for hard-disk drive system operation monitoring and self-

adjustment) according to various embodiments will be described. 

[0072] The following generally relates to data storage devices, and more particularly 

relates to hard disk drive (HDD) data storage products, including methods and apparatus 

for monitoring and adjusting the operation thereof. 

[0073] Hard disk drives include a recordable medium and a head which is mounted to 

move above the recordable medium as the medium spins. As hard disk drives are 

designed to smaller and smaller sizes and the medium is designed to store more and more 

information on narrower and narrower tracks, it is imperative that the relative positions of 

the rotating medium and the moving head be monitored and other parameters such as 

relative motion and speed variations be monitored. Such monitoring is needed in order to 

correct any errors before they become too great. However, today's monitoring 

techniques are insufficient for the track widths, height tolerances and other parameters. 

[0074] Thus, what is needed are robust monitoring and self-adjustment techniques for 

hard disk drives that are compatible with future ultra-thin, greater storage hard disk 

drives. Furthermore, other desirable features and characteristics will become apparent 

from the subsequent detailed description, taken in conjunction with the accompanying 

drawings and this background of the disclosure. 

[0075] According to the Detailed Description, a method for monitoring hard disk 

drive operation in a hard disk drive system is provided. The hard disk drive system 

includes a spindle, a disk and a head. The method includes the steps of writing a wide 

pattern having a predetermined frequency on a track of a hard disk drive medium, 
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generating a readback signal by reading the wide pattern from the track, processing the 

readback signal by mixing the readback signal with a reference signal to obtain a summed 

signal and a difference signal, and filtering the summed signal by a filter centered around 

the difference signal to generate a measurement signal corresponding to a relative speed 

change of the spindle and a head-to-disk motion. 

[0076] In accordance with another aspect of the present embodiment, a method for 

monitoring operation of a hard disk drive system is presented. The hard disk drive 

system includes a disk medium including a buried servo layer having a first frequency of 

data on a first track and a second frequency of data on a second track, the second track 

adjacent to the first track. The method includes the steps of reading a readback signal by 

a head positioned at the middle of the first track and the second track, filtering the signal 

by a first filter centered at the first frequency to extract a first component signal, filtering 

the signal by a second filter centered at the second frequency to extract a second 

component signal, combining the first component signal and the second component 

signal to generate a synchronization signal comprising downtrack information. The 

downtrack information may include spindle speed variation, spindle speed jitter, and 

relative head-disk vibration in the downtrack direction. 

[0077] In accordance with yet another aspect of the present invention, a method for 

measuring flying height of a head over a disk medium in a hard disk drive (HDD) system 

is provided. The HDD system includes a disk medium having a buried servo layer with a 

first frequency of data on a first track and a second frequency of data on a second track, 

the second track adjacent to the first track. The method includes the steps of reading a 

readback signal by a head positioned at the middle of the first track and the second track, 
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filtering the signal by a first filter centered at the first frequency to extract a first 

component signal, filtering the signal by a second filter centered at the second frequency 

to extract a second component signal, combining the first component signal and the 

second component signal using Wallace equations to generate a synchronization signal 

comprising flying height information. A further aspect includes developing a table of 

operational parameters for various pressures and temperatures from the flying height 

information for improved HDD system operation. 

[00781 The following detailed description is merely exemplary in nature and is not 

intended to limit the invention or the application and uses of the invention. Furthermore, 

there is no intention to be bound by any theory presented in the preceding background of 

the invention or the following detailed description of the invention. In this detailed 

description, three embodiments will be discussed: a novel and improved technique for 

relative head-disk motion and spindle speed variation measurement, a novel and 

improved technique for down-track synchronization in a dedicated servo based magnetic 

recording system, and a novel and improved technique for flying height monitoring in 

dedicated servo based magnetic recording system. 

[0079] A new embodiment is presented to measure, in addition to spindle speed 

variation, the relative head-disk downtrack motion. Unlike conventional approaches such 

as approaches using hall sensors and rotary encoders or approaches using back 

electromagnetic field (EMF) measurement for determining spindle speed, the present 

embodiment uses written-in information on a disk to provide continuous and real-time 

information about relative head-disk motion, including the effects of relative head-disk 

vibration. In addition, the present embodiment does not require additional components in 
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a hard disk drive (HDD) implementation except firmware implementation of the present 

embodiment and a frequency source to be provided by the HDD system on chip (SOC) 

circuitry. 

[0080] Current measurement techniques for spindle speed are typically implemented 

via rotary encoders (optical), hall sensors or measurement of back EMF. For a hard disk 

drive (HDD) which uses brushless DC (BLDC) motors and performs spindle speed 

measurement, such measurement can be accomphshed through Hall sensors built into the 

motor. In addition it is also possible, depending on the driving circuitry, to measure 

spindle speed from back EMF. 

[0081] However, all these methods provide only information on the rotational speed 

of the spindle and, therefore, are unable to provide the actual relative head-disk speed or 

motion which is affected by other effects such as head-disk vibrations. In addition, the 

need to further increase recording density means that current and future HDDs will move 

towards very few grains/bit recording. This puts added stress on the ability to write 

accurately on the magnetic bits. The need for accurate and synchronized writing means 

that spindle speed variation, jitter and undesired relative head-disk motion and vibration 

need to be kept very small. At the same time, the ability to accurately measure and 

quantify such spindle speed variation, jitter and undesired relative head-disk motion and 

vibration at high resolution becomes very important. 

[0082] The present embodiment presents a method and approach which can, in 

addition to measuring the spindle speed and speed variations, also provide measurement 

for downtrack relative motion and vibration between head and disk at high resolution. 

Referring to FIG. 20, a diagram 2000 depicts a first approach for real time spindle speed 

28 



variation and relative head-disk motion measurement. First, a pattern 2002 is written on 

a track on the disk preferably using a wide writer head. This wide track pattern 2002 will 

reduce the off-track interference which can degrade a readback signal 2004. 

[0083] The readback signal 2004 is read back from the wide track pattern 2002 at a 

frequency/106. Similar to a rotary encoder scheme, the higher the frequency/2006 

used, the better the resolution. Since the achievable "encoded" resolution is limited only 

by a bandwidth of the read-write (RW) head and a disk media combination, a very high 

frequency in the hundreds of megahertz can be used, enabling an approach which is far 

superior to any conventional rotary encoder scheme. However, in order to strike a 

balance between signal to noise ratio and resolution, a frequency of around 80MHz to 

150 MHz for current HDDs is preferred. 

[0084] Subsequently, the RW head is positioned over the written track 2002 and 

reads back the written track in a continuous fashion. By using a reference clock signal 

2008 at frequency/+ Af, and mixing at a mixer 2010 the reference clock signal 2008 

with the readback signal at frequency/2012, a mixed signal having signal components at 

a summed frequency 2f+Af and a difference frequency Af are obtained. 

[0085] By using a filter 2014 (e.g., a band pass filter (BPF) or narrow band filter) 

centered at around frequency Af a resulting measurement signal 2016 corresponding to 

relative spindle speed change and head-disk motion is obtained. It is possible to also use 

a BPF 2014 that is slightly offset from Af depending on the range of relative speed 

variation to be measured. The width of the filter 2014 passband may also be a necessary 

parameter of this embodiment. A sharper (smaller passband) filter 2014 will provide a 

larger signal change (i.e., more sensitive) for the same relative speed change, but may 
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suffer from a limited range of speeds that can be measured. Thus, a good trade-off 

between the target range of measurement versus sensitivity is desired to achieve optimal 

results. 

[0086] The above approach depicted in the diagram 2000 provides very high 

resolution. However, one drawback of this approach is that the measurement signal 

generated is not monotonously increasing or decreasing. Since the signal peaks at a 

center frequency, the measurement may sometimes be ambiguous. This may be 

especially true when the measurement range spans to the left and right of the peak, as 

shown in the signal amplitude vs. RPM graphs 2300, 2350 in FIGs. 23A and 23B. 

[0087] A second approach is depicted in diagram 2100 of FIG. 21. This second 

approach alleviates any ambiguity problem that may be present in the first approach by 

using two matched filters 2104, 2106 instead of a single filter 2014. The steps to 

generate the readback signal 2012 are the same as the first approach where a wide track 

of a single frequency is written and mixed at a mixer 2010 with a reference clock signal 

2008 of the same writing frequency. However, this second approach provides the 

resulting mixed signal IF 202 to the two filters 2104, 2106, wherein the first filter 2104 is 

centered at Af+f; and the second filter 2106 is centered at Af - fi, generating the filtered 

signals A and B, respectively. The frequency fi is a frequency passband offset within the 

bandwidth of the first and second bandpass filters 2104,2106. A normalization 

procedure such as (A-B)/(A+B) can then be applied by the combiner 2108 to provide a 

monotonously increasing signal 2110 over the range of relative spindle speeds to be 

measured. 
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[0088] Referring to FIG. 22, a graph 2200 further illustrates this second approach. 

When measured signal AF is less than A/2202, the measured signal AF moves further 

into the passband of the B signal 2204 and away from the passband of the A signal 2206. 

If AF is, instead, greater than A/2202, the measured signal AF moves into the passband 

of the A signal 2206 and away from the passband of the B signal 2204. Since the signal 

A 2206 must increase when the signal B 2204 decreases and vice versa, the resulting 

signal (A-B)/(A+B) is monotonously increasing for the measurement range between Af+ 

fi and Af-fi, thereby removing the ambiguity. Depending on the measurement range 

required, appropriate fj values and filter widths can be chosen for optimal results. 

[0089] FIG. 23 A shows experimental results in the graph 2300 obtained using the 

first approach for measurements on the air bearing spindle with a measured spindle speed 

variation of 0.005%. FIG. 23B shows experimental results in the graph 2350 obtained 

using the first approach for measurements on a HDD product. And FIG. 24 shows 

experimental results in the graph 2400 when the second approach is used on a HDD 

product. 

[0090] The technology and approaches in accordance with the present embodiment 

can be easily applied to present HDD products. Because no additional components are 

required except a reference clock and digital filtering, both of which may be easily 

provided by the HDD system on chip (SOC), large additional costs of implementation are 

avoided. Also, by implementing the technology into a HDD system and its associated 

firmware, it is possible to use the technology not only during HDD 

manufacturing/assembly and in failure analysis situations, but also during normal use by 

end users. 
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[0091] In the manufacturing and assembly stage, HDD products after assembly could 

go through a long process of checks including formatting and testing of the media. For 

very large drives, this could take a long time. Due to manufacturing tolerances and 

production yields, not all assembled products can work at the same recording density. If 

the end tested product is found to be unsuitable for a certain recording density, it needs to 

be downgraded to a lower density level. A test approach in accordance with the present 

embodiment could be applied, for example, after drive assembly and prior to the 

formatting and testing step to ascertain the quality of the assembled drive. If at this stage, 

a drive is found to be of a "lower quality" from measured large speed variations, jitter or 

relative head-disk vibrations, then the drive can be put to a lower density level 

immediately. Thus, a simple measurement in accordance with the present embodiment is 

enabled which could help reduce the manufacturing cost by detecting the quality of the 

end product earlier without requiring expensive and extensive testing, thereby 

exemplifying an intelligent manufacturing approach. 

[0092] The testing approach in accordance with the present embodiment is also 

useful for the HDD under normal use by end users. For example, it is possible to 

program the drive for regular self-testing using the testing approach in accordance with 

the present embodiment. Such self-testing can be performed by the HDD when the drive 

is idle, thereby serving as a self-reliability check during the HDD's operable life. Any 

variations in test results can indicate potential drive problems and future failure that need 

to be fed back to the user for remedial actions before a catastrophic failure actually 

occurs. 

32 



[0093] Finally, in a Failure Analysis (FA) situation, the FA process may include 

running a test in accordance with the present embodiment and examining the test results. 

A degrade in performance (e.g., increased head-disk vibration or variations in relative 

spindle speed) could indicate the possible source of a problem to the drive engineer even 

before a complete tear-down is warranted. Thus, the present embodiment can also serve 

as a quick initial check for the FA process 

[0094] In one aspect of the present invention, a method for monitoring hard disk 

drive operation in a hard disk drive system including a spindle, a disk and head is 

provided. The method includes the steps of writing a pattern having a predetermined 

frequency on a wide track of a hard disk drive medium, generating a readback signal by 

reading the pattern from the track, processing the readback signal by mixing the readback 

signal with a reference signal to obtain a summed signal and a difference signal, and 

filtering the summed signal by a filter centered around the difference signal to generate a 

measurement signal corresponding to a relative speed change of the spindle and a head-

to-disk motion. 

[0095] The monitoring techniques in accordance with the present embodiment 

advantageously use written-in information on the disk instead of relying on external 

sensors such as Hall sensors or rotary encoders, thereby enabling the actual head-disk 

relative speed and motion to be measured instead of only the spindle speed variation 

(conventional approaches only measure spindle speed but cannot know relative head-disk 

vibration). Also, the present embodiment can be implemented in firmware on the HDD 

and does not require additional components like Hall sensors. Only a frequency source is 

required, and such frequency source can be provided by the HDD system on chip (SOC). 

33 



Additionally, the written-in ("encoded") track on the disk media can be at a very high 

frequency, providing robust, high resolution of measurements, the resolution only being 

limited by the Read/Write (R/W) capability of the head and media combination. Further, 

the present embodiment can be used in conjunction with existing spindle speed control 

schemes in HDD, and can be applied to current HDDs as a means for qualification of 

HDD components (e.g., the spindle). 

[0096] As HDD technology moves towards fewer grains/bit recording as well as 

future configurations such as Two Dimensional Magnetic Recording (TDMR) and bit-

patterned media, the need to be able to determine the location of the write and read head 

versus the location of individual bits becomes very important. Thus, the availability of a 

synchronization signal to determine these locations is paramount. When utilizing a dual 

frequency dedicated servo media, where the presence of a dedicated servo magnetic layer 

allows "always on" servo information, the possibility arises to obtain a "continuously on" 

write synchronization signal. This "continuously on" signal does not only help with 

accurate writes on location sensitive media but also provides a means to detect and 

measure down track and spindle vibration, speed and other conditions. 

[0097] In accordance with a second aspect of the present embodiment, a new 

configuration is proposed to make use of the frequency based dedicated servo signal to 

produce an always available write synchronization signal that can allow bit location 

determination, as well as detection of downtrack vibration, spindle speed variation, and 

jitter. A dedicated servo layer 2502 located below the data magnetic layer 2504 is shown 

in the cutaway view 2500 in FIG. 25. Multi-frequency or dual frequency based servo 

schemes can be utilized in the dedicated servo layer 2502. A slider head 2510 includes a 
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reader head 2512 and a writer head 2514 for reading and writing to the magnetic layers 

2502 and 2504. The slider head 2510 also includes a heater 2516 for thermal fly height 

control (TFC) as known to those skilled in the art. It is important to know the vibration, 

speed variation and jitter information in order to enable synchronized writing. 

[0098] Referring to FIG. 26, a top planar view 2600 shows that the reader head 2512 

is positioned at the middle of two tracks 2602,2604 to read back the supeiposition of the 

signals from the two servo tracks 2602,2604 in the dedicated servo layer 2502. The 

signals from the two servo tracks 2602,2604 are two separate frequencies as shown in a 

graph 2606 (i.e., a frequency Fl 2608 and a frequency F2 2610). 

[0099] The process to generate the synchronization signal is given in FIG. 27, 

including FIGs. 27A and 27B. Referring to FIG. 27A, a block diagram 2700 shows that 

by applying analog filters or digital filters 2702,2704 centered at Fl and F2 frequencies 

2608, 2610, respectively, to the read back signal 2706 respective frequency components 

can be extracted, namely frequencies A and B corresponding to the signals from servo 

tracks fl 2602 and f2 2604, respectively. The signals can be further processed to generate 

a signal 2708 that can be used for write synchronization write synchronization in, for 

example, Two Dimension Magnetic Recording (TDMR), as well as for the detection of 

downtrack vibration, spindle speed variation and jitter. 

[001001 The readback signal 2706 from the dedicated servo system consists of both a 

data signal and a servo signal. Referring to FIG. 27B, the F1+F2 signal 2720 from the 

filters 2702,2704 (FIG. 27A) is processed using filters 2722,2724 (either analog 

bandpass or low pass filters or digital filters) to obtain the Fl and F2 components. The 

separate Fl and F2 signals are then mixed at a mixer 2726 and filtered by a low pass or 
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band pass filter 2728 to generate a Sine (F1-F2) signal 2730 which constitutes the 

synchronization signal. As the synchronization signal 2730 is obtained entirely from the 

written-in dedicated servo signals (Fl and F2), no external reference clock or oscillator is 

required. This means that the synchronization signal 2730 avoids any phase and 

frequency drift that is common when an external reference clock is used. At the same 

time, the synchronization signal 2730 will fully reflect downtrack changes in the HDD 

system such as spindle speed variation and jitter, and relative head-disk vibration in the 

down track direction. 

[00101] FIG. 28 depicts three traces 2802, 2804,2806 that show the simulation results 

for the generation of the synchronization signal 2730 from the dedicated servo signal. 

Referring to FIG. 29, simulation results are depicted in a first trace 2900 that illustrates 

the synchronization signal 2730 is resilient to relative changes in the amplitude of the 

servo Fl and F2 components which can occur if there is off-track in the read-write head. 

Essentially by detecting the zero crossing of the AC synchronization signal, effects of 

off-track which can manifest for example in a different amplitude of the synchronization 

signal are ignored. A second trace 2950 shows that the synchronization signal 2730 is 

responsive to a relative phase difference between Fl and F2 components. Referring to 

FIG. 30, the results 3000 further show the actual spinstand experimental results for 

generating the synchronization signal 2730, Sine (F1-F2). 

[00102] The synchronization signal 2730 provides a means to know the location of the 

read head 2512 in the downtrack direction. For example, the synchronization signal 2730 

can be measured and can be translated into a location in the downtrack direction. While a 

simplified approach counts the number of zero-crossings from the start of a sector or 
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index mark, other methods that can detect phase may also be used. The zero-crossing 

detector approach is useful because it is not affected by changes in the amplitude of the 

synchronization signal 2730. By knowing the current location of the read head 2512, it is 

possible to estimate the location of the write head 2514. With a known location of the 

write head 2514, synchronized writing utilizing measurements in accordance with the 

present embodiment can accurately write on targeted magnetic bits. 

[00103] In addition to synchronized writing, another advantageous use of the 

synchronization signal 2730 is that it provides information on relative head-disk motion 

and captures information including undesired jitter, vibration and shock. For example, a 

deviation or change to the synchronization signal 2730 at a particular instant of time 

indicates that there is an event that has caused a disturbance in the downtrack direction. 

Referring to FIG. 31, a graph 3100 shows an example where relative head-disk speed 

suddenly increased for a short duration, resulting in a detected synchronization signal 

2730 that has deviated from the expected or normal signal. By monitoring the 

synchronization signal 2730 to detect deviations, ASine(Fl-F2), it is possible to detect 

and measure events such as downtrack vibrations or changes in spindle speed. 

[00104] The ability to monitor downtrack changes and predict downtrack location is 

advantageous. In the dedicated servo implementation in accordance with the present 

embodiment, this is even more useful because such monitoring and measurement is 

available everywhere by virtue of the fact that servo track information is available 

everywhere on the disk. By implementing the invention into a HDD, for example 

through firmware in the HDD system on chip (SOC), the monitoring and measurement 

can become an important tool to detect HDD operational conditions such as excessive 
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shock or vibration and allow the HDD to respond quickly and take preventive action to 

avoid failure and crash. Regular measurement of the vibration in accordance with the 

present embodiment can also help to monitor reliability of the drive while in operation. 

Finally, the present embodiment provides a useful Failure Analysis tool to determine 

whether the performance of the drive has degraded. 

[00105] In accordance with this second aspect of the present embodiment, a method 

for monitoring operation of a hard disk drive system having a disk medium including a 

buried servo layer having a first frequency of data on a first track and a second frequency 

of data on a second track, the second track adjacent to the first track, is provided. The 

method includes the steps of reading a readback signal by a head positioned at the middle 

of the first track and the second track, filtering the signal by a first filter centered at the 

first frequency to extract a first component signal, filtering the signal by a second filter 

centered at the second frequency to extract a second component signal, combining the 

first component signal and the second component signal to generate a synchronization 

signal comprising downtrack information. The downtrack information may include 

spindle speed variation, spindle speed jitter, and relative head-disk vibration in the 

downtrack direction. 

[00106] In accordance with the present embodiment, written-in servo information for 

phase recovery is used. Thus, no additional information or programming is required. In 

addition, operation in accordance with the present embodiment does not require an 

external oscillator, thereby avoiding phase drift between a reference frequency and the 

written-in servo frequency. Also, operation in accordance with the present embodiment 

is less affected by jitter and spindle speed variation since the (F1-F2) signal follows 
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spindle jitter and speed variations due to using the written-in servo information for 

timing. Further, the synchronization signal 2730 is resilient to crosstrack and off-track 

effects (i.e., the AC zero crossing is unaffected by the relative strength of servo 

components in the dual frequency servo layer). The changes to the synchronization 

signal 2730 reflect downtrack spindle jitter or speed variations, as well as relative head-

disk vibration and shock. Thus, operation in accordance with the present embodiment 

can help HDD technology to achieve higher linear bits per inch recording which is 

required to meet continued areal density growth. 

[00107] In accordance with another aspect of the present embodiment, a new 

configuration is proposed to make use of a frequency based dedicated servo signal to 

produce an always available Flying Height (FH) signal with minimum off-track FH 

variation. This FH signal can be used as an additional monitoring signal for contact 

detection and HDD reliability. 

[00108] With the application of thermal Flying Height control (TFC) technology, the 

Wallace equation based in-situ FH testing technology becomes the major way to measure 

the FH of Read/Write (R/W) heads. In theory, one single harmonic is good enough to 

detect the FH variation. But in actual application, the off-track of a read head changes 

the amplitude of a readback signal and may be misinterpreted as a change in Flying 

Height. This is one of the major sources of FH testing error. In order to minimize such 

FH testing error, a harmonic ratio method is typically preferred. It requires a write-in 

data pattern that can produce at least two harmonics with harmonic signals of sufficient 

strength for accurate measurement. However, due to the special write-in pattern required 

on the media, the FH value is not always available in HDDs. Further, conventional FH 
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measurement techniques currently incorporate an acoustic emission (AE) sensor or 

contact sensor into the magnetic read/write head of a HDD system to detect the contact 

point. The additional sensor(s) disadvantageously incur additional component cost for 

the HDD. 

[00109] I11 accordance with a third aspect of the present embodiment, the dedicated 

servo layer 2502 in the HDD disk medium is utilized to provide an always available FH 

signal and advantageously offers minimization of the effects of off-track FH variation. 

This FH signal can be used as an additional monitoring signal for contact detection and 

HDD reliability. Referring back to FIG. 25, the dedicated servo layer 2502 is located 

below the data magnetic layer 2504 in the disk medium. The flying height (FH) 2530 

refers to the height of the head 2510 as it flies over the disk medium. Multiple 

frequencies or a single frequency of data are stored on the servo tracks of the servo layer 

2502. The reader 2512 is positioned at the middle of two tracks 2602, 2604 to read back 

the superposition of the signal as shown in FIG. 26. Referring to the block diagram 3200 

of FIG. 32, by applying analog or digital filters 2702,2704, the signal for the respective 

frequency components can be extracted from the readback signal 2706, and the amplitude 

of the signals, namely A and B can be determined. The amplitude of the signals can be 

further processed to produce a position error signal (PES) 3202, the synchronization 

signal 2708 and a flying height signal 3204. 

[00110] Based on the Wallace Spacing Loss equation, the spacing Loss is expressed 

as: 

A = Q2KM (8) 
where "k is the wavelength of the written data pattern and d is the relative change in 

spacing. Based on the amplitude ratio of the Wallace equation, we can use five different 
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Wallace spacing methods (obtained from equation (8)) to calculate FH from the 

simultaneous two frequency servo signal. They are: 

A]H(A)*AA 
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The above equations are based on ln(A), ln(B), ln(A*B), ln(A/B) and ln(A+B). The 

respective equations are shown in FIG. 33. It is straightforward to calculate FH based on 

the first four equations. However, for the case ln(A+B), a more complex equation is 

needed to calculate FH and d needs to be calculated from a trial and error or iterative 

approach. 

[00111] Alternatively, a simple calibration approach can be taken to determine the FH 

instead of solving the complex equation (13). In this case, we use the ln(A*B) case to 

calibrate FH for ln(A+B). The calibration equation is shown below: 

AlnU + 5) A d = ^ —xAd. (14) 
Aln^ + 5), 

where x is the relative TFC applied and Adx is the corresponding relative FH measured by 

Aln(A*B)x. By normalizing the Aln(A+B) against Aln(A+B)x, the FH can be deduced. 

[00112] FIG. 34, including FIGs. 34A and 34B, shows the touch down curve for 

respective methods of FH measurement. A graph 3400 in FIG. 34A shows the FH 
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measurement after one hundred times averaging, while a graph 3450 in FIG. 34B 

indicates an arbitrary instantaneous one point FH measurement. The information 

depicted in the graph 3450 shows that the FH measured by a single frequency is greatly 

affected by off-track error. This is further confirmed by the experimental results shown 

in a graph 3500 of FIG. 35. For these results, the TFC was fixed. It can be seen that the 

off-track FH variation error can be systematically studied by moving the reader sensor 

from -20nm off-center to +20nm off-center. However, ln(A+B) shows very little off-

track FH variation error. 

[00113] The instantaneous and always available FH signal can also be used as the 

contact detection sensor. FIG. 36A shows the time domain FH signal. In FIG. 36A, a 

graph 3600 shows FH signals 3605 and 3615 at different TFC powers. The FH signal 

3615 shows a FH signal during normal operation while the vibration FH signal 3605 is 

clearly observed during the head disk contact at a higher TFC power. FIG 36B depicts a 

graph 2620 which plots the root mean square (RMS) of the FH signal at different TFC 

powers where signals 3622, 3624, 3626 are obtained using ln(A), ln(B) and ln(A+B), 

respectively. In the graph 2620, the RMS measurements depict a clear sudden increase 

of value at contact TFC. In some cases, the FH's RMS can even detect the FH vibration 

prior the AE sensor as shown in a graph 3700 of FIG. 37.. This early detection can be 

attributed to pre-contact slider vibration. All of the above-mentioned FH measurement 

methods can be used as contact detection. Together with the continuous PES signal 

3202, these give a two dimensional and fast response to near contact condition. 

[00114] As the FH versus TFC actuation curve is different at different altitudes (as 

shown in a prior art example in graph 3800 of FIG. 38), it is possible to create different 
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FH calibration curves for different altitudes. One way is to calibrate and obtain curves 

under different air pressures corresponding to the different altitudes. 

[00115] Subsequently, in actual HDD operation, by moving the operating point 

through changing the TFC actuation (without going to contact) and measuring the change 

in FH for each TFC power used, it is possible to determine the gradient, AFH/APowerjFC-

This parameter can be used to determine on which altitude curve the drive is operating. 

If the altitude curve is correctly determined, then appropriate FH look-up tables could be 

used and unnecessary and undesired head disk contact could be avoided by being able to 

apply the appropriate TFC power for different altitudes. 

[00116] The ability to determine the altitude curve on which the drive is working is of 

great value. In present HDDs, it is difficult to incorporate an altitude sensor. Although 

drives have temperature sensors (e.g., thermistors), they generally do not have altitude 

sensors. This means that current HDDs do not know whether they are being operated at a 

high altitude (e.g., greater than twenty thousand feet) or at sea level. When at a high 

altitude, the flying height of the head is lower and there is increased chance of head-disk 

contact and reliability issues if an improper TFC power (such as that suitable for sea level 

use) is applied. 

[00117] Appropriate look-up tables for HDD operation under different conditions of 

pressure (altitude) and temperature can be generated by operation in accordance with the 

present embodiment. Once these tables are generated, it is possible in accordance with 

the present embodiment to identify the right look up table to be used in actual drive 

operation, thus reducing the reliability problems associated with HDD usage at different 

altitudes. Without calibrated look-up tables for different altitudes, the common approach 
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for current HDDs is to spin down the disk or adjust the TFC such that the head/slider 

comes into intermittent contact with the disk. Once this is done, the flying height is then 

known from the amount of TFC actuation applied. However, this touch down approach 

may wear out the RW heads and also has the risk of head disk damage. Therefore, 

reduction or elimination of the need to touch down the RW head is enabled by the present 

embodiment. 

[00118] Another important advantage of the present embodiment is that the FH 

information is always available since the servo information is available everywhere for 

the dedicated servo HDD. Compared to current drives where FH measurement can only 

depend on a few designated and specially written areas on the disk (if readback signal 

approach to determine FH is used), the always available FH information for the dedicated 

servo disk comes at little cost, but brings about great benefits. 

[00119] In accordance with one aspect of the present invention, a method for 

measuring flying height of a head over a disk medium in a hard disk drive (HDD) system 

having a disk medium including a buried servo layer having a first frequency of data on a 

first track and a second frequency of data on a second track, the second track adjacent to 

the first track, is provided. The method includes the steps of reading a readback signal by 

a head positioned at the middle of the first track and the second track, filtering the signal 

by a first filter centered at the first frequency to extract a first component signal, filtering 

the signal by a second filter centered at the second frequency to extract a second 

component signal, combining the first component signal and the second component 

signal using Wallace equations to generate a synchronization signal comprising flying 

height information. A second aspect includes developing a table of operational 
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parameters for various pressures and temperatures from the flying height information for 

improved HDD system operation. 

[00120] Thus it can be seen that methods for hard disk drive system operation have 

been disclosed which provides many advantages over the drawbacks of conventional 

HDDs. While several exemplary embodiments have been presented in the foregoing 

detailed description of the invention, it should be appreciated that a vast number of 

variations exist, including variations as to the materials, structure and operation of the 

data storage device. 

[00121] It should further be appreciated that the exemplary embodiments are only 

examples, and are not intended to limit the scope, applicability, dimensions, or 

configuration of the invention in any way. Rather, the foregoing detailed description will 

provide those skilled in the art with a convenient road map for implementing an 

exemplary embodiment of the invention, it being understood that various changes may be 

made in the function and arrangement of elements and method of play steps described in 

an exemplary embodiment without departing from the scope of the invention as set forth 

herein. 

[00122] According to various embodiments, a method for monitoring hard disk drive 

operation in a hard disk drive system including a disk having a hard disk medium on a 

surface thereof and being rotated by a spindle coupled thereto, the hard disk drive system 

further including a head for writing to and reading from the hard disk medium, may be 

provided. The method may include: writing a wide track pattern having a predetermined 

frequency on the hard disk drive medium; generating a readback signal by reading the 

wide track pattern; processing the readback signal by mixing the readback signal with a 
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reference signal to obtain a mixed signal including a summed signal and a difference 

signal; and filtering the mixed signal by a filter having parameters determined in response 

to the difference signal to generate a measurement signal corresponding to a relative 

speed change of the spindle and a head-to-disk motion. 

[00123] According to various embodiments, the filtering step may include or may be 

filtering the mixed signal by a filter centered around the difference signal to generate the 

measurement signal. 

[00124] According to various embodiments, the filtering step may include or may be 

filtering the mixed signal by a filter slightly offset from the difference signal to generate 

the measurement signal. 

[00125] According to various embodiments, the generating the readback signal step 

may include or may be generating the readback signal by reading the wide pattern from 

the track at a predetermined frequency f 

[00126] According to various embodiments, the predetermined frequency f may be a 

predetermined frequency greater than 50 MHz. 

[00127] According to various embodiments, the predetermined frequency f may be a 

predetermined frequency in the range of 80MHz to 150 MHz. 

[00128] According to various embodiments, the processing the readback signal step 

may include or may be processing the readback signal by mixing the readback signal with 

the reference signal to obtain the mixed signal including the summed signal and the 

difference signal and wherein the reference signal comprises the predetermined frequency 

/plus the difference signal. 
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[00129] According to various embodiments, the filtering step may include or may be: 

filtering the mixed signal by a first bandpass filter having parameters determined in 

response to the difference signal to obtain a first filtered signal; filtering the mixed signal 

by a second bandpass filter having parameters determined in response to the difference 

signal to obtain a second filtered signal; and combining the first filtered signal and the 

second filtered signal to generate the measurement signal corresponding to the relative 

speed change of the spindle and the head-to-disk motion. 

[00130] According to various embodiments, the first bandpass filter and the second 

bandpass filter may have equivalent bandwidths and wherein the first bandpass filter and 

the second bandpass filter have non-bandwidth parameters determined in response to the 

difference signal and a frequency passband offset fi within the bandwidth of the first and 

second bandpass filters. 

[00131] According to various embodiments, the first bandpass filter may have non-

bandwidth parameters determined in response to a sum of the difference signal and the 

frequency passband offset f \ and wherein the second bandpass filter has non-bandwidth 

parameters determined in response to a difference between the difference signal and the 

frequency passband offset fi. 

[00132] According to various embodiments, a method for monitoring operation of a 

hard disk drive system having a disk medium including a buried servo layer having a first 

frequency of data on a first track and a second frequency of data on a second track, the 

second track adjacent to the first track, may be provided. The method may include: 

reading a readback signal by a head positioned at the middle of the first track and the 

second track; filtering the signal by a first filter centered at the first frequency to extract a 
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first component signal; filtering the signal by a second filter centered at the second 

frequency to extract a second component signal; and combining the first component 

signal and the second component signal to generate a synchronization signal comprising 

downtrack information. 

[00133] According to various embodiments, the method may further include the step 

of utilizing the synchronization signal for write synchronization in Two Dimension 

Magnetic Recording (TDMR). 

[00134] According to various embodiments, the downtrack information may include or 

may be one or more of spindle speed variation information, spindle speed jitter 

information, and relative head-disk vibration in the downtrack direction information. 

[00135] According to various embodiments, the data on the first and second tracks 

may include or may be written-in servo information for phase recovery. 

[00136] According to various embodiments, a method for measuring flying height of a 

head over a disk medium in a hard disk drive (HDD) system, wherein the disk medium 

includes a buried servo layer having a first frequency of data on a first track and a second 

frequency of data on a second track, the second track adjacent to the first track, may be 

provided. The method may include: reading a readback signal by a head positioned at the 

middle of the first track and the second track; filtering the signal by a first filter centered 

at the first frequency to extract a first component signal; filtering the signal by a second 

filter centered at the second frequency to extract a second component signal; and 

combining an amplitude of the first component signal and an amplitude of the second 

component signal using Wallace equations to generate a synchronization signal 

comprising flying height infonnation. 
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[00137] According to various embodiments, the method may further include: 

developing a table of operational parameters for various pressures and temperatures from 

the flying height infonnation; and utilizing the table of operational parameters for HDD 

system operation. 

[00138] Methods and architecture for monitoring hard disk drive operation is 

provided. The hard disk drive system provided includes a spindle, a head and a disk with 

a disk medium including a buried servo layer having a first frequency of data on a first 

track and a second frequency of data on a second track, the second track adjacent to the 

first track. The method includes the steps of writing a wide track pattern having a 

predetermined frequency on a track of a hard disk drive medium, generating a readback 

signal by reading the pattern from the track, processing the readback signal by mixing the 

readback signal with a reference signal to obtain a mixed signal having a summed signal 

and a difference signal, and filtering the mixed signal by a filter centered around the 

difference signal to generate a measurement signal corresponding to a relative speed 

change of the spindle and a head-to-disk motion. In addition, filtering a readback signal 

generated by the head when positioned at the middle of the first track and the second 

track with a first filter centered at the first frequency and a second filter centered at the 

second frequency is used to generate a synchronization signal for determining spindle 

speed variation, spindle speed jitter, and relative head-disk vibration in the downtrack 

direction, for synchronizing writing in Two Dimensional Magnetic Recording 

(TDMR)and for measuring continuous flying height information based on Wallace 

equations. 
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[00139] While the invention has been particularly shown and described with reference 

to specific embodiments, it should be understood by those skilled in the art that various 

changes in form and detail may be made therein without departing from the spirit and 

scope of the invention as defined by the appended claims. The scope of the invention is 

thus indicated by the appended claims and all changes which come within the meaning 

and range of equivalency of the claims are therefore intended to be embraced. 
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CLAIMS 

1. A method for reading data from a storage medium using a reader, the method 

comprising: 

reading a first signal with a reader head of the reader at a first position of the 

storage medium, wherein the first signal includes a first portion corresponding to a 

first track and a second portion corresponding to a second track; 

reading a second signal with the reader head of the reader at a second position 

of the storage medium, wherein the second signal includes a third portion 

corresponding to the first track and a fourth portion corresponding to the second 

track; 

estimating, based on the first portion and the second portion, (i) a first ratio of 

an amplitude of the first signal contributed by the first track with the reader head of 

the reader at the first position and (ii) a second ratio of the amplitude of the first 

signal contributed by the second track with the reader head of the reader at the first 

position; 

estimating, based on the third portion and the fourth portion, (i) a third ratio 

of the amplitude of the second signal contributed by the first track with the reader 

head of the reader at the second position and (ii) a fourth ratio of the amplitude of 

the second signal contributed by the second track with the reader head of the 

reader at the second position; and 

determining data stored at a pre-determined position of the storage medium 

based on the estimated first ratio, the estimated second ratio, the estimated third 

ratio, and the estimated fourth ratio, 

wherein the storage medium comprises a plurality of tracks including the first 

track and the second track, each track having a width smaller than a width of the 

reader head of the reader. 
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2. The method of claim 1, 

wherein for at least one of the first position or the second position the reader 

head of the reader covers the first track and the second track. 

3. The method of claim 2, 

wherein the pre-determined position comprises one of a pre-determined 

position on the first track or a pre-determined position on the second track. 

4. The method of claim 3, wherein: 

the first track is adjacent to the second track. 

5. The method of claim 1, further comprising: 

reading a plurality of signals, wherein for each signal the reader head of the 

reader is at a different position of the storage medium; and 

determining data stored at the pre-determined position of the storage medium 

based on the plurality of signals. 

6. The method of claim 1, further comprising: 

reading a frequency burst signal with the reader head of the reader at a 

position of the storage medium comprising a frequency burst provided before a data 

track written at the same time when data is written on the storage medium; 

wherein determining the data stored at the pre-determined position both 

down track and cross track of the storage medium is further based on the frequency 

burst signal. 
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7. The method of claim 1, wherein: 

determining the data stored at the pre-determined position of the storage 

medium is further based on determining a phase offset of data stored at the 

second position of the recording medium. 

8. A storage device comprising: 

a storage medium; 

a reader configured to (i) read a first signal with a reader head of the reader at 

a first position of the storage medium, wherein the first signal includes a first 

portion corresponding to a first track and a second portion corresponding to a 

second track, and (ii) read a second signal with the reader head of the reader at a 

second position of the storage medium, wherein the second signal includes a third 

portion corresponding to the first track and a fourth portion corresponding to the 

second track; and 

a data determination circuit configured to 

estimate, based on the first portion and the second portion, (i) a first 

ratio of an amplitude of the first signal contributed by the first track with the reader 

head of the reader at the first position and (ii) a second ratio of the amplitude of the 

first signal contributed by the second track with the reader head of the reader at the 

first position, 

estimate, based on the third portion and the fourth portion, (i) a third 

ratio of the amplitude of the second signal contributed by the first track with the 

reader head of the reader at the second position and (ii) a fourth ratio of the 

amplitude of the second signal contributed by the second track with the reader 

head of the reader at the second position, and 
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determine data stored at a pre-determined position of the storage 

medium based on the estimated first ratio, the estimated second ratio, the 

estimated third ratio, and the estimated fourth ratio, 

wherein the storage medium comprises a plurality of tracks including the first 

track and the second track, each track having a width smaller than a width of the 

reader head of the reader. 

9. The storage device of claim 8, wherein: 

for at least one of the first position or the second position the reader head of 

the reader covers the first track and the second track. 

10. The storage device of claim 9, wherein: 

the pre-determined position comprises one of a pre-determined position on 

the first track or a pre-determined position on the second track. 

11. The storage device of claim 9, wherein: 

the first track is adjacent to the second track. 

12. The storage device of claim 8, wherein: 

the reader is further configured to read a plurality of signals, wherein for each 

signal the reader head of the reader is at a different position of the storage medium; 

and 

the determination circuit is further configured to determine data stored at the 

predetermined position of the storage medium based on the plurality of signals. 

13. The storage device of claim 8, wherein: 
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the reader is further configured to read a frequency burst signal with the 

reader head of the reader at a position of the storage medium comprising a 

frequency burst provided before a data drack on the storage medium; and 

the determination circuit is further configured to determine the data stored at 

the pre-determined position of the storage medium further based on the frequency 

burst signal. 

14. The storage device of claim 8, wherein: 

the storage medium comprises a plurality of tracks having a width smaller than 

a width of the reader head of the reader; and 

the storage medium comprises at least one track having a width equal to or 

larger than the width of the reader head of the reader. 

15. The storage device of claim 8, wherein^ 

the determination circuit is further configured to determine the data stored 

at the pre-determined position of the storage medium further based on 

determining a phase offset of data stored at the second position of the storage 

medium. 


