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ABSTRACT 

 
Recently hard disk drive capacity has been increasing until almost reach the limit of 

conventional recording (Perpendicular Magnetic Recording: PMR). Moving forward there 

are a few of new technologies under development to increase hard disk drive capacity 

beyond 1Tb/Inch2. SMR is one of the intermediate solutions to achieve higher capacity in 

hard disk drive. The reason is SMR can be done with conventional head and medium 

design. Only some changes required for SMR which minimum compare to other three 

technologies. However due to the track will be heavy overlapping in SMR, the write 

encroachment will become the main problem. To maintain the hard disk drive quality and 

reliability, this thesis has been conducted. The thesis will enhance the write encroachment 

detection by using previous track PES as a feed forward to current PES and use that 

information to detect write encroachment in SMR. The threshold limit will come from 

calibration method which will perform write encroachment simulation to get the optimum 

threshold for detection part. The locations which mark as write encroachment will become 

defective location which will not be accessible by end user. In summary the method to 

calibrate for write encroachment threshold is working correctly as compare with the 

feedback from read parameters. Also the detection method worked well with calibrated 

threshold. The write encroachment defect can be detected with this thesis methodology and 

defective area has been proven as defect based on read back parameters which EM (Error 

Margin) OTRC (Off-Track Read Capability) and LDPC (Low Density Parity Check) result  
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CHAPTER 1  

INTRODUCTION 

 

1.1 Background and Motivation 
 

Currently conventional magnetic recording (PMR: Perpendicular Magnetic 

Recording) has reached the limit of areal density as shown in figure 1.1. Currently the 

industrials are in transition state from PMR (Perpendicular Magnetic Recording) to new 

technology which higher than 1 Tb/inch
2
. 

 

 
 

 

Figure 1.1: Future technology in hard disk drive. 

 

Moving forward to higher capacity which higher than 1 TB/inch
2
, required new 

recording technology. SMR (Shingle Magnetic Recording) is an intermediate solution to 

achieve higher than 1 TB/inch
2
. EAMR/HAMR is the future technology which will 

increase storage capacity rapidly in the long term run. In SMR; the track will be written as 

overlapping which result in higher TPI (Track per Inch). By increasing TPI, the areal 

density can be increased. However, there are the challenges in SMR need to be address or 

handling by hard disk drive manufacturer. One is random write performance. Due to the 

track is overlapping the random write can cause the adjacent track become unreadable. 

Therefore disk drive firmware needs to handle this properly to maintain the same 

performance as PMR (Perpendicular Magnetic Recording). The other challenge is 

reliability. When the track is overlapping there will be a higher probability to generate 

adjacent track write encroachment which will induce to read error on adjacent track. This 

will be an impact to read performance/quality and reliability due to read recovery needed 

to recover unreadable data. With these challenges hard disk drive manufacturer need to 

provide a proper method to improve performance or reliability in SMR. 
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1.2 Statement of the Problems 

 

Reliability and quality is the key factor in business. As describe in background 

section, one of the challenges for SMR is write quality. As the track will be overlapping, 

the off-track write can easily causing the adjacent track become unreadable. As well 

known the off-track write can be detected by write fault detector. However the write fault 

detector only works for target track, it does not use adjacent track as an input to feed in to 

the off-track detection scheme for target track. When both tracks are not reach the write 

fault condition but it being close to each other. That can cause read error to be happen on 

adjacent track. 

This thesis will try to improve off-track detection by using adjacent track as a feed forward 

for current track.    

 

Conventional recording will look like figure 1.2, the track pitch controlled by writer 

width. In addition between the tracks will have guard band to protect adjacent track write 

encroachment. 

 
 

Figure 1.2: Convention Recording Layout, the track width limited by writer width. In addition 

conventional recording will has guard band between the tracks. 

 

However in SMR (Shingle Magnetic Recording) the track will be overlapping as 

figure 1.3, the track width will be controlled by reader width instead of write width. There 

will be no longer has guard band between the tracks anymore. Because of that the chances 

of write encroachment will be higher when both tracks encroach to each other.   

 
 

Figure 1.3: Shingle Magnetic Recording Layout, the track width limited by reader width. 

 

Due to the track is heavy overlapping; the write encroachment will be one of the 

main factors to determine quality in SMR (Shingle Magnetic Recording) drives.   
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1.3 Objectives of the Research 

 

1.3.1 Overall Objective 

 

The main objective of this thesis is to research a method to detect adjacent track 

write encroachment by using adjacent track information. The position error signal from 

adjacent track will be used as a feed forward for target track to calculate the level of 

encroachment. The threshold limit will come from per head per zone EM vs off-track level 

calibration curve which using magnetic read parametric. Any sector over threshold level 

will be mark as defective sector. The calibration algorithm will simulate encroachment 

situation at different level from off-track write. Magnetic read parametric will be used to 

identify critical level of encroachment. The result from calibration will be used as the limit 

for write encroachment detection. This method will be integrated to defect management 

module to find maximum likely hood of write encroachment. To avoid an exposure to read 

error or bad performance in read operation, those defective sectors will become invisible 

for user/customer to maintain hard disk drive quality and reliability. 

 

1.3.2 Specific Objective 

 

The specific objective from this study can list down as following 

• To improve write encroachment detection in SMR (Shingle Magnetic Recording) 

technology. 

• To increase hard disk drive reliability for SMR (Shingle Magnetic Recording) 

• Study relationship between read parameters versus off-track level (write 

encroachment level). 

• Identify the best method (calibration algorithm) to select the proper threshold to be 

used in write encroachment detection. 

• Provide proven result to ensure the calibration method. 

• Able to run the full process (calibration module and detection module) to ensure the 

result correlated with optimization and verify the result. 

 

1.4 Scope 

 
In this thesis will consist of three main parts to achieve objective of this research as 

following. 

• Design optimization/calibration algorithm 

• Design write encroachment detection algorithm 

• Implement both optimization algorithm and detection algorithm 

 

The thesis will focus only write encroachment detection as described in following. 

• Study the relationship between magnetic read metrics and off-track level to collect 

calibration curve. The calibration curve will be used to identify the off-track limit 

from adjacent track and target track. 

• Design the optimization/calibration method 

• Design the write encroachment detection method by using adjacent track’s PES 

(Position Error Signal) as a feed forward to current track’s PES (Position Error 

Signal) 

• Measure average of EM (Error Margin) to be used as a feedback to support 

optimization/calibration algorithm. 
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• Measure repeatability of write encroachment detection; use OTRC as a feedback to 

support the write encroachment detection algorithm. 

• Provide model code which performing threshold calibration before implemented to 

drive firmware. 

 

In this thesis will not focusing on following parameters 

• Reliability on PES (Position Error Signal), in this thesis the PES (Position Error 

Signal) value which comes from positioning control is correct. 

• Track following improvement or improvement for PES (Position Error Signal). 

• In this thesis will not focusing on signal improvement in read back’s data. 

 

1.5 Limitation 

 
The limitation in this thesis can break down as following. 

• The write encroachment detection method which is done in this thesis will only 

applicable for SMR (Shingle Magnetic Recording) and TDMR (Two-Dimensional 

Magnetic Recording). 

• The detection algorithm will require repeatability of write encroachment to ensure 

the write encroachment is consistently happen. 

• Intermittent write encroachment will not be able to detect by this methodology. The 

intermittent can cause by shock or vibration not causes by tracking following 

control in hard disk drive. 

• EM (Error Margin) measurement can affect by write quality and magnetic field 

strange from write pole.   

  

1.6 Organization of Thesis 

 

In this thesis will consist of 5 chapters which descript as following. 

• Chapter 1: provides background information, problem statement, research 

objective, scope of thesis and thesis limitation. 

• Chapter 2: provides literature review related to basic hard disk drive, introduction 

to SMR (Shingle Magnetic Recording), Servo write, PES (Position Error Signal), 

EM (Error Margin), OTRC (Off-Track Read Capability), Disk drive with off-track 

write prevention and Disk drive with off-track write recovery 

• Chapter 3: provides information related to proposed methodology, proposed 

algorithm and experimental for both optimization/calibration part and detection 

part.    

• Chapter 4: provides experimental result which based on proposed method and 

discussion. 

• Chapter 5: provides the conclusion from this thesis and future work 

recommendation.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Hard disk 

 

Hard disk drive is one of the most complexity components in computer hardware. 

Hard disk drive has been invented by IBM in 1953. Along the way hard disk drive capacity 

has been increasing over the year. Not only hard disk drive capacity has been change over 

the year, the physical size also been reduced to 2.5 inches and 3.5 inches as today’s size. A 

lot of engineering knowledge has been inventing to achieve higher capacity within the 

same physical size. Generally hard disk drive will be the same size and similar look. Hard 

disk drive is the highest storage device to store data. Even though there is solid state drive 

shipped to the market but hard disk drive still the main storage device.  

 

 

 
 

Figure 2.1: 3D hard disk drive model 

 

Currently hard disk drive is widely used in many of industrials. All database system 

required hard disk drive to store the data. As digital contents keep growing, the number of 

spacing to store the data also increasing. The hard disk drive will required a lot of 

engineering process and different field study to make single hard disk drive. Below is the 

digital contents created by using hard disk drive to store the data. 

 

     
 

Figure 2.2: Digital contents created to work with hard disk drive. 

 



6 

 

In current hard disk drive design will consist of five main components; read-write 

head (attached to actuator), actuator (arm), motor (spindle), disk (magnetic layer to store 

data) and PCB (Printed Circuit Board). Those are main component to make hard disk drive 

work. Each component required different knowledge to build the hard disk drive 

component. The read-write head will read magnetic polarity which store in the disk 

(medium) for read operation, or create magnetic field to magnetize the recording layer in 

the disk to store the data for write operation. Actuator (arm) will control cross track 

position such as seeking. The motor will control spindle speed and down track (track 

following) access, this component work with actuator to access to target location. Disk 

(magnetic layer)/medium will be used to store the data. Lastly is PCB, the PCB will consist 

of hard disk controller circuit, read channel core, main core to work with operation system 

and servo core which will control spindle and actuator for mechanical and control system. 

 

 

 
 

Figure 2.3: 3D hard disk drive with components for control system 

 

The hard disk drive is work by using arrow dynamic technique. The airflow created 

by spindle. The ABS will confine an air flow to create air pressure which will make the 

head flying. The change in spindle speed can create a lot of problem therefore the spindle 

control need to be accurate. 
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In read operation; the read head will read the raw signal from medium and transfer 

analog signal to preamplifier. Then go to read channel circuit, this circuit will perform 

analog to digital conversion before deliver data to host. 

 
Figure 2.4: Read back diagram.  

 

 

In write operation; hard disk drive will receive digital data from host. The ADC 

will convert digital data to analog and control write head to magnetize the medium. 

 
Figure 2.5: Writing diagram.  
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An increasing in linear density has increased complexity in hard disk drive 

manufacturing such as read channel, positioning control and other component. Read 

channel effect by increasing BPI and TPI. Higher BPI required advance technique in error 

correction model and higher TPI can cause encroachment in write operation which will 

effect to read back signal. In addition higher TPI also increase complexity in tracking 

control. Since the track pitch is getting smaller, the chances for off-track write will be 

higher. There are 2 motions control required for hard disk drive to operate. First is spindle 

control which will perform speed regulation or spin up or spin down. The other one is 

actuator control, this will control track following, track seeking and load/unload the head 

from ramp.  

 

 
 

Figure 2.6: Motion control in hard disk drive. 

 

 

The servo system control in hard disk drive will be more complicated compare to 

other devices. Since the track is narrow so the servo system control need to be very 

accurate and fast/. The slow response or searching for target track in servo can result in 

performance degradation. Below is the seeking control in modern hard disk drive. 

 

 
 

Figure 2.7: Seeking control diagram in hard disk drive. 
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There are a lot of processes required to build single hard disk drive, different 

process required for each component. Once required components are ready, manufacturer 

wills assembly all components to be hard disk drive. Servo write need to be done after hard 

disk drive has been assembly. Servo write will write specific pattern which will be used for 

positioning control. The servo write signal will be written once and will be used for entire 

life of hard disk drive. All above processes (assembly and servo write) called font-end 

process. There is another process called back-end which will test/calibration/optimization 

the hard disk drive for end user used.  

 

Servo write signal (spiral) will be used by track seeking and track following control. There 

is a specific pattern which depends on hard disk drive design. The servo write signal will 

consist of preamble signal, sync mark, grey code and servo burst. All these information are 

required for control system in hard disk drive to be working correctly.       

 

 
Figure 2.8: Servo pattern write in hard disk drive. 

 

After font-end process is done, assembly process consider completed. Then all the hard 

disk drive test process will be taken care by back-end process. In back-end; the test process 

will be done through SATA interface or SIO interface. There are few steps required for 

hard disk drive to be tested before shipped to customer: 

• First is back-end preparation test, this process will initialize ROM code and 

download all necessary information to PCB or overlay. In this step the hard disk 

drive can spin-up and read/write with default parameters (un-optimized 

parameters).  

• The next step is optimization, firmware in hard disk drive will perform optimize 

read/write parameters and etc. to guarantee read/write performance.  

• After that the hard disk drive will continue to defect management process. In defect 

management the hard disk drive will perform write and read to entire disk surfaces 

for all disks. This process to ensure; the hard disk drives are defect free before 

shipped to customer.  

• Once defect management process has been done, the screening process will be 

continued. Screening process will simulate hard disk drive usage which similar to 

customer used. This process to ensure the defect management working correctly, 

the drives which failed in this stage will be reprocessed again. 

• Lastly some of the drives will be sampling to be tested with stress parameter to 

ensure hard disk drive life can exceed warranty. 
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2.2 SMR (Shingle Magnetic Recording) 

 

 Current the magnetic recording is reaching the limitation of PMR (Perpendicular 

Magnetic Recording) which is 1 Tb/Inch
2
. There few technologies to increase areal density 

to be higher than 1 Tb/Inch
2
.  There are new technologies which under development is; 

EAMR (Energy Assisted Magnetic Recording) /HAMR (Heat-Assisted Magnetic 

Recording), TDMR (Two-Dimensional Magnetic Recording) and SMR (Shingle Magnetic 

Recording). 

 

Shingle magnetic recording (SMR) is the intermediate solution to achieve more 

than 1Tb/Inch
2
. The name is come from shingle roof; the tracks in medium will be looked 

like shingle roof. TPI can be increased by overlapping the track. The capacity can up to 

30% of conventional magnetic recording (PMR) capacity. The advantage and Challenges 

from SMR will be described as below: 

Advantage: 

• No adjacent track interference because SMR will allow only sequential write across 

the medium. 

• The gain is in areal density, due to the tracks are heavily overlapping. And no 

longer guard band between the tracks.  

• Remaining narrow in term of read operation. 

• Write field will be strong due to writer is bigger than track width. 

 

Challenges: 

• There will be an impact to performance for random read/write due to sequential 

write required. This challenge can be address by changing firmware. 

• Reliability impact, due to the track is overlapping the read back data can become 

noisier. The poor signal can be from magnetic interference or track following are 

not control perfectly.  

 

Below is the example how the SMR layout look like in the medium the track will be 

heavily overlapping the track width will be controlled by reader width. 

 

 
 

Figure 2.9: SMR layout 
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2.3  Position Error Signal 

 

As track pitch in HDD has been getting smaller to achieve higher capacity. The 

high accuracy in head position is become critical. Hard disk drive using special data 

pattern writ to the disk at different point to use as a feedback of head position and target 

track feedback. The section called servo sector or servo wedge. The demodulation circuit 

will provide the feedback of head position for servo close-loop control by using signal 

from servo sector as input to demodulation circuit. The feedback of the head position error 

called PES (Position Error Signal). Servo sector contain few data which will be used by 

servo firmware use that as a feedback in close loop system such as seeking and track 

following. In addition every single track contains both servo and data which alternated.  

Below picture show the servo sector information.  

 
Figure 2.10: Servo sector layout on the medium and information in servo sector. 

 

Only Grey Coded Track ID and servo burst are being use as PES in control system. 

The Grey Coded Track ID will contain track number which will be used to identify 

destination track. Servo burst being used as the head position on destination track. Servo 

burst will give higher resolution to feedback how many percent the head is off from the 

target track’s center. The result from PES can be positive and negative. 
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Since the head position can only get when the head pass servo sector so the 

resolution of positioning control depended on number of servo sectors per track. Increasing 

servo sector for high accuracy control will result in low capacity because every servo 

sector required space to store servo information. Below is the simple diagram to explain 

how PES is work. 

 
 Figure 2.11: Simplified version of the method to calculate PES to be used as a feedback for off-track 

detection. 
 

 
 

Figure 2.12: PES profile from good track. 
 

 

 

 

 



13 

 

2.4  EM (Error Margin) and LDPC (Low Density Parity Check) 

 

In modern hard disk drive, EM (Error Margin) is one of the read parametric which 

will be used for performance and reliability measurement. Higher EM meant higher noise 

margin. Assume hard disk drive system has nominal noise which can come from head and 

media or other component. Higher EM (Error Margin) means that particular hard disk 

drive has higher margin for noise to inject to system until hard disk drive cannot function. 

To calculate EM (Error Margin), firmware will inject noise to hard disk drive system until 

cannot function properly. The number of noise level that hard disk drive can tolerate will 

convert to error margin in dB unit. 

 

 LDPC (Low Density Parity Check) is one of the error correction code which higher 

bit correction compare to the previous generation of error correction code. LDPC (Low 

Density Parity Check) is circuit inside hard disk controller which will do correction for 

read back data. Any read operation submitted to hard disk drive will required LDPC (Low 

Density Parity Check) engine to make the correction before send back the data to host. 

LDPC (Low Density Parity Check) will contain with iteration control. The number of 

iterations count being used for each data sector will transfer to firmware to measure 

performance. Also number of bits corrected will be transferred together with iterations 

count. The LDPC (Low Density Parity Check) circuit will be shown as following. 

 

 
 

Figure 2.13: LDPC Block Diagram. 
 

 Both EM (Error Margin) and LDPC (Low Density Parity Check) will be used as 

feedback for read back parameters. The read back required at least 1.8 dB to guarantee read 

back performance and signal quality. Below is the read back flow from analog until get the 

digital data.  

 

 
Figure 2.14: Read back diagram. 
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2.5  OTRC (Off-Track Read Capability) 

 

OTRC (Off-Track Read Capability) will measure how much margin that hard disk 

drive has for off-track case. There are many chances that write operation not perfectly on 

track center. To make sure the hard disk drive can functional in that situation, hard disk 

drive need to have higher off-track read capability. To get higher OTRC (Off-Track Read 

Capability)  the track pitch can be increased, however there is an impact to areal density. 

Both track pitch and OTRC (Off-Track Read Capability) need to be balancing to make sure 

optimum track pitch being selected and not killing OTRC (Off-Track Read Capability) 

performance. 

 

 
 

Figure 2.15: Sample of per track OTRC plot. 

 

OTRC (Off-Track Read Capability) widely used in hard disk drive calibration, 

Track per inch also calibrated from OTRC (Off-Track Read Capability) performance. TPI 

(Tracks Per Inch) optimization has used OTRC (Off-Track Read Capability) to balancing 

OTRC (Off-Track Read Capability) across disk surfaces by adjusting track pitch. The 

optimum TPI index will be used to maintain OTRC (Off-Track Read Capability) 

performance. 

 

In SMR (Shingle Magnetic Recording); OTRC (Off-Track Read Capability) has 

been used to calculate maximum track overlapping. This technique will be used to identify 

maximum selected TPI without having an impact to read back parametric such as OTRC 

(Off-Track Read Capability) and EM (Error Margin).  

 

 
 

Figure 2.16: Sample of per sector OTRC plot. 
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2.6  Disk drive with off-track write prevention 

 

The hard disk drive designed to record data on the right target track, any write off-

track should be inhibited. That to ensure data has been stored on the correct location. There 

is a method to utilize position error signal (PES) and predict possibility of off-track 

condition in the next servo sector.  

 

The method of preventing off-track write using summation of (P+V) where PES (P) 

and velocity (V) is used for predicting PES at the next servo sector. In this method, 

position error signal (PES) and velocity (Vn = Pn – Pn-1) are calculated from servo sector 

information. The predicted position error in next servo sector calculated based on below 

equation. 

 

 
 

The read/write operation will be aborted whenever the PES at current servo wedge 

is over the threshold level, predicted PES is over the threshold level or velocity at current 

servo sector over the threshold level. 

 

There is another term being added in newer off-track write prevention to make the 

prediction algorithm become more precise. The whole purpose stills the same to detect and 

prevent off-track write, including predicting off-track write probability. The main idea is to 

add output of servo controller Un, the predicted PES on the next servo sector has been 

predicted with the new equation where k is constant: 

 

 
 

The write operation will be stopped when predicted PESn+1, PESn, or Vn over 

threshold level. The new term (kUn) will reduce false alarm from the first equation. That 

will improve the prediction accuracy. 

 

 
Figure 2.17: Servo sector layout in medium. 
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Figure 2.18: Predicted PES by using only first equation. 

 

 

 
Figure 2.19: The accuracy of predicted PES has been improved when using second equation. 

 

 

 

This method is working on PMR (Perpendicular Magnetic Recording) drive. 

However, in SMR the tracks are overlapping so the adjacent track PES become necessary 

to predict adjacent track write encroachment. 

 

 
 

Table 2.1: Average error result at different k (constant). 

 

 

 

  

k Error Average

0 9.34 (= P +V)

0.5 7.96

1 7.02

1.5 6.76

2 7.07

2.5 8.19
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2.7  Disk drive with off-track write recovery 

 

The off-track write is become dominant with higher capacity in hard disk drive. 

The write recovery required to recover potential read error from off-track write situation. 

When the first track detected off-track write the third tracks will be marked as write 

protection. Whenever user request to write data on third track, the write recovery will read 

second track and rewrite. Then write data to third track as requested from user. This only 

applicable when the first track hit an off-track write but does not predict the encroachment 

base on position error from both tracks. The first track will be recovered by off-track 

condition but the left over pattern on second track will be permanent there. Re-writing the 

second track will bring back the signal quality which corrupted by off-track writes from the 

first track 

 

 
Figure 2.20: Off-track write occurred on track 100. 

 

The track 102 will be marked as write protection when the off-track write has been 

detected from track 102 or 104. When the off-track write occurred, the write recovery will 

be kicked-in and rewrite the track again to make sure the write operation can go thru. 

The following figure show the case where the off-track write has been recover on track 100 

however the left over off-track write still encroach to track 101.  

 
Figure 2.21: After off-track write recovery to re-write track 100 properly but left over data already 

encroach to track 101. 
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When user request to write track 102, in this study firmware already marked the track 102 

as write protection. When the write protection is marked on certain track, firmware will re-

read adjacent track and re-write to the medium. In this case the track 101 will be re-read 

then re-write to the disk. Once the recovery data on track 101 is done, firmware will start 

writing the track 102 as requested by host or end user.  

 

 
Figure 2.22 Track 102 request to write, track 101 will be read and re-write the same data first. Then 

write data to track 102. 
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CHAPTER 3 

METHODOLOGY 

 

3.1 Concepts 

 

The thesis performs research study between error margin (EM) and percentage of 

write encroachment from previous track and current track. In the other word is when both 

tracks encroach to each other how firmware defines the point where encroachment can 

result to read error. Based on literature review the conventional write encroachment (off-

track write) detection has been done by using only target track PES (Position Error Signal). 

Whenever the PES (Position Error Signal) from servo sector on particular track over the 

threshold limit, write fault will be triggered and require error recovery. This method need 

to be improved in SMR (Shingle Magnetic Recording) since the track is written as 

overlapping. The adjacent track PES (Position Error Signal) and current track PES 

(Position Error Signal) become the main factor to induce write encroachment. So this 

thesis will focus on adjacent track PES (Position Error Signal) plus target track PES 

(Position Error Signal) to calculate the write encroachment when both tracks are going to 

each other. The new condition will be added as secondary condition, this condition will 

work with conventional condition to enhance write encroachment detection in SMR 

(Shingle Magnetic Recording).  

 
Figure 3.1: High Level Model. 

 

3.2 Propose Equation 
 

The conventional off-track write detection triggered when PESn is over off-track 

limit. PESn able to get from servo processor which calculated from servo burst to output 

off-track level. 

 

Below is conventional condition to trigger off-track write: 

 

PESn > Threshold Limit 
 

Below is the new condition to detect off-track write using adjacent track’s PES as a 

feed forward to current track’s PES. The new equation will work with conventional 

equation to enhance write encroachment detection: 

 

 PESn of trackn + PESn of trackn+1 > Threshold Calibrated 
 

If one of above condition triggered, the write encroachment flagwill be set. Write operation 

can be stop upon firmware request. The defective location will be mark as defect. End user 

will have no access to defective areas which mark as bad by defect management process. 
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3.3 Position Error Signal and Write Encroachment Scenario 

 

 Hard disk drive has been designing to use PES (Position Error Signal) as the 

feedback for track following in both write and read operation. Any off-track write or read 

occurred will abort the write or read operation. There for firmware have accessibility to get 

PES (Position Error Signal) data from every servo sector. 

 

 The PES (Position Error Signal) will be collected real-time when reader flying over 

servo sector area through servo controller. The PES (Position Error Signal) is calculated 

based on following equation. 

 

PESn = |Burst An + Burst Bn| - |Burst Cn + Burst Dn| 
 

 Below is Servo Controller diagram for hard disk drive. 

 

 
Figure 3.2: Servo Controller Diagram for hard disk drive. 

 

 

 Servo controller will provide PES (Position Error Signal) for every single servo 

sector in the hard disk drive to firmware. Firmware can use PES (Position Error Signal) 

information to perform post processing in off-track write detection and predicted write 

encroachment detection. PES (Position Error Signal) also used for variance calculation to 

calculate how much variation in track following. Servo firmware used PES (Position Error 

Signal) and variance as the feedback for positioning control to improve track positioning 

control and other enhancement. 
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The PES (Position Error Signal) data from target track will look like following table. 
 

Servo Sector 

Number 

Average PES 

(%) 

 

Servo Sector 

Number 

Average PES 

(%) 

0 -0.480769231 

 

37 -0.721153846 

1 -0.540865385 

 

38 -1.412259615 

2 -0.721153846 

 

39 -0.030048077 

3 0.811298077 

 

40 1.201923077 

4 1.382211538 

 

41 0.510817308 

5 1.592548077 

 

42 0.210336538 

6 0.420673077 

 

43 0.060096154 

7 -0.270432692 

 

44 0.330528846 

8 -0.300480769 

 

45 0.150240385 

9 -0.330528846 

 

46 -0.210336538 

10 1.382211538 

 

47 0.510817308 

11 -0.210336538 

 

48 -0.300480769 

12 -1.502403846 

 

49 -0.270432692 

13 -0.721153846 

 

50 -0.661057692 

14 -0.120192308 

 

51 -0.360576923 

15 0.210336538 

 

52 -1.862980769 

16 -0.600961538 

 

53 -1.532451923 

17 0.120192308 

 

54 -0.360576923 

18 0.090144231 

 

55 -0.901442308 

19 -0.480769231 

 

56 -0.901442308 

20 -0.270432692 

 

57 -0.600961538 

21 -0.510817308 

 

58 0.060096154 

22 -0.78125 

 

59 0.721153846 

23 -0.600961538 

 

60 2.403846154 

24 0.180288462 

 

61 1.322115385 

25 -0.420673077 

 

62 0.871394231 

26 0.901442308 

 

63 -0.300480769 

27 1.021634615 

 

64 0.420673077 

28 0.961538462 

 

65 0.991586538 

29 1.983173077 

 

66 0.120192308 

30 1.201923077 

 

67 -0.480769231 

31 1.352163462 

 

68 -0.931490385 

32 0.180288462 

 

69 -0.300480769 

33 0.540865385 

 

70 -0.270432692 

34 0.090144231 

 

71 -0.751201923 

35 0.300480769 

 

72 -0.030048077 

36 -1.111778846 

 

73 0.120192308 

  

Table 3.1: PES result at each servo sector number   
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Servo Sector 

Number 

Average PES 

(%) 

 

Servo Sector 

Number 

Average PES 

(%) 

74 -0.300480769 

 

111 1.352163462 

75 -0.420673077 

 

112 1.051682692 

76 0 

 

113 0.600961538 

77 -0.150240385 

 

114 0.691105769 

78 1.111778846 

 

115 -0.120192308 

79 0.510817308 

 

116 -0.180288462 

80 1.412259615 

 

117 -0.450721154 

81 1.352163462 

 

118 0.330528846 

82 0.721153846 

 

119 0.390625 

83 1.322115385 

 

120 0.751201923 

84 0.931490385 

 

121 0.841346154 

85 -0.090144231 

 

122 1.081730769 

86 -1.171875 

 

123 -0.240384615 

87 -0.450721154 

 

124 -0.811298077 

88 -1.893028846 

 

125 -0.030048077 

89 -1.682692308 

 

126 0.180288462 

90 -0.150240385 

 

127 0.841346154 

91 -0.450721154 

 

128 -0.030048077 

92 0.030048077 

 

129 0.420673077 

93 -0.871394231 

 

130 -1.021634615 

94 -0.631009615 

 

131 -0.78125 

95 -0.390625 

 

132 -1.201923077 

96 0.330528846 

 

133 -0.751201923 

97 -0.931490385 

 

134 -0.570913462 

98 0.600961538 

 

135 -1.171875 

99 0.841346154 

 

136 -0.090144231 

100 1.021634615 

 

137 -0.180288462 

101 0.78125 

 

138 -0.300480769 

102 -0.090144231 

 

139 0.090144231 

103 1.141826923 

 

140 0.841346154 

104 0.270432692 

 

141 1.171875 

105 0.060096154 

 

142 0.600961538 

106 -1.111778846 

 

143 1.111778846 

107 -1.953125 

 

144 1.5625 

108 -1.862980769 

 

145 0.871394231 

109 -0.570913462 

 

146 -0.570913462 

110 1.111778846 

 

147 -0.210336538 

 

Table 3.1: PES result at each servo sector number (continue). 
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Servo Sector 

Number 

Average PES 

(%) 

 

Servo Sector 

Number 

Average PES 

(%) 

148 0.420673077 

 

185 0.751201923 

149 -0.120192308 

 

186 -0.120192308 

150 -0.540865385 

 

187 0.090144231 

151 -0.270432692 

 

188 -0.661057692 

152 -1.592548077 

 

189 -0.721153846 

153 -1.231971154 

 

190 -0.120192308 

154 -0.600961538 

 

191 0.631009615 

155 -1.592548077 

 

192 1.051682692 

156 -1.021634615 

 

193 0.931490385 

157 -1.262019231 

 

194 0.691105769 

158 -1.472355769 

 

195 1.051682692 

159 -0.991586538 

 

196 0.450721154 

160 0.240384615 

 

197 -0.240384615 

161 1.893028846 

 

198 -0.090144231 

162 0.78125 

 

199 -0.570913462 

163 0.480769231 

 

200 -0.661057692 

164 0.811298077 

 

201 -1.201923077 

165 1.622596154 

 

202 -0.420673077 

166 1.532451923 

 

203 -0.090144231 

167 1.832932692 

 

204 0.030048077 

168 2.313701923 

 

205 0.450721154 

169 0.661057692 

 

206 -0.090144231 

170 0.961538462 

 

207 0.360576923 

171 -0.300480769 

 

208 0.811298077 

172 -0.661057692 

 

209 0.871394231 

173 -0.811298077 

 

210 0.871394231 

174 -0.961538462 

 

211 0.450721154 

175 -0.570913462 

 

212 -0.661057692 

176 -0.330528846 

 

213 -0.751201923 

177 -0.871394231 

 

214 -0.661057692 

178 -0.600961538 

 

215 -0.120192308 

179 0.240384615 

 

216 -0.751201923 

180 -0.691105769 

 

217 -0.78125 

181 -0.961538462 

 

218 -0.931490385 

182 -1.111778846 

 

219 -0.871394231 

183 -0.540865385 

 

220 -0.991586538 

184 0.661057692 

 

221 -0.450721154 

 

Table 3.1: PES result at each servo sector number (continue). 
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Servo Sector 

Number 

Average PES 

(%) 

 

Servo Sector 

Number 

Average PES 

(%) 

222 -0.450721154 

 

259 1.141826923 

223 0 

 

260 1.382211538 

224 0.330528846 

 

261 0.991586538 

225 0.901442308 

 

262 -1.292067308 

226 2.433894231 

 

263 0.270432692 

227 1.832932692 

 

264 0.420673077 

228 0.841346154 

 

265 0.631009615 

229 0.871394231 

 

266 -0.600961538 

230 0.420673077 

 

267 0.090144231 

231 1.141826923 

 

268 -0.631009615 

232 0.78125 

 

269 -0.480769231 

233 -0.300480769 

 

270 -0.991586538 

234 -0.240384615 

 

271 -1.532451923 

235 0.060096154 

 

272 -0.811298077 

236 -0.78125 

 

273 -0.631009615 

237 -1.442307692 

 

274 0.721153846 

238 -1.292067308 

 

275 0.661057692 

239 -1.772836538 

 

276 1.472355769 

240 -0.961538462 

 

277 0.661057692 

241 -0.420673077 

 

278 1.412259615 

242 1.352163462 

 

279 1.412259615 

243 1.412259615 

 

280 1.141826923 

244 0.78125 

 

281 1.111778846 

245 0.240384615 

 

282 1.231971154 

246 -0.390625 

 

283 0.120192308 

247 0.450721154 

 

284 0.420673077 

248 0.600961538 

 

285 0.180288462 

249 0.901442308 

 

286 -0.540865385 

250 0 

 

287 -0.931490385 

251 0.120192308 

 

288 -1.141826923 

252 -0.510817308 

 

289 -1.382211538 

253 -1.292067308 

 

290 -0.691105769 

254 -1.382211538 

 

291 -0.661057692 

255 -1.322115385 

 

292 -1.292067308 

256 -0.691105769 

 

293 -0.150240385 

257 0.390625 

 

294 -0.661057692 

258 0.420673077 

 

295 0.841346154 

 
Table 3.1: PES result at each servo sector number (continue). 
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The PES result can plot in to a chart as following, the maximum percentage of PES 

is -100% to +100%. In hard disk drive industrial the PES below than +/-12% considered as 

good. 

 

 
 

Figure 3.3: PES result in percentage from 1 track. 

 

 

In SMR (Shingle Magnetic Recording) a good case scenario for write operation 

looks like following. When the write operation perfectly control without defect, the track 

width will be same across the track. So the read back data will be good as expected 

 

 

 
 

Figure 3.4: Good case scenario for write operation in SMR (Shingle Magnetic Recording). 
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There are many situations where the write does not perfectly on track. The off-track 

write can be detected by conventional method. However when the target track does not 

trigger write abort, it is does not mean the write is good. There is the case where previous 

track write has offset to target track and target track write also offset to previous track. The 

following picture will explain the write encroachment scenario. This thesis try to capture 

earlier before shipped the drive to customer.  

 

 
 

Figure 3.5: Bad case scenario for write operation in SMR (Shingle Magnetic Recording). This 

situation will result in read error or read performance 
 

 

3.4 Methodology 
 

All the work in this thesis consists of 2 parts. First is write encroachment threshold 

optimization/calibration. The second part will apply the threshold calibration and use it to 

detect write encroachment by using adjacent track PES (Position Error Signal) as the feed 

forward with target track PES (Position Error Signal). The block of sequence module for 

this thesis is in following 

 
Figure 3.6: High level sequence module to detect write encroachment. 
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3.4.1 Optimization/Calibration Methodology 

 

 The purpose of calibration part is to select optimum threshold which will be used as 

the limit for detection part. Due to the different drive will have different noise level and 

different material, to make the firmware implementation is common for all type material or 

all hard disk drives. The threshold calibration is required for every hard disk drive to find 

the optimum threshold. 

 

 The calibration will simulate the write encroachment situation where both adjacent 

track and target track going to each other. The calibration method to select optimum 

threshold is explain as following. 

 

 

 
 

Figure 3.7: Flow chart showing the calibration method. 
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In calibration part will start with test tracks selection. In this thesis will required 3 

test tracks per zone. Totally the test track required will be 60 tracks per head (20 zones). 

However currently in hard disk drive can have more than 20 zones. To speed up calibration 

part the 20 zones will be use and apply curve fitting to adjacent zone across the surface. 

 

 Test tracks must be good tracks and need to be consecutive tracks. The reason is to 

simulate adjacent track encroachment so consecutive track is required. The test track 

required good PES percentage from every servo sectors, the PES percentage must be 

within 8%. Once test tracks have been allocated firmware will perform test track clean up 

to erase pre-existing data on test tracks. 

 

 
 

Figure 3.8: Flow chart showing the method to select test track for calibration. 
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The method to collect percentage of write encroachment versus EM (Error Margin) is in 

following flowchart.  

 

 
 

Figure 3.9: Flow chart showing the method to collect EM at different write encroachment level. 
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First test tracks have been clean-up firmware will perform calibration by 

performing sequential write with pseudo random pattern to the track where trackn and 

trackn+1 has 0% encroachment to each other. Once finish writing the data, firmware will 

measure track EM at trackn (Error Margin) to get an average of EM (Error Margin). Log 

the percentage of encroachment simulation and average track EM (Error Margin) to 

calibration table. After finish with 0 offset, test track clean-up will start again to erase the 

pre-written data on test tracks. Then performing sequential write with pseudo random 

pattern to the track where trackn and trackn+1 has 1% encroachment to each other. After that 

measure track EM at trackn (Error Margin) to get an average of EM (Error Margin). Log 

the percentage of encroachment simulation and average track EM (Error Margin) to 

calibration table. Repeat the same test by sweeping percent of write encroachment until 

EM is close to 0 then move on to next head or zone. Repeat the same step until entire hard 

disk drive calibrated. 

 

 

The result from calibration table will look like following plot. 

 
 

Figure 3.10: Calibration curve. 
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After calibration curve has been created the optimization algorithm will perform 

find 2 linear equation at lower percentage of write encroachment to form a first equation. 

And use the calibration result at the higher percentage of encroachment to form second 

equation. The optimum threshold will be logged to the write encroachment threshold limit 

log. This log will be used by write encroachment detection part. The method to select 

optimum threshold can be described as following. 

 

 
 

Figure 3.11: Method to select optimum threshold for write encroachment detection. 
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The first order equation can be obtain from basic mathematic, the classical linear 

equation is in following 

  

f(x) = ax + b 
 

However firmware implementation will be more complex, the equation can be 

solving by matrix. The standard equation needs to convert to below equation first. 

 

 
 

Then convert to matrix as following. 

 

 
 

The result from linear curve fitting will save to the file. Variable a and b will be 

used to find crossing point. After done with first equation, the second equation needs to be 

solved as well. Once 2 equations has been solve the firmware will find crossing point base 

on a1, b1 and a2, b2 (assume first equation is f1(x) = a1x + b1 and f2(x) = a2x + b2). The 

crossing point between first equation and second equation can be obtain as following. 

 

Crossing Point = - (b1 – b2) / (a1 – a2) 

 
 The crossing point need to be time 2, the reason is; in calibration both track has 

encroached to each other equally and the crossing point is from both track. To summarize 

as threshold limit the firmware will time 2 and use that as threshold limit in write 

encroachment detection part  

 

Assume equation (1) y = -0.0916x + 2.8015 and equation (2) is y = -0.4639x + 6.0163 

 

The crossing point from both equations is  

 

 
The crossing point from above 2 equations will be 8.63 which mean the write 

encroachment become dominant when both track encroach to each other around 8.6% from 

track center. Therefor as thesis will use adjacent track as feed forward the threshold 

become 16% due to firmware will trim floating point number. 
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The optimum threshold for write encroachment selected based on crossing point 

from both equations. The crossing point (Calibrated Threshold) is where the EM’s slope 

starting to change from gradually change to rapidly change. The result looks like the 

following plot. 

 

 
 

Figure 3.12: Curve fitting to select optimum threshold for write encroachment detection. 

 

This calibration method perform simulating the case where trackn and trackn+1 

encroachments. If the optimum threshold from calibration curve is 8%, the calibrated limit 

is 16%. Those because when both tracks are offset to each other 8%, that is result in read 

error or poor read performance. Example; trackn offset by x% to trackn+1 and trackn+1 offset 

by y% to trackn. Whenever the result from x% + y% is more than equal 16% (calibration 

threshold) the trackn will be mark as defective area as following figure.  

 

 
Figure 3.13: Show write encroachment defect for the case where both target track and adjacent track 

off-track to each other. 
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3.4.2 Write Encroachment Detection Methodology. 

 

 After threshold calibration has been calibrated all zones and heads. The calibrated 

threshold will be saved to the file which will be used in write encroachment detection 

module. The write encroachment detection module will be integrated to defect 

management section in hard disk drive test process. The detection methodology explains as 

following.   

  

 
 
Figure 3.14: Flow chart showing the method to map out the tracks which show maximum likely hood 

to exposure in read error. 
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The write encroachment detection module will use previous track’ PES (Position 

Error Signal) as a feed forward to detect write encroachment situation together with target 

track’ PES (Position Error Signal)  

 

  
Figure 3.15: PES data from different off-track scenario. 

 

In write encroachment detection, firmware will focus only the case where PES 

(Position Error Signal) from previous track and PES (Position Error Signal) from target 

track encroach to each other. The following equation is used to trigger write encroachment 

event. 

 

Current Track PESn – Previous Track PESn > Calibrated Threshold 

When n is servo sector number 
 

Once entire disk surface has been scan for write encroachment, those defective 

areas will become invisible for end user. Therefor the hard disk drive quality and reliability 

will be increased. 
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3.5 Interested Factors 

  

 The interested factors in this experimental is PES (Position Error Signal), EM 

(Error Margin), OTRC (Off-Track Read Capability) scan result and LDPC (Low Density 

Parity Check) data  

 

3.6 Feedback Parameters  

 

 This thesis will use OTRC (Off-Track Read Capability) and EM (Error Margin) as 

feedback parameters. Both are read parametric which widely used in hard disk drive 

industrial. OTRC (Off-Track Read Capability) can explain how strong of read back signal 

and how is positioning error in write operation. The other parameter is LDPC (Low 

Density Parity Check) data; the LDPC (Low Density Parity Check) data will tell number of 

bit corrected and number of iteration which use by LDPC (Low Density Parity Check) to 

correct the entire data sector.  
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CHAPTER 4 

RESULT AND DISCUSSION 

 

4.1 The experimental result from calibration module 

 

4.1.1 Result from calibration 

 
 Below is the calibration result before performing linear equation to find optimum 

threshold. The calibration will be done for 20 zones per head, then use the result from 

calibration to form 2 equations to find crossing point. The crossing point will be used as 

threshold limit in write encroachment detection using adjacent track PES (Position Error 

Signal) as feed forward 

 

 
 

Table 4.1: Raw data from zone 1 to 4 which from threshold calibration. 

 

From table the percentage of write encroachment sweep will stop when EM (Error Margin) 

is close to 0. The result can plot as following. 

 

 
Figure 4.1: EM (Error Margin) vs. percentage of write encroachment sweep from zone 1-4. 

% of write encroachment EM (dB) zone 1 EM (dB) zone 2 EM (dB) zone 3 EM (dB) zone 4

0 2.7803 2.799 2.7959 2.8034

1 2.7321 2.7332 2.7301 2.7376

2 2.6372 2.6102 2.6071 2.6146

3 2.5066 2.5324 2.5293 2.5368

4 2.4165 2.4197 2.4166 2.4241

5 2.3771 2.3506 2.3475 2.355

6 2.2233 2.2064 2.2033 2.2108

7 2.0696 2.1196 2.1165 2.124

8 1.9059 1.8978 1.8947 1.9022

9 1.7041 1.5672 1.5641 1.5716

10 1.4222 1.3026 1.2995 1.307

11 0.8422 0.7209 0.7178 0.7253

12 0.4561 0.3587 0.3556 0.3631

13 0.0045 0.0141 0.011 0.0185
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The calibration data from zone 5-8 is show as following. 

 

 
 

Table 4.2: Raw data from zone 5 to 8 which from threshold calibration. 

 

When compile calibration data from zone 5 – 8, the data will be as following 

 

 
 

Figure 4.2: EM (Error Margin) vs. percentage of write encroachment sweep from zone 5-8. 

 

 

 

 

 

 

 

% of write encroachment EM (dB) zone 5 EM (dB) zone 6 EM (dB) zone 7 EM (dB) zone 8

0 2.7856 2.7387 2.8065 2.7545

1 2.7198 2.6729 2.7407 2.6887

2 2.5968 2.5499 2.6177 2.5657

3 2.519 2.4721 2.5399 2.4879

4 2.4063 2.3594 2.4272 2.3752

5 2.3372 2.2903 2.3581 2.3061

6 2.193 2.1461 2.2139 2.1619

7 2.1062 2.0593 2.1271 2.0751

8 1.8844 1.8375 1.9053 1.8533

9 1.5538 1.5069 1.5747 1.5227

10 1.2892 1.2423 1.3101 1.2581

11 0.7075 0.6606 0.7284 0.764

12 0.3453 0.2984 0.3662 0.3142

13 0.0007 0.0462 0.0216 0.0304
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The calibration data from zone 9-12 is show as following. 

 

 
 

Table 4.3: Raw data from zone 9 to 12 which from threshold calibration. 

 

When compile calibration data from zone 9-12, the data will be as following 

 

 
 

Figure 4.3: EM (Error Margin) vs. percentage of write encroachment sweep from zone 9-12. 

 

 

 

 

 

 

 

 

 

 

% of write encroachment EM (dB) zone 9 EM (dB) zone 10 EM (dB) zone 11 EM (dB) zone 12

0 2.8202 2.8414 2.8001 2.8125

1 2.7844 2.7756 2.7343 2.7467

2 2.6214 2.6526 2.6113 2.6237

3 2.5536 2.5748 2.5335 2.5459

4 2.4409 2.4621 2.4208 2.4332

5 2.3718 2.393 2.3517 2.3641

6 2.2276 2.2488 2.2075 2.2199

7 2.1408 2.162 2.1207 2.1331

8 1.919 1.9402 1.8989 1.9113

9 1.6884 1.6096 1.5683 1.5807

10 1.3938 1.345 1.3037 1.3161

11 0.8421 0.7633 0.722 0.7344

12 0.4799 0.4011 0.3598 0.3722

13 0.0353 0.0565 0.0152 0.0276
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The calibration data from zone 13-16 is show as following. 

 

 
 

Table 4.4: Raw data from zone 13 to 16 which from threshold calibration. 

 

When compile calibration data from zone 13-16, the data will be as following 

 

 
 

Figure 4.4: EM (Error Margin) vs. percentage of write encroachment sweep from zone 13-16. 

 

 

 

 

 

 

 

 

 

% of write encroachment EM (dB) zone 13 EM (dB) zone 14 EM (dB) zone 15 EM (dB) zone 16

0 2.8756 2.8142 2.8559 2.7962

1 2.8098 2.7484 2.7901 2.7304

2 2.6868 2.6254 2.6671 2.6074

3 2.609 2.5476 2.5893 2.5296

4 2.4963 2.4349 2.4766 2.4169

5 2.4272 2.3658 2.4075 2.3478

6 2.283 2.2216 2.2633 2.2036

7 2.1962 2.1348 2.1765 2.1168

8 1.9744 1.913 1.9547 1.895

9 1.6438 1.6724 1.6241 1.5644

10 1.3792 1.3078 1.2595 1.2998

11 0.7975 0.8461 0.7778 0.7181

12 0.4353 0.4639 0.4156 0.3559

13 0.0907 0.0193 0.071 0.0113
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The calibration data from zone 17-20 is show as following. 

 

 
 

Table 4.5: Raw data from zone 17 to 20 which from threshold calibration. 

 

When compile calibration data from zone 17-20, the data will be as following 

 

 
 

Figure 4.5: EM (Error Margin) vs. percentage of write encroachment sweep from zone 17-20. 

 

 

 

 

 

 

 

 

% of write encroachment EM (dB) zone 17 EM (dB) zone 18 EM (dB) zone 19 EM (dB) zone 20

0 2.8653 2.8302 2.8423 2.8771

1 2.8095 2.7644 2.7765 2.8302

2 2.6965 2.6414 2.6535 2.7277

3 2.6287 2.5636 2.5757 2.6558

4 2.516 2.4509 2.463 2.5465

5 2.4469 2.3818 2.3939 2.4879

6 2.2327 2.2376 2.2497 2.2677

7 2.1459 2.1508 2.1629 2.1705

8 1.9141 1.929 1.9411 1.9921

9 1.5735 1.5984 1.6105 1.7011

10 1.2989 1.3338 1.3459 1.3962

11 0.7172 0.7521 0.7642 0.8444

12 0.345 0.3899 0.402 0.3659

13 0 0.0453 0.0574 0
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Once the raw data from calibration available the firmware will pick first 4 data to form the 

first equation. And select the last 4 data to form the second equation as following. 

 

 
 

Figure 4.6: Apply linear fit for first 4 data and last data and calculate crossing point. 

 

The optimum threshold which from calibration curve will be store in the binary file. This 

file will be used in write encroachment detection part. The optimum threshold will be per 

head per zone as display as table below. For this case only 1 head is available so the data 

will be only 1 column  

 

 
 

Figure 4.7: Threshold optimization from result file, this result file will be used in detection part. 

y = -0.0916x + 2.8015

R² = 0.961
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The optimization technique which using in this thesis is match with calibration raw 

data, the write encroachment will start to have a big impact at some point which can cause 

read back parametric degraded rapidly. In hard disk drive industrial the EM (Error Margin) 

less than 1.8 dB consider as poor read. The optimum point that firmware selected is 

between 1.7-1.9 dB of EM which the read back data starting to be bad/degraded. 

 

 
 

Figure 4.8: Raw data from EM at different off-track write encroachment. 

 

The result from threshold optimization from Zone 1 is around 8.54% which around 

1.8 dB of EM in figure 4.8. This will prove the methodology is work as expected. The 

threshold calibration will select the optimum threshold before the read back data going to 

be degraded rapidly.  

 

 Finally, the result from calibration algorithm is meet expectation because all 

threshold selection is close to the EM (Error Margin) limit which used by manufacturing 

and customer. The calibration curve can be tweaked with other methodology. However, 

this thesis’s methodology already provided a good correlation between optimum threshold 

compare with EM (Error Margin) result at optimum threshold point. 
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4.1.2 Result from Write Encroachment Detection Part 

 

The table as following shown results from calibration when compare with EM equal to 1.8 

dB. The variance percentage is running less than 1% of variation. 

 

Zone 
Calibrated 
Threshold 
(Percentage) 

Variance percentage 
Compared with EM 
= 1.8 dB 

1 16 0.0562 

2 16 0.0692 

3 16 0.0487 

4 16 0.0129 

5 16 0.0558 

6 16 0.0157 

7 16 0.0065 

8 16 0.0536 

9 16 0.0298 

10 18 0.0612 

11 18 0.0078 

12 18 0.0159 

13 18 0.0234 

14 18 0.0304 

15 18 0.0269 

16 16 0.0148 

17 16 0.0463 

18 16 0.0433 

19 16 0.0537 

20 16 0.0709 

 

Table 4.6: Summarize from calibrated threshold compare with EM limit. 

 

 In write encroachment detection part the previous track PES (Position Error Signal) 

will be used as feed forward to current track PES (Position Error Signal). The firmware 

will perform calculation follow below condition to detect write encroachment. 

 

Current Track PESn – Previous Track PESn > Calibrated Threshold 
 

 The condition will apply for every servo sector number to detect maximum likely 

hood of write encroachment 
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The location which having maximum likely hood to create write encroachment will 

be detected and mark as defective area. The feedback parameters will be measured to 

verify the research accuracy. The PES (Position Error Signal) from the defective area will 

be re-collected plus the PES (Position Error Signal) from the track next to defective track. 

 Another parameter is EM (Error Margin) per data sector; this parameter will be 

used to verify the defective area has lower EM (Error Margin) which closes to 1.8 dB. The 

EM (Error Margin) measurement is common method to measure read signal back quality. 

The bad read back signal quality can result to bad sector issue at end user. In addition the 

marginal read back signal can cause the slow throughput for write or read operation. 

 

 
 

Figure 4.9: Result from PES convolution between previous track and current track. 

 

For the case when both track encroach each other as following, the firmware will 

detect as defect. 

   
Figure 4.10: PES result between previous track and current track. 
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The result from log file compare between original firmware and the new firmware 

which added the write encroachment detection. The result shown few 100 locations has 

been detected as write encroachment as following table. 

 

Sample 
Original 

Algorithm 

New 

Algorithm 

Increment 

percentage 

1 572 703 22.90 

2 2089 2416 15.65 

 

Table 4.7: Number of new defective locations which detected by new algorithm. 

 

Measure the PES (Position Error Signal) at track 103; found at servo sector number 

160 to 180 show high PES (Position Error Signal). However the highest off-track write is 

under limit. 

 

 
 

Figure 4.11: PES result from track 103. 
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When looking the PES (Position Error Signal) at track number 104 found the high 

PES (Position Error Signal) at the same location which found in previous track. This will 

contribute to poor read. 

  

 
 

Figure 4.12: PES result from track 104. 

 

The OTRC (Off-Track Read Capability) summarize result show the weak OTRC 

(Off-Track Read Capability) at track 103 which having write encroachment. The 

degradation on failing track is around 8% of OTRC (Off-Track Read Capability). 

 
 

Figure 4.13: Summarize of OTRC result. 
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The OTRC (Off-Track Read Capability) scan result show narrower at failing data 

sector. The red color means cannot read back the data and blue color means data can read 

back. From OTRC (Off-Track Read Capability) scan plot the area which having write 

encroachment will be narrowed compare to other location. Also the OTRC (Off-Track 

Read Capability) from track 104 shown encroachments write at data sector 275-285.  

 

The yellow line from track 103; shows data VGA (Variable Gain Amplifier) which 

will require higher VGA (Variable Gain Amplifier) at defective area to increase signal 

amplitude to achieve target amplitude. 

 

 
 

Figure 4.14: OTRC scan result from defective location. 

 

 

Based on OTRC (Off-Track Read Capability) measurement proven the detection 

method and calibration method is working as expected. The location which having 

maximum likely hood to be write encroachment defect can be detected with new 

methodology. In hard disk drive manufacturing the higher OTRC is needed to provide 

margin when end-user use hard disk drive. This margin will help when hard disk drive 

have the external disturbance. The disturbance will have significant impact to servo close-

loop control system inside hard disk drive. By detected defective area earlier will help te 

hard disk drive quality and reliability. 
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 Another parameter which will be used to measure the propose methodology is EM 

(Error Margin) and LDPC (Low Density Parity Check) result. EM (Error Margin) will 

return error margin that the hard disk drive can take. The higher noise that the hard disk 

drive can take will result in higher EM (Error Margin). The LDPC (Low Density Parity 

Check) will provide the information from LDPC (Low Density Parity Check) code. LDPC 

(Low Density Parity Check) can tell the iteration which will be used to make the correction 

in each data sector. In addition the LDPC (Low Density Parity Check) also can tell number 

of bit corrected from each sector. This information is very helpful to identify defective 

location. 

 

 
 

Figure 4.15: The result from EM scan at track 102 to 104. 

 

 

 
 

Figure 4.16: The EM result which detected by write encroachment algorithm. 
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 Based on the feedback from EM (Error Margin) result; shown the point where to 

code detected as write encroachment having EM (Error Margin) around 1.7 dB. This will 

match with EM (Error Margin) limit in manufacturing which using 1.8 dB as a limit. The 

LDPC (Low Density Parity Check) data also has shown higher iteration count at failing 

data sector. Other than that the number of bit corrected is higher at the failing location. 

 

 
 

Figure 4.17: The number of bit corrected from LDPC data shown more than 1000 bit has been 

corrected on write encrochment area. 
 

 
 

Figure 4.18: The number of LDPC iterations shown higher iteration at write encroachment location. 

 

Lastly based on feedback parameters which collected shown the result is correlated 

with expectation. The defective area show poor result in term of read performance. There 

might be some missing part which may not be detected by this thesis methodology. The 

reason because it write encroachment can be offset between previous track and target track. 

The encroachment may not be located at the same location it might be off by a few number 

of servo sectors.  However this is the good starting point to increase SMR (Shingle 

Magnetic Recording) quality and reliability. The market is waiting for higher capacity hard 

disk drives so SMR (Shingle Magnetic Recording) is needed. 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

 

5.1 Conclusion 

 

 In this thesis the study has been done on write encroachment detection by using 

adjacent track PES(Position Error Signal)  as a feed forward to current track PES (Position 

Error Signal). The conventional write encroachment is detecting base on PES (Position 

Error Signal) from current track only. The conventional write encroachment working well 

with PMR (Perpendicular Magnetic Recording) because in PMR (Perpendicular Magnetic 

Recording) the track width is controlled by writer width and reader width always smaller 

than writer. In addition for PMR (Perpendicular Magnetic Recording) between the tracks 

will have guard band to protect signal interference. However in SMR (Shingle Magnetic 

Recording) which is one of the new recording technology. The tracks are heavily 

overlapping. By overlapping the tracks, SMR (Shingle Magnetic Recording) can increase 

capacity approximately 20%-40% from conventional recording (Perpendicular Magnetic 

Recording: PMR). Since the tracks have been overlapped, the track width will be 

controlled by the reader width instead of writer width. That mean the margin for reader 

will be lesser compare to PMR (Perpendicular Magnetic Recording). Therefor the write 

encroachment detection needs to be enhanced. However the enhancement cannot blindly 

tighten up the conventional write encroachment detection because that change has 

significantly impact to test process yield. To balancing yield and quality and reliability, the 

calibration need to be done earlier to have a unique threshold limit for each hard disk drive. 

At the end every single drive has different write encroachment limit which depending on 

individual hard disk drive performance and quality of component. In this thesis the new 

method to detect write encroachment has been added and it able to improve the read 

quality in SMR drive as the defective areas are mark as defect in test process. Once the 

drive shipped to end-user those defective areas which detected by new method are become 

invisible to end-user.  

 

In the thesis the linear equation has been used to detect slop change in read back 

parametric (Error Margin: EM). Based on data collection; by increasing the write 

encroachment can gradually degrade read back performance until at one point (8%-9% of 

write encroachment when both track offset to each other) the read back performance 

become degraded rapidly. The threshold limit selected from the point where the slope start 

to change rapidly. The write encroachment detection module used the threshold limit from 

calibration module to detect defective area in test process before shipped to customer. 

 

Based on the result from calibration algorithm provide good calibrated thresholds 

which match with process limit in term of read back quality (Error Margin: EM must be > 

1.8 dB). This proven the limit selection algorithm is accurate and comparable with read 

back quality limit. 

 

The calibrated threshold has been using in write encroachment detection part to 

detect write encroachment. In this thesis the write encroachment detection used adjacent 

track PES (Position Error Signal) together with current track PES (Position Error Signal) at 

each servo sector to detect maximum likely hood of write encroachment be comparing 

with calibrated threshold. The result from detection method can capture the write 

encroachment which showing in poor read back performance. Those defective areas are 

being mark as defect and not allow to access from end user.   
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Based on the result; this thesis can help to detect write encroachment in SMR 

(Shingle Magnetic Recording) drive. Even though the number of write encroachment is not 

many in SMR (Shingle Magnetic Recording) drive but the result from this thesis has 

shown an improvement in SMR (Shingle Magnetic Recording) quality and reliability. In 

addition this thesis also help to improve read performance in SMR (Shingle Magnetic 

Recording) as the marginal or poor read back areas have been mark as defect earlier, so it 

results to less workload for firmware / error recovery.  

 

This thesis is helping the hard disk drive company to achieve more than 1Tb/Inch
2
 

with comparable or better quality and reliability than PMR (Perpendicular Magnetic 

Recording).  

 

Finally this thesis is not only applicable for SMR (Shingle Magnetic Recording) but 

moving forward to TDMR (Two-Dimensional Magnetic Recording) the same problem still 

exist and this method can be applied in TDMR (Two-Dimensional Magnetic Recording) to 

improve quality and reliability as well. Even though there is not TDMR (Two-Dimensional 

Magnetic Recording) drive in market right now. 

 

5.2 Recommendation for further study 

 
In this thesis the further study can be done at different temperature. The calibration 

might be needed at different temperature to collect temperature compensation slope. That 

because of at different temperature the reader or writer element can be change. In high 

temperature the reader or writer can be expanded. The calibrated threshold which done at 

room temperature may not be optimum any more.  

 

Also in detection part the improvement can be done by looking at few servo sectors 

number before and after to provide more information. Since the write encroachment may 

not happen at the same servo sector number. This will make an improvement to the 

methodology which introduced in this thesis. The implementation will be similar to this 

thesis but adding more PES (Position Error Signal) mapping and keep moving window 

when processing the next servo sector number. 

 

Another further study can be focus on real-time write encroachment detection. 

That’s mean implement the detection algorithm embedded to user’s firmware. Whenever 

the adjacent track PES and target track PES combined over the threshold limit, firmware 

will abort write operation and re-start the write again. This will help the case where having 

an external disturbance so the user data will not be erased with write encroachment. 

 

Finally there might be other parameters to be considered and focus to achieve the 

same purpose. It may not try to detect but it can trying to recover the problem. That also 

will help the world to move hard disk drive to higher capacity.  
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