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(57) Abstract: A storage device includes a controller that implements
an interlaced magnetic recording scheme with prioritized random ac-
cess. According to one implementation, a controller is configured to
write data at a first linear density to alternating data tracks and write
data at a second linear density to one or more data tracks interlaced
with the alternating data tracks.
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INTERLACED MAGNETIC RECORDING IN HAMR DEVICES

Cross-Reference to Related Applications

The present application claims benefit of priority to U.S. Provisional Application
no. 62/083,696, entitled “Interlaced Magnetic Recording in HAMR Devices” and filed on
November 24, 2014, and also to U.S. Provisional Patent Application no. 62/083,732, entitled
“Interlaced Magnetic Recording” and filed on November 24, 2014. Both of these applications

are specifically incorporated by reference for all that they disclose or teach.

Technical Field

This invention relates generally storage device technologies and more particularly to

techniques for improving areal storage densities in storage devices utilizing magnetic media.

Background

Heat assisted magnetic recording (HAMR) generally refers to the concept of
locally heating a recording medium to reduce the coercivity of the recording medium so that an
applied magnetic writing field can more easily affect magnetization of the recording medium
during a temporary magnetic softening of the recording medium caused by the local heating.
HAMR allows for the use of small grain media, with a larger magnetic anisotropy at room
temperature to assure sufficient thermal stability, which is desirable for recording at increased
arcal densities. HAMR can be applied to any type of storage media, including for example, tilted
media, longitudinal media, perpendicular media, and/or patterned media.

One drawback to recording technologies such as HAMR is that a written size of
magnetic bits is reduced when writing at high linear densities, ultimately limiting an achievable
arcal density capability (ADC). Better designs are needed to increase ADC in storage media of

HAMR devices.

Brief Descriptions of the Drawings

FIG. 1 illustrates a data storage device including a transducer head assembly with a

HAMR write head for writing data on a magnetic storage medium.
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FIG. 2 illustrates example data writes to a magnetic disc utilizing an interlaced
magnetic recording technique.

FIG. 3 illustrates other example data writes to a magnetic disc utilizing an
interlaced magnetic recording technique.

FIG. 4 illustrates still other example data to a magnetic disc utilizing an interlaced
magnetic recording technique.

FIG. 5 illustrates example operations for recording data using an interlaced

magnetic recording technique.

Summary

Implementations disclosed herein provide for a storage device controller
configured to write data at a first linear density to alternating data tracks on a storage medium in
a storage device and to write data at a second linear density to at least one data track interlaced
with the alternating data tracks.

This Summary is provided to introduce a selection of concepts in a simplified form
that are further described below in the Detailed Description. This Summary is not intended to
identify key features or essential features of the claimed subject matter, nor is it intended to be
used to limit the scope of the claimed subject matter. These and various other features and

advantages will be apparent from a reading of the following Detailed Description.

Detailed Description

FIG. 1 illustrates a data storage device 100 including a transducer head
assembly 120 for writing data on a magnetic storage medium 108. Although other
implementations are contemplated, the magnetic storage medium 108 is, in FIG. 1, a magnetic
storage disc on which data bits can be recorded using a magnetic write pole (e.g., a write
pole 130) and from which data bits can be read using a magnetoresistive element (not shown).
As illustrated in View A, the storage medium 108 rotates about a spindle center or a disc axis of
rotation 112 during rotation, and includes an inner diameter 104 and an outer diameter 102
between which are a number of concentric data tracks 110. Information may be written to and
read from data bit locations in the data tracks on the storage medium 108.

The transducer head assembly 120 is mounted on an actuator assembly 109 at an

end distal to an actuator axis of rotation 114. The transducer head assembly 120 flies in close
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proximity above the surface of the storage medium 108 during disc rotation. The actuator
assembly 109 rotates during a seek operation about the actuator axis of rotation 112. The seek
operation positions the transducer head assembly 120 over a target data track for read and write
operations.

In one implementation employing HAMR, the recording action is assisted by a
heat source applied to a bit location on the storage medium 108 having a very high magnetic
anisotropy, which contributes to thermal stability of the magnetization of the small magnetic
grains in the storage medium 108. By temporarily heating the storage medium 108 during the
recording process, the magnetic coercivity of the grains can be selectively lowered below an
applied magnetic write field in a tightly focused area of the storage medium 108 that
substantially corresponds to an individual data bit. The heated region is then encoded with the
recorded data bit based on the polarity of the applied magnetic write field. After cooling, the
magnetic coercivity substantially returns to its pre-heating level, thereby stabilizing the
magnetization for that data bit. This write process is repeated for multiple data bits on the
storage medium, and such data bits can be read using a magneto-resistive read head.

Referring to View B, the transducer head assembly 120 includes, among other
features, a heat source 132 (e.g., a laser) coupled to a submount assembly 134. Light from the
heat source 132 is directed into a waveguide 138 mounted to a slider 140. Light exiting the
waveguide is focused, via a Near Field Transducer (NFT) 144, and applied to a bit location on
the storage medium 108 just before the bit location is subjected to a magnetic pulse generated by
the write pole 130. As an air-bearing surface 146 of the slider 140 “flies” across the surface of
the storage medium 108, the write pole 130 selectively magnetizes the underlying magnetic
grains of the storage medium 108.

View C illustrates magnified views 150 and 152 of magnetic polarized regions
(e.g., individual data bits or groupings of data bits of like polarity) recorded on storage
medium 108 according to different write methodologies and settings of the storage device 100.
The polarized regions are also referred to herein as “data bits” (e.g., a data bit 127), which each
represent one or more individual data bits of a same state (e.g., 1s or 0s). For example, the data
bit 128 is a magnetically polarized region representing multiple bits of a first state (e.g., “0007),
while the adjacent data bit 127 is an oppositely polarized region representing one or more bits of
a second state (e.g., a single “17).

The different magnified views 150 and 152 generally illustrate comparative

differences based on two different write methodologies. However, the exemplary data bits in
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cach of the magnified views 150, 152 are not necessarily illustrative of the actual shapes or
separations of the bits within an individual system configuration.

In each of the magnified views 150 and 152, the data bits each take on a generally
“bullet-shaped” appearance, which has been confirmed experimentally in HAMR devices. This
general bullet shape of each data bit is due to a thermal gradient reduction that affects off-track
positions of the data bit, causing the transition curvature to be different on leading and trailing
edges of the data bit.

The magnified view 150 illustrates data bits recorded according to a conventional
magnetic recording (CMR) technique. As used herein, CMR refers to a system that allows for
random data writes to available cells anywhere on a magnetic media. A random write refers to,
for example, a data write of a data track that does not critically impair (e.g., corrupt or erase)
data on either adjacent track. In a CMR system, all written data tracks are also of substantially
equal width. According to one implementation, the recorded data bits of view 150 are recorded
while firing the heat source 132 at a relatively constant power.

To further increase linear density (e.g., kbpi) within a CMR system, system
parameters can be altered to decrease a length of each data bit in the down-track direction (DT)
and/or to decrease separation between the data bits along each track. However, in HAMR,
shortening a data bit in the down-track direction also has the property of shrinking the data bit in
the cross-track direction (as illustrated by a short transition 127). Thus, there exists a point at
which further gains in linear density decrease system performance by increasing a bit error rate
(BER) of data when it is read from the storage media 108.

In some implementations, linear density is increased at the expense of track density
(ktpi). For example, an acceptable BER may be maintained while increasing linear density
(kbpi) of each data track if the width of the data tracks is uniformly increased. However,
widening data tracks decreases the overall areal density capability (ADC), (e.g., the product
between linear density and track density) of the storage media 108.

The magnified view 152 illustrates data bits recorded according to another set of
system parameters implementing an interlaced magnetic recording (IMR) technique. According
to one implementation, the IMR technique illustrated in the magnified view 152 provides for a
higher total ADC with a lower observable BER than conventional recording systems.

Specifically, the magnified view 152 illustrates alternating data tracks of different
track widths. A first (e.g., higher) power of the heat source 132 is used to write a first grouping
of alternating data tracks (e.g., data tracks 158, 160, and 162) having a wide written track width,
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while a second (e.g., lower) power of the heat source 132 is used to write a second grouping of
interlaced data tracks (e.g., the data tracks 164, 166) having a narrower written track width. Data
of the narrow, interlaced data tracks overwrites edges of adjacent and previously written data
tracks of the wider width. Other implementations of the disclosed technology may provide for
data tracks of three or more different written track widths on a same surface of the magnetic
storage medium 108.

To generate the IMR pattern shown in magnified view 152, a storage controller
106 of the storage device 100 alters one or more system parameters (e.g., laser power, write
current, overshoot, waveform, etc.) based on a discrete write location where data is received and
stored on the storage medium 108. For example, the first grouping of data tracks (e.g., the data
tracks 158, 160, and 162) may include data of a higher linear density than the interlaced tracks
(e.g., the data tracks 164 and 166).

Further, the controller 106 may be configured to systematically direct incoming
write commands to different data tracks of the storage medium according to a number of
prioritized random access (PRA) rules. For example, the controller 106 selects each storage
location to systematically maximize a total number of possible random writes.

The controller 106 includes software and/or hardware, and may be implemented in
any tangible computer-readable storage media within or communicatively coupled to the storage
device 100. The term “tangible computer-readable storage media” includes, but is not limited to,
RAM, ROM, EEPROM, flash memory or other memory technology, CDROM, digital versatile
disks (DVD) or other optical disk storage, magnetic cassettes, magnetic tape, magnetic disk
storage or other magnetic storage devices, or any other tangible medium which can be used to
store the desired information and which can accessed by mobile device or computer. In contrast
to tangible computer-readable storage media, intangible computer-readable communication
signals may embody computer readable instructions, data structures, program modules or other
data resident in a modulated data signal, such as a carrier wave or other signal transport
mechanism. The term "modulated data signal" means a signal that has one or more of its
characteristics set or changed in such a manner as to encode information in the signal.

FIG. 2 illustrates example data writes to magnetic disc 200 employing an
interlaced magnetic recording technique. The magnetic disc 200 includes a number of circular
data tracks (e.g., data tracks 202-210). A controller (not shown) selects data tracks to receive

and store incoming data. For each write operation, the controller identifies relevant prioritized
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random access (PRA) rules and executes the write operation in a manner that satisfies the
relevant PRA rules.

In general, PRA rules dictate an order in which two or more data tracks on the
magnetic disc 200 are to be written. For example, a PRA rule may specify that the data track 203
is to be written before either of the adjacent data tracks 202 or 204. In this case, the data track
203 is randomly writable if the data tracks 202 and 204 do not contain any data. If however, data
is already stored on either of the data tracks 202 and 204, the data write to the data track 203
may include: (1) reading and caching the data on the data tracks 202 and/or 204; (2) writing the
data track 203; and (3) subsequently, re-writing the data of the data tracks 202 and/or 204.

A number of other example PRA rules are described below and also with respect to
other implementations. These example PRA rules can be optionally included or omitted in any
combination from any implementation of the disclosed technology.

In FIG. 2, the dotted lines indicate boundaries between adjacent data tracks having
a same track pitch 216, which represents a center-to-center distance between two adjacent data
tracks. In one implementation, a same or substantially equal track pitch is employed across an
entire surface of the magnetic disc. The track pitch 216 of each data track is smaller than a
written track width (W1), (e.g., an actual width of recorded data bits in the cross-track direction)
for data written to the first plurality of alternating data tracks 203, 205, 207, and 209. In one
implementation, the written track width of the odd-numbered data tracks is less than a
spacing 214 between centers of adjacent odd-numbered data tracks (e.g., less than twice the
track pitch 216).

In various implementations, the first plurality of alternating data
tracks 203, 205, 207, and 209 includes either exclusively even-numbered tracks or exclusively
odd-numbered tracks. To simplify nomenclature, the first plurality of data tracks (e.g., those
tracks written with higher linear density and a wider bit footprint) are hereinafter referred to as
“odd-numbered” data tracks. It should be understood, however, that the odd-numbered tracks
may, in practice, be even-numbered tracks and vice versa.

In one implementation, a heat source (e.g., a laser) is powered to locally heat a
small area of each data track just before that area is magnetized by a magnetic write pulse. For
example, the heat source may be a laser attached to a slider that flies above the surface of the
magnetic media while data is recorded. To generate the high-density data tracks of wide written
track width (e.g., as shown), a high heat source power is used. To select an appropriate linear

density for the odd-numbered data tracks, the linear density may be initially set to a highest
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achievable linear density and then reduced so that the on-track BER (e.g., bit error rate based on
log10) is just below a target threshold. For example, the on-track BER may be set to 0.3-0.5
decades lower than the target threshold BER.

An optimal power of the heat source may vary according to specific design
criteria; however, the heat source power used to write the odd-numbered data tracks is higher
than the heat source power used to write the interlaced even-numbered data tracks. In one
implementation, power of the heat source is 20-50% higher while writing odd-numbered tracks
than while writing even-numbered data tracks. In other implementations, the power of the heat
source is greater than 50% higher while writing odd-numbered tracks than while writing event-
numbered data tracks.

In one implementation, a PRA rule specifies that data may not be written to any of
the even-numbered data tracks (e.g., the data tracks 202, 204, 206, 208, 210) until a capacity
condition is satisfied. For example, the capacity condition may be satisfied when a total capacity
of data stored on a first surface of the magnetic disc 200 reaches 50-65% of the total storage
capacity. Alternatively, the capacity condition may be satisfied when data stored within an
individual radial zone of the magnetic disc 200 reaches some percentage of the total storage
capacity of that radial zone.

So long as data is written exclusively to the odd-numbered data tracks, the odd-
numbered data tracks on the magnetic disc can each be written to at random (e.g., without re-
writing data on any other track). At this point in time, adjacent track interference (ATI) is not a
limiting concern because the even tracks do not include any data that may be overwritten or
corrupted.

The notation (“write 1,” “write 2,” etc.) at the bottom of FIG. 2 indicates an
example order in which the odd-numbered data tracks are written. In other implementations,
adjacent odd-numbered data tracks are written to in a different order (e.g., a non-consecutive
order).

FIG. 3 illustrates example data writes to a magnetic disc 300 employing an
interlaced magnetic recording technique. The magnetic disc 300 includes a number of circular
data tracks (e.g., data tracks 302-310). A controller (not shown) selects data tracks to receive
and store incoming data. In one implementation, the controller directs the incoming data writes
to odd-numbered data tracks (e.g., 303, 305, 307, and 309) so long as a capacity condition is
satisfied. After the threshold capacity is reached, the controller begins to direct incoming data

writes to even-numbered data tracks (e.g., 302, 304, 306).
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In one implementation, even-numbered data tracks are written with a heat source
(e.g., a laser) set to operate at a lower power than that utilized to write the data to the odd-
numbered data tracks (e.g., the data tracks 301, 303, 305, and 307). Consequently, data bits
written to the even-numbered tracks have a written track width (W2) which is narrower than a
written track width (W1) of the odd-numbered data tracks. Other system parameters (e.g., write
current, overshoot, data waveform, etc.) may be optimized to ensure a best possible linear
density for the even-numbered data tracks while maintaining an acceptable SNR/BER margin,
such as 0.3 decades.

In one implementation, the written track width W2 of the even-numbered data
tracks is less than or approximately equal to a defined track pitch 316 (e.g., a spacing between a
center of an even-numbered data track and an adjacent odd-numbered data track). A ratio of
track width of odd-numbered data tracks to the track width of even-numbered data tracks
(W1/W2) may be, for example, between approximately 1.2/1 and 2/1. In another
implementation, the ratio of (W1/W2) is between 1.2/1 and 1.6/1. Other implementations are
also contemplated.

In one implementation, a PRA rule specifies that data may not be written to any of
the even-numbered data tracks (e.g., the data tracks 302, 304, 306) until a capacity condition is
satisfied. For example, a controller of the storage device may fill all of the odd-numbered data
tracks of the magnetic disc 300 with high density data of the wider track width before writing
data to any even-numbered data tracks.

A data write to an even-numbered data track (e.g., the data track 304) overwrites
and effectively “trims” edges of adjacent odd-numbered tracks (e.g., the data tracks 303 and
305) in narrow overlap regions where the data of the odd-numbered data track “bleeds” over the
natural track boundaries. For example, a data bits of the narrow data track 304 may overwrite
the right edges of data bits of the wider data track 303 and the left edges of a data bits of the
wider data track 305. Even though each even-numbered data track overwrites the edge portions
of adjacent odd-number data tracks, a readable portion of the data of the odd-numbered tracks is
retained in the center region of each odd-numbered data track. Therefore, a bit error rate (BER)
of the odd-numbered data tracks 303 and 305 may be substantially unaltered by the data write to
the data track 304.

Notably, a random re-write of the data of one of the odd-numbered data tracks
(e.g., the data track 303) may overwrite and substantially affect readability of data in adjacent

even-numbered data tracks (e.g., the data track 302). Therefore, a data management method
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utilizing PRA rules is employed to ensure groupings of adjacent data tracks are written in an
order such that all data is readable and total read/write processing time is mitigated.

According to one implementation, the data management method entails multiple
phases, with different PRA rules applicable during each phase. The data management method
may govern data writes to the entire magnetic disc 300, or (alternatively) govern data writes to a
subset of the magnetic disc 300, such as a radial zone. In a first phase, data is written exclusively
to odd-numbered data tracks at a high linear density (e.g., wide track width) (e.g., as illustrated
by “write 17, “write 27, “write 3” and “write 4”). The first phase continues until a capacity
condition is satisfied. For example, the capacity condition may be a threshold disc capacity (e.g.,
50% of the total disc capacity) or region capacity (e.g., of a radial zone on the disc). Before the
capacity condition is satisfied, each odd-numbered data track can be written to at random and
directly overwritten without re-writing any data of adjacent data tracks.

After the capacity condition is satisfied, a second phase of the data management
method commences. During the second phase, data writes may be directed to even-numbered
data tracks. The even-numbered data tracks are written to at a lower linear density (e.g.,
narrower track width). Writes to data directed exclusively to even-numbered data tracks can be
performed at random (e.g., without re-writing data of any adjacent data tracks).

During this second phase of the data management method, some odd-numbered
data tracks may be written to randomly and others may not. For example, the data track 303
remains randomly writeable up until the point in time when data is first written to either of
adjacent data tracks 302 or 304. Once data is written to either of the data tracks 302 or 304, the
odd-numbered data track 303 is no longer randomly writeable. For example, updating data of the
data track 303 may entail caching and subsequently re-writing the data of the adjacent data
tracks 302 and 304 (if 304 contains data).

In one implementation, every other even-numbered data track is left blank for a
period of time while the disk continues to fill up. For example, data is initially written to tracks
304 and 308 (per “write 5 “ and “write 67, respectively), but not to any of data tracks 302, 306,
or 310. So long as every-other even-numbered data track is left blank, non-random data writes
entail writing no more than two data tracks at once. For example, writing data to the data track
303 entails (1) reading data tracks 303 and 302 to a temporary cache location; (2) re-writing the
data track 303 with one or more updated cells; and (3) re-writing the data track 302 after the

write of data track 303 is complete.



10

15

20

25

30

WO 2016/085845 PCT/US2015/062124

In some implementations, the data management method entails a third phase that
commences once another capacity condition is satisfied. For example, the third phase may
commence after all alternating even-numbered data tracks (e.g., either within a radial zone or
across the surface of the disc) include data. Data writes during the third phase of the data
management method are further illustrated in FIG. 4.

FIG. 4 illustrates example data writes to a magnetic disc 400 employing an
interlaced magnetic recording technique. The magnetic disc 400 includes a number of circular
data tracks (e.g., data tracks 401, 402, 403, 404, 405, 406, and 407). A controller (not shown)
selects data tracks to receive and store incoming data according to a multi-phase data
management method. During a first phase of the data management method, the controller directs
the new incoming data to odd-numbered data tracks (e.g., via “write 17, “write 27, “write 3”, and
“write 47, as illustrated) until a first capacity condition is satisfied.

After the first threshold capacity is satisfied, a second phase of the data
management method commences and the controller begins to direct new incoming data to every
other even-numbered data track (e.g., via “write 5 and “write 6,” as shown). After a second
capacity condition is satisfied, a third phase of the data management method commences and the
controller begins to direct incoming data to the remaining un-filled data tracks (e.g., “write 7,”
“write 8,” and “write 97, as shown).

During this third phase, any of the even-numbered data tracks can be randomly
written. However, writing data to any of the odd-numbered data track entails caching and re-
writing any data in adjacent even data tracks as well. For example, an update to the data track
403 entails (1) reading data tracks 402, 403, and 404 to a temporary cache location; (2) re-
writing the data track 403 with one or more updated cells; and (3) subsequently re-writing the
data tracks 402 and 404.

One consequence of the illustrated method is that a size of a non-random data write
does not ever exceed three data tracks (e.g., an odd-numbered data track and the two adjacent
even-numbered data tracks). This reduces back-end processing as compared to shingled
magnetic recording systems that read and write data in groups of “bands” including several (e.g.,
10 or more) data tracks at once to provide for increased ADC. Also unlike shingled magnetic
recording systems, the illustrated write methodology allows for even-numbered data tracks to
written to at random throughout the life of the drive, and for odd-numbered data tracks to be
written to at least some period of time as the magnetic disc 400 is filled with data. Thus,

performance of the disclosed system exceeds that of widely-available shingled magnetic
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recording systems. Further, the areal drive capacity achievable via the disclosed system is
greater than existing CMR and shingled magnetic recording (SMR) systems.

FIG. 5 illustrates example operations 500 for recording data using an interlaced
magnetic recording technique. A first writing operation 505 writes data at a first linear density to
a first plurality of alternating data tracks on a storage medium.

A second writing operation 510 writes data at a second linear density to at least
one data track interlaced with the alternating data tracks including data of the first linear density.
In one implementation, the second linear density is less than the first linear density. For
example, a HAMR device may be configured to write data to odd-numbered data tracks at a
high linear density with a wide bit width (e.g., a wide track width) and also configured to write
data to even-numbered data tracks with a smaller linear density and decreased (e.g., narrower)
bit width.

In one implementation, no data tracks of the second linear density are written until
a storage capacity condition is satisfied. For example, the first plurality of alternating data tracks
may include all odd-numbered data tracks on a disc, and data may be written exclusively to the
odd-numbered data tracks until there are no available odd-numbered data tracks to receive new
incoming data. So long as no data is written to the even-numbered data tracks, ecach of the odd
data tracks is randomly writeable.

In one implementation, the data tracks of the second linear density have a smaller
width than the data tracks of the first linear density. The data tracks of the second linear density
are centered so that the edges of each data track overlap and thus “trim” data from the edges of
adjacent data tracks of the first linear density. Despite this “trimming” effect, data tracks of the
first linear density are still readable because the important information is retained within a center
(untrimmed) portion of the data track.

The embodiments of the disclosed technology described herein are implemented as
logical steps in one or more computer systems. The logical operations of the presently disclosed
technology are implemented (1) as a sequence of processor-implemented steps executing in one
or more computer systems and (2) as interconnected machine or circuit modules within one or
more computer systems. The implementation is a matter of choice, dependent on the
performance requirements of the computer system implementing the disclosed technology.
Accordingly, the logical operations making up the embodiments of the disclosed technology
described herein are referred to variously as operations, steps, objects, or modules. Furthermore,

it should be understood that logical operations may be performed in any order, adding and
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omitting as desired, unless explicitly claimed otherwise or a specific order is inherently
necessitated by the claim language.

The above specification, examples, and data provide a complete description of the
structure and use of exemplary embodiments of the disclosed technology. Since many
embodiments of the disclosed technology can be made without departing from the spirit and
scope of the disclosed technology, the disclosed technology resides in the claims hereinafter
appended. Furthermore, structural features of the different embodiments may be combined in yet

another embodiment without departing from the recited claims.
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Claims

WHAT IS CLAIMED IS:

1. A storage device controller configured to:
write data at a first linear density to alternating data tracks on a storage medium in a storage
device; and
write data at a second linear density to at least one data track interlaced with the alternating

data tracks, the second linear density different than the first linear density.

2. The storage device controller of claim 1, wherein the data of the first linear density is
written while operating a heat assisted magnetic recording (HAMR) head at a first power and

the data of the second linear density is written while operating a HAMR head at a second power.

3. The storage device controller of claim 1, wherein the data of the first linear density

has a greater track width than the data at the second linear density.

4. The storage device controller of claim 1, wherein the storage device controller is
further configured to:
write data exclusively to the alternating data tracks at the first linear density until a

capacity condition is satisfied.

5. The storage device controller of claim 4, wherein the storage device controller is
further configured to:
after the capacity condition is satisfied, write data at the second linear density to a

number of data tracks interlaced between the alternating data tracks.
6. The storage device controller of claim 1, wherein the storage controller is configured

to randomly write data to the at least one data track interlaced between the alternating data

tracks.
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7. The storage device controller of claim 1, wherein the storage device controller is
configured to write the data at the first linear density and the second linear density with a single

HAMR head.

8. A method comprising:
writing data at a first linear density to alternating data tracks on a storage medium in a
storage device; and
writing data at a second linear density to at least one data track interlaced with the

alternating data tracks, the second linear density different than the first linear density.

9. The method of claim 8, further comprising:
writing the data at the first linear density while operating a HAMR head at a first laser
power; and
writing the data at the second linear density while operating a HAMR head at a second laser

power.

10. The method of claim 8, wherein the data at the first linear density has a greater track

width than the data at the second linear density.

11. The method of claim 8, further comprising:
writing data exclusively to the alternating data tracks at the first linear density until a

condition is satisfied.
12. The method of claim 11, further comprising:
after the capacity condition is satisfied, writing data at the second linear density to a

number of data tracks interlaced between the alternating data tracks.

13. The method of claim 8 further comprising:

randomly writing the at least one data track interlaced between the alternating data tracks.
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14. The method of claim 8, further comprising:
receiving a command to update a first data track at the first linear density;
reading data tracks adjacent to opposite sides at the first data track into a temporary cache;
re-writing the first data track to include the updated data; and
after re-writing the first data track, re-writing the data tracks adjacent to opposite sides of the

first data track.

15. A storage device controller configured to:
write data to a first data track with a first written track width; and
write data to a second data track having a second different written track width, the second

data track directly adjacent to the first data track.

16. The storage device controller of claim 15, wherein the storage device controller is
further configured to:
write data at a first linear density to the first data track and write data at a second linear

density to the second data track.

17. The storage device controller of claim 15, wherein the storage device controller is
further configured to:
write the data at the first data track while operating a HAMR head at a first laser power; and
write the data at the second data track while operating a HAMR head at a second laser

power.

18. The storage device controller of claim 15, wherein writing data to the second data

track overwrites data along edges of the first data track.
19. The storage device controller of claim 15, wherein the storage device controller is
further configured to:
randomly write data to the first data track.
20. The storage device controller of claim 15, wherein the storage device controller is

further configured to:
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receive a command to update data of the first data track of the first plurality of alternating
data tracks;
read into a temporary cache data of the first data track and data of a pair of the second data
track;
re-write the first data track to include the updated data; and

after re-writing the first data track, re-writing the second data track.

16



WO 2016/085845

100

Cross:track (CT,
direction

1/5

PCT/US2015/062124

<+ 458

W 154
Jh 160
*+— 166

Controller
106

FIG. 1




PCT/US2015/062124

WO 2016/085845

Cross-Track

o
<~
N
© yoel | -umo(
o _-~—— —_—_—_—_—_—_—_—— -
N
o
S
N
s,
S
N
g 7
— | S
N
©
J S
~ N
S UAJ
1l ]| o
N
5
o
&
3 b
S
~ = UJ
o

Write 3
Write 4

FIG. 2

2/5



PCT/US2015/062124

WO 2016/085845

ATTIN

300

Write 6

Write 3

Write 4

-

—>

Cross-Track

yoe. ] -umoq

FIG. 3

3/5



PCT/US2015/062124

WO 2016/085845

418

Noo @ W
ool Q2
£Ez2
|||||||||||||||| ==
(= 3\
—= -
| U /)
— 7
|7 = . —
% [ —
=
yau —N\
[—oo \ |1
= | <&
\; 7
N
O /
N |
I\ |||||||||||| ) -
(—o \ \
= [
\ ~ I
= v4

Write 3

Write 6

Write 4

Cross-Track

yoel] -umoQ

FIG. 4

4/5



WO 2016/085845 PCT/US2015/062124

500 \

Write data of a first linear density to alternating data tracks on a
505 storage medium

Y

Write data of a second linear density to at least one data track
510 interlaced with the alternating data tracks

FIG. 5

5/5



International application No.

A A AR
INTERNATIONAL SEARCH REPORT PCT/US2015/062124

A. CLASSIFICATION OF SUBJECT MATTER
G11B 5/02(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GI11B 5/02; G11B 7/24;, G11B 13/04; G11B 20/10; G11B 27/36

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & keywords: linear density, alternating track, HAMR, track width, and similar terms.

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 4646168 A (YOSHIAKI SONOBE et al.) 24 February 1987 1,3-5,8,10-12,16
See column 6, line 31 - column 7, line 2; claims 1-4; and figures 6-9. 18
A 2,6-7,9,13-15,17

,19-20

X US 2014-0043708 A1 (MEHMET FATITH ERDEN et al.) 13 February 2014 15,19
See paragraphs [0035]-[0039], [0053]-[0055]; claim 1; and figures 2B, 5A.

Y 1,3-5,8,10-12,16

,18

A US 2010-0027406 A1 (MICHAEL KRAUSE et al.) 04 February 2010 1-20
See paragraphs [0027], [0031]-[0039]; and figures 2a, 5a-b5b.

A US 8599510 Bl (ROBERT M. FALLONE) 03 December 2013 1-20
See column 2, line 29 - column 3, line 54; and figures 2A-3C.

A US 2013-0294207 A1 (SEAGATE TECHNOLOGY LLC.) 07 November 2013 1-20
See paragraphs [0033]-[0042]; and figures 3-4.

See patent family annex.

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

|:| Further documents are listed in the continuation of Box C.

* Special categories of cited documents: "
"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be

special reason (as specified)
"O" document referring to an oral disclosure, use, exhibition or other

considered to involve an inventive step when the document is
combined with one or more other such documents,such combination

means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed

Date of the actual completion of the international search
08 March 2016 (08.03.2016)

Date of mailing of the international search report

08 March 2016 (08.03.2016)

Name and mailing address of the [SA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Facsimile No. +82-42-472-7140

Authorized officer

BYUN, Sung Cheal

Telephone No. +82-42-481-8262

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2015/062124

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 04646168 A 24/02/1987 EP 0105502 Al 18/04/1984
EP 0105502 B1 08/04/1987
JP 1730626 C 29/01/1993
JP 4015521 B2 18/03/1992
JP 59-063005 A 10/04/1984

US 2014-0043708 Al 13/02/2014 US 2015-0043100 Al 12/02/2015
US 8873178 B2 28/10/2014

US 2010-0027406 Al 04/02/2010 AU 2007-331564 Al 19/06/2008
CN 101553873 A 07/10/2009
EP 2092522 Al 26/08/2009
JP 2010-514074 A 30/04/2010
KR 10-2009-0088408 A 19/08/2009
TW 200832393 A 01/08/2008
WO 2008-071653 Al 19/06/2008
ZA 200903561 A 25/08/2010

US 8599510 B1 03/12/2013 None

US 2013-0294207 Al 07/11/2013 US 2011-0205861 Al 25/08/2011
US 8477569 B2 02/07/2013
US 8824249 B2 02/09/2014

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - drawings
	Page 19 - drawings
	Page 20 - drawings
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - wo-search-report
	Page 24 - wo-search-report

