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GT—!ANNEL Background of the Invention : Thg'ﬂ"gggr\:t
invention is directed to an inproved allocation of infornmation on disk
storage nedia, and in particular to an inproved allocation of track

| ocations on the disk storage media using multiple frequency zones.

One of the Key components of sone electrigal devices is a place to store
and read data. For exanple, conpact disk players read data, such as nusic,
froma plastic di sk.OPTIMALERY BXWDEDeDISKaFORRusk wir'THe by TdatE from a

tape. Conputer systens al so store nount s of dat a. '
Typi cal |y conputer systens enploy gﬁﬁﬂ%ﬁgg %ﬁagﬁgﬁage neans to store data.
One of the places where a conputer can store data is in a disk drive which

is also called a direct acCegscR gou 8 ggvtﬁg InventloEpough this invention
Is not limted to a direct & turage gevice one w1l be described by

way of exanple. A disk drive or direct access storage device includes
several disks whi C‘f‘héo%e%é‘ﬂﬂ af nlventees dss U%.@ré?ft@dr%%orgnmﬁ%%o@éd
conmpact di sks |ch are u%e In a CD player.,, The disks are_stacked, opn a
spi ndl e, rruchaq' Qgation o information én disk storage media, and in
particular to an improved allocation of track locations on
the disk storage media using multiple frequency'zones.
| One of the key components of some electrical devices
is a place to store and read data. For example, compact
disk players read data, such as music, from a plastic
disk. Another example is a VCR which reads-¢ata from a
tape. Computer systems also store and read large amounts
of data. Typically computer systems e@ploy a number of
storage means to store data. One of the places where a
computer can store data is in a disk drive which is also
called a direct access storage device. _
Although this invention is not limited to a direct
access storage device one will be described by way of
example. A disk drive or direct access storage device
includes several disks which look similar to records used
on a réCord player or compact disks which are used in a CD
player. The disks are stacked on a -spindle, much like
several records awaiting to be played. 1In a disk drive,
however, the disks are mounted toithe spindle and spaced
apart so that the separate disks do not touch each other.
The surface of each disk is uniform in appearance.
.However, in actuality, each of the surfaces is divided
into portions where data is stored. There are a number of
tracks situated in concentric circles like rings on a

tree. Each track in a disk drive is further subdivided
into a number of sectors which is essentially just one
section of the circumferential track.

Storage of data on a magnetic disk entails
magnetizing portions of the disk in a pattern which



several records awaiting to be played. In a disk drive, however, the disks
Yare mounted to the spindle and spaced apart so that the separate di sks do
not touch each ot her. The surface of each disk is uniformin
appearance. However, in actuality, each of the surfaces is divided into
portions where data is stored. There are a nunber of tracks situated in
concentric circles like rings on a tree.2Each track in a disk drive is
further subdivided into a nunber of sectors which is essentially just one
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stored. In sqme applications e wite elenent 1S the sane as t r ead
el enent . @ﬂ*&eEﬂﬁﬁmqgﬁlbﬁsegggg&zed to various states causing the

track below to be magnetized to represent the data to be
stored. In some applications the write element is the
same as the read element. Other applications use a
separate write element and a separate read element.

To retrieve data stored on a magnetic disk, a read
element, located in close proximity to the write element,
is flown over the disk. The magnetized portions of the
disk provide a signal from the read element. By looking
at output from the read element, the data can be
reconstructed and then used by the computer system.

Like a record, both sides of a.disk are generally
used to store data or other information necessary for the
operation of the disk drive. Since the disks are held in
a stack and are spaced apart from one another, both the
top and the bottom surface of each disk in the stack of
disks has its own read element and write element. This
would be comparable to having a stereo that could play
both sides of a record at once. Each side would have a
stylus which played the particular side of the record.

Disk drives also have something that compares to the
tone arm of a stereo record player. Thgre are two types
of disk drives, rotary and linear. Rotary disk drives
have a tone arm that rotates much like a record player.
The tone arm of a rotary disk drive, termed an actuator
arm, holds all the transducers or read/write elements, one
head for each surface_'of each disk supported in a
structure that looks like a comb. Sometimes the structure
is called an E-block. Like a tone arm, the actuator arms



separate wite elenment. and a separate read el enent. To retrieve data
vstored on a magnetic disk, a read element, located in close proximty to
the wite elenent, is flown over the disk. The nmagnetized portions of the
di sk provide a signal fromthe read elenent. By |ooking at output fromthe
read el ement, the data can be reconstructed and then used by the conputer
system Li ke a record, both sides3of a disk are generally used to
'store data or other information necessary for the operation of the disk
drive. .Si nEetake goskbakr ehaergafnelenent kard dvaiee sphepentpattached one
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' of data, the actuator arm is rotated from one track to
another track.
' It should be noted that this invention is not limited
to use in disk drives using magnetic wedia but is useful
in any device having rotating media. 1In ;his ﬁarticular
application, where magnetic media is described as an
example it should be recognized that the inveﬁtiqn would
be useful in other storage devices which have different
types of media of read and write elements.

The need for high capacity direct ' access storage
devices (DASD), such as magnetic digk drives, has
increased substantially in recent years.‘ Also, in order
to conserve power and to make storage devices light weight
and portéble, it has also become desirable to reduce the
size of the storage device. For example, in disk drives,
in order to provide a light weight compact design and to
consexrve power cénsumption by the disk drive, smaller
disks have been increasingly employed. The increasing
demand for high storage capacity while using smaller disks
present competing interests to the disk drive developer.

One technique used to increase the storage capacity
of a rotating disk is zone bit recording (ZBR). The
principle behind ZBR ig that at a constant spindle
velocity, the linear speed of the disk surface as it moves
past the transducer varies as the transducer is moved from
the inner portions of the disk to the outer edges of the
disk. 1In particular, the linear speed of the disk surface



S rotate so that the read element and wite element attached to the
Betuator armcan be noved to | ocations over various tracks on the disk.

this way, the wite elenent can be used to nagnetize the surface of the
disk in a pattern representing the data at one of several
The read el enent

tracks of a

di sk. For exanple, the needetl data may be stored on two

different tracks on one particular disk, so to read the nagnetic
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each track location. Rather, the disk may be divided into
a number of concentric zones made up of a band of adjacent
track locations. The track locations correspond to
concentric’ data tracks which may be either a number of
concentric circles or one or more continuous concentric
spiral tracks. A zone frequency is assigned to each zone
at which data is written to and read from the disk. The
zone frequency is typically selected for each zone such
that the linear density of data at the innermost track of
each zone is substantially constant. 1In this manner, the
overall storage capacity of the disk can be significantly
increased. '

One drawback associated with wmultiple 2zone disk
drives (e.g., ZBR) is that the use of multiple frequencies
increases the complexity of the data storage device. For
example, the data channel used in a disk drive must be

.capable of handling a number of different data rates as a

result of the multiple frequency zones. The present
invention provides an improved allocation of a disk

surface into multiple frequency zones.
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veI ocity, the linear speed of the disk surface as it noves past the _
% ransducer varies as the transducer is noved frompthe—-paer port-+-0ns of the
disk to the outer edges of the disk. In particulal THIS\ SHEET 84S BEEALH of t he
di sk surface I i s RERLACED at the outer
edge of the disk. ZBR t akes advantage of this higher TThnear verocity by

i ncreasing the frequency at which data i8 recorded to the disk at the outer
portions of the disk in order to increase the |linear density of the
recorded dat a. | deal |y, SumpmagyQf (tha, knyentdond be sel ected as a
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assigned to LBCRLIBRE AL AN IPNLH FIALYF i of eﬁaFg &R&ert%'ﬂ theptaragesk.

The medium at a substantially constant linear density. Radii
r;, defining each of the N concentric zones are selected
such that the ratio of radii r; defining any two adjacent
ones of the zones are substantially constant.

The above summary of the present invention is not
intended to present each embodiment or every aéiﬁect of the
present invention. Rather, the invention will be
understood by reference to the figures and the associated
description which follow. | '
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zone frequency is typically selected for each zone such that the |inear
Hensrty of data at the innernost track of each zone is substantially
constant. In this manner, the overall storage capacity of the disk can be
significantly increased. One drawback associated with nultiple zone
di sk drives (e.g., ZBR) is that the use of nultiple frequencies increases
the conplexity of the data storage devices For exanple, the data channel
used in a disk drive nust be capable of handlrng 2 nunber of different data
rates as a result of theB fi [Des S gresent i nvention

provi des an inproved allocation of a'dfek surface into nultrple frequency
zones.
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i nvention th&h&|acqumpan#1hgid&ak1ﬁgs U$ﬂ whiehnenory storage device, the
di sk conprising a | i S d n | eas rtion of
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ura erng par Snéd
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corresponding radii r[err tmo a dj acent omnes of the N concéntri’c
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present inventionpriipse 38 RAKAVREe@sHIER! NBFetdms exemplifying various
- operating environments of the present invention;

Fig. 4 illustrates a relatlonshlp between =zone
frequency and spindle wmotor velocity for tracks
partitioned into 2zones according to an arithmetic
progression;

Fig. 5 1illustrates a relationship between zone
frequency and spindle motor velocity for tracks
partitioned into zones according to a geometric
progression; '

Fig. 6A and 6B, respectively, are tables depicting
the geometrically and arithmetically located zone radii
and frequency as a function of varying spindle speed for
a 2.5" disk drive.

While- the invention is amenable to various
modifications and alterative forms, specifics thereof have
been shown by way of example in the drawings and will be
.described in detail. It should be understood, however,
that the intention is not to limit the invention to..the
particular embodiments described. On the contrary, the
intention is to cover all modifications, equivalents, and
alternatives falling within the spirit and scope of the
invention as defined by the appended claims. -



all oC_ati ng concentric track locations on a disk storage nmediuminto N _
‘concéentric zones, N being an integer greater than 2, data being stored on

the disk at an inner radius of each zone at a substantially constant |inear

density, the nethod conprising the step of selecting radii r[err] defining
each of the N concentric zones such that a radio of radii r[err] defining
any two adj acent ones of the N concentri? zones is substantially constant.
According to still another aspect of the present invention there is

provi ded a storage device, conpPetsiidgd dDedicdkipticdnidi ng a plurality of
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description i CAnk@htQ¥n relates in general to any type of direct
access storage device, such as magnetic and optical disk
drives, CD ROMs and the like, the exemplary embodiments
provided below describe a disk drive for purposes of
illustration. The implementation of the described
features in other types of storage devices will be
apparent from the description.

In accordance with an aspect .of the present
invention, a disk surface is partitioned into a number of
concentric zones or bands of track locations. .As will
become more apparent from the description which follows,
‘the manner in which the tracks are allocated into zones
reduces the complexity of a data channel used to read data
from and/or write data to the track locations. In
accordance with an embodiment of the invention the tracks
are partitioned into concentric bands or zones Z; defined
by a radius r, corresponding to each band or zone. The

radius r; is determined according to a geometric
progression which maintains a substantially constant ratio
of radii between adjacent bands or zones. In other words','
r;/r;,, is substantially equal to K, where K equals a



6 Brief Description of the Draw ngs The invention may be
*mor e corrpl etely understood in consideration of the follow ng detail ed
description of various enbodi nents of the invention in connection with the
acconpanyi ng drawings, in which: . Fig. 1 illustrates a disk surface
havi ng a nunber of recording zones; Fig. 2 depicts a block diagram of
an exenpl ary environnent for use of the gpresent invention; Figs. 3A
and 3B depict systens exenplifying various operating environnents of the
present i nvesns&gnt. FThe 4 advarstagdses abtaﬁ.aedonsm'zmg)etsneh Z@re
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intention i $MQnd Qid tot BEnEN¥ENUE Hhd 01 ANEr diameter of the disk.

The zones 101 may be defined by the inner radii 102 of the
zones. The radius R; corresponds to the inner radius of
zone Z,. The radius 103 of the disk defines an outer
diameter Ry, of the disk.

The disk 100 is rotated by a spindle motor at a
velocity w; in the direction of arrow 104. As described
more fully below, the disk may be rotated at two or more
discrete velocities w;. The particular velocity w; used
can be determined on the basis of the operating mode in
which the disk drive is being used.

As described more fully below, data may be written to
the each of the zones at different write frequencies while
the disk is rotated at a constant velocity, as is
cénvéntionally known in ZBR drives, such that all write
operations are carried out at the same spindle velocity
with a write freqﬁency selected according to the zone.
Alternatively, data wmay be written to the disks at
different spindle speeds. When different spindle speeds
are used for write operations the write frequency for a
particular zone is selected such that the linear density
for data written to the innermost track of each zone--is
maintained substantially constant.

Data may also be read from the disk at two or more
spindle velocities. The linear data rate as the disk is
read, (i.e., the rate at which data is presented to the
read head) also varies as the speed of the spindle motor
is changed. 1In other words, the rate at which data bits,



partlcular enbodi nents described. On the contrary, the intention is to
cover* al | nodifications, equivalents, and alternatives falling within the
spirit and scope of the invention as defined by the appended cl ai ns.

7 Det ai | ed Description The present invention
provi des an inproved allocation of a disk surface into nultiple frequency
zones, which is especially advantageous ghen the disk is rotated at a
nunber of different discrete disk velocities. Advantages obtai ned by
operati ng a wipsie ssdrorexd) coylehatanes Hit i omd tiplthel issigretle, direk pradsmitted® st ar e
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This is a function of both the linear density of the data
in the zone and the rotational speed of the disk (i.e.,
the spindle velocity).

The components of a disk drive used to control the
spindle velocity and operating frequency of a data channel
are illustrated in Figure 2 in block diagram “form. In
Figure 2, the disk 100 is rotated by a spindle motor 201.
The rotational velocity of the spindle motor 201 is
controlled by a motor controller 202. The motor
controller 202 is provided to rotate the spindle motor 201
and hence the disk 100, at a number of known, discrete
velocities wy;. A transducer 203 is positioned adjacent the
disk 100 to read and/or write information to and from the
surface of the disk 100. L

The transducer 203 may be mounted to a rotary
-actuator (not shown), for example, to position the
transducer over a desired track location. The radial
position of the transducer 203 relative the disk
determines which zone of the disk 100 is being accessed.
The transducer 203 is connected to a variable frequency
data channel 204 which may be used to read and write
signals from and to the disk at an appropriate zone bit
frequency for a selected zone and disk speed. In a read
operation, for example, the transducer 203 provides a raw
signal of information read from the disk to the data
channel 204 which extracts data £from -the signal at the
appropriate frequency for the given zone and spindle
speed. The data read from the disk 100 is supplied from



illustrati

on. ° The inplementation of the described features in other.

‘types: of storage devices will be apparent fromthe description
accordance with an aspect of the present invention, a disk surface is
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indicates the zone at which the transducer 203 is
performing an access operation. This information can be
obtained by any of the conventionally known methods for
determining head position. - For example, zone information
may be obtained from the transducer.as it reads .servo
information from the surface of the disk. ;

The mode control signal 207 informs. the control unit
205 of an opérating mode of the disgk storage device. The
advantages described more fully below are useful in any

type of storage device where different operating modes are

employed having different disk velocities. For example,
a disk storage device may include a power savings mode

. where the disk is operated at a lower disk velocity to

conserve power. The initiation of such a mode is provided
to the control unit 205 as the mode control signal 207.

Other types of systems which may benefit from multiple

disk velocity wmodes include storage devices having an
archival mode where disks are rotated at velocities lower
than wusual, interactive applications where disk are
typically rotated at a higher than normal velocity, high
swapping of data between a random access memory (RAM) and
disk, use of different disk velocities depending upon the
environment in which the disk drive is operated and the
like. In another example, if the drive is running hot, it
may be desirable to reduce disk velocity to cool the drive
down. ‘

On the basis of the mode control signal 207, the
control unit supplies a motor speed control signal 209 to

9§scription whi ch follows, the manner
he tracks are allocated into zones reduces the conplexity of a

the 1 nvention the tracks
: i f isdetnady &oradi us
rlerr] coragepepdtRe tpueseh HaNE SomBerer IDE WadhySchéediski §rgober m ned

en FEARFL¥Er ds,



band of concentric tracks or track locations (not shown). The zones 101

* progress fromzone Zerr] at the outer dianeter of the disk to zone Z[err]
at the inner dianeter of the disk. The zones 101 nmay be defined by the
inner radii 102 of the zones. The radius R err] corresponds to the inner
radi us of zone Z[err]. The radius 103 of the disk defines an outer

di aneter Rlerr] of the disk. Theldi sk 100 is rotated by a spindle

not or at a.,velocit err] in the direction of arrqQqw_104. As descri bed nore
fully bel &le 1"}?&%‘%/5‘1[9 Her #0924 & &F%t}}F FBAEE BPECE #%0& i es
werr]. Thetud itthe adislel ocitlye vapprdprisere caelbeitet er Theedoar ridle basi s
of the operat '

' which the disk.drive.i ' d.
descri bed %lrtle%uﬁ esoc’lel ,érﬁﬁt’%?%aflfg&hﬁ{ }Dﬁé‘lﬁsfa%e#'ﬁg %%glﬁ SPnttﬁ'@fones at
di fferent sdrgrial f ragGenends wiid e mdde di senkgodot aighat a20dnst dite
vel oci ty, S@}fépf%&&%dr?é‘%ﬂ&’ ddy £8% Qrc'c\é"slssi&g{”i:'?xet %. Elica{ﬁ'roin;@(fa' te

operations“are carried out at the Same spindle velocity wt s )
frequency X8 ecthe Zang difg frequencivis. datermined, ony theabasis afe

written todiie dneksmaliediddniast siigidhe spegdsnibien iffesent i nd e
speeds are used for wite operations ite frequency faqr _a .particular
zone i s sd&RAAGE JIRFOY 21 t‘{?el‘?‘?’rfé’éra"%ﬁget ¥ OS5t cg’é’t%fc‘%é;r flemrk ¢%6e

i nner nost whixck ekfdadtez otitei yelmitivel neaktsulbst awmhiahl| yrheondatat .is

Dat a may re f t I sk, at I ndle vel ociq,j es. The
| i near da%ﬁ%‘?%gsé‘?he&ggskg%ﬂrega, %%&285{%&?&?@ a%o\%r%'ch da H:f S
present ed appropriate mond hito fredqeency tise cpumunitated spondihe not or

i's changedra{aRi 8eale dhaddiel ' 2308 3n WAL 9882 fid® the control
unit 205. : )

The processing interface 212 processes information
and provides an interface to the main CPU 211 of the
computer 210 using the disk storage device. The operation
of this circuitry may be understood from the detailed
example provided below.

As noted above, optimal banding of track locations
into zones is especially advantageous whenever more than
one spindle velocities are used. An example of a system
using multiple spindle velocities is described in the
above referenced patent application Ser. No. 08/625,201 .
Such a system is depicted in Figure 3A, as an exemplary
system in which the present invention may be implemented.
In Figure 3A, a recording head 313 is positioned to read
and write information from and to the surface of disk 310.
It is noted that while only a single disk is illustrated
in Figure 3A, multiple disks and heads may be used. An
adi:uator assembly 514, including a voice coil motor (VCM)..
is provided to move the head 313 relative to the rotating
disk 310. A spindle motor 311 is provided to rotate the
disk 310. The spindle motor 311 is controlled by a
spindle controller 312. The spindle controller 312 may be-
implemented with a phase locked loop (PLL) such that the
speed of the spindle motor 311 may be controlled by
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9 represented by transitions in the signal, are presented to the
‘transducer for a given zone varies as the sprndle not or speed changes.
Hereinafter, the rate at which data is presented to a transducer in a
particular zone at a given spindle velocity will be referred to as the
"zone bit frequency". Thus, as used herein, the term"zone bit frequency"
is used to represent the rate at which bit>s of data are presented to (or
witten by) the transducer. This is a function of both the |inear density
of the data iapphegingne fhequenayteadnonal sﬁgaahﬁfthb dbskh@ sp;ndhe

Sp' ndl'e velo cr:rxi)roller -Erlpz Con‘gq’nepésngft ? dtl.tzg%drt anne 0{18 cFlIx l'alt he

spindl e vel ocity and dferatr ng frequency o are i rat ed
in Figure 2 islemerksdibiustraved in Figwreuid, while shewn @9 discreteed

by a spindle E‘I&@Es 2(Ha Thse rq_tnﬁ%léiﬁléﬂté’d?' QﬁiUé Ofmlté]:%p%&&gé@offm@élﬁgl i's
controll ed tor controller 202. not or controller 20271 s
provi ded to r'%‘t%&"éc? 8- spi ndl M¥ERVYEB01 aRd héﬁﬁ@?’ﬁe dPSk 10Hifggrent

nunber of knawbcrépseeessoxsl asytbesuyée®/ rdackh iniplemieeingOoné sopakbteoned
ad) acent. (he g S0 dRd AR e | TR0 S LoD,
rotary act uatdﬂ:scrnbes shewiynct ional expendeiontaf tpiwsntam:puas hel ememsducer
%gr a desi r%é%ﬂ&if E@éh\@ﬂted ZQe %Q'b@bd@o%irt 'a%ﬂ dlgsfc:i(étﬂ‘? cff&@fé&cer
rel ative et erm nes |ch zone erng
accessed. a daptive actuator controller 315 is provided to
control the actuator 314. The adaptive actuator controller
315 uses a set of coefficients stored in a read-only
memory (ROM) 316. The ROM 316 stores one set of
coefficients for each discrete rotational velé"city of the
disk 310. The disk velocity is changed under control of
the frequency control signal £(i) from one discrete
velocity to another. As the disk velocity is changed, the
adaptive actuator controller 315 loads a new set of a
coefficient's corresponding to the new disk velocity. The
different coefficients are required because of the change
in sampling rate of servo information formed by transducer
313 and servo patterns written at equispaced radial
sectors on the disk and decoded by demodulator 317 and
used to produce a position error signal (PES). The
coefficients are used to adjust the dynamic operation of
the adaptive actuator controller 313 thereby optimizing
actuator access and tracking performance. The position
error signal is used for servo control to keep the head
.313 aligned over the correct track location. If the disk
310 is slowed down, for example, the sampling of -the
position error signals will be slower than when the disk
310 is rotated at the faster nominal speed. The adaptive
actuator controller 315 must be dynamically reconfigured
- to work with the proper sampling rate of the position
error signal. Information read from or written to the
disk 310 passes through a mwmultiplexer 320. The



The transducer 203 is connected to a variable frequency data channel 204 .
*which may be used to read and wite signals fromand to the disk at an
appropriate zone bit frequency for a selected zone and disk speed. In a
read operation, for exanple, the-transducer 203 provides a raw signal of
information read fromthe disk to the data channel 204 which extracts data
from-the signal at the appropriate freguency for the given zone and

spi ndl e speed. The data read fromthe disk 100 is supplied from

10 the adepltiplexerabl32d r ssplkecys dagda bhadnelfrzdy twapiewzsshagds

interface gégggetgbeagosggégngBﬁiﬁgaEB'mﬁﬁﬁlgie B!skhguggﬁbgél(Bﬁlgied ‘o

conmputer 210 S|ng con uni t I S conne
t he adapti9@evherapRd3f Asgsbemwn dat FicvathaRA 204 Bl twkt kplexesodPol | er

202. lThe_sgnlbw 11%31 ttczOﬁhéeath@e%m&fontmi 13&@1%% m@ndTﬁem?e
i gnal | 2068 PR THES CHBCRL Snri 2 the COMRISELCE> BUSTES piad off ng an
access pperateﬁme Tlasgai ntor rivé i onrteteve iy aidi@k byiwarineof at herite
Zone. 1 nf o SREFBRIY b BREEPRec#Pont ne TRASIIGE & PPoFealYeEER0 «
infornationnteuﬁacheaﬂﬂWthchﬁlnrnuthis couplé@etondhechqstosYstgmal 207
i nformst hegGaR! 6@l WY brocessing unit of a portable computer. Data
is typically passed from the host system interface 340 to -
the buffer 325 at a fixed rate (i.e., at a fixed number of
bytes-per-second). The data is then stored in buffer 325.
The data is clocked from the buffer 325 to the disk via
the arm electronics module 321 and the multipleiér 320 at
a rate {(or frequency) which depends on the disk velocity
and the zone in which the data is to be written. Thus,
the buffer is provided with a, control signal £(i,k) which
" is dependent upon the disk velocity denoted by "i" and the
zone denoted by the letter "k". In other words, write
data enters the buffer at constant speed and is ouﬁput at
a variable speed dependent upon disk velocity and zone
information. ' : | |
' In a read operation, using head 313, for example,
data is read and passed to the multiplexer 320, amplified
by the AE module '321 and then provided to a digital
equalizer 322. The adaptive digital equalizer (filter)
322 compensates for amplitude variation in bit frequency
arising, for example, in the head 313 and/or the arm
electronics module 321. The digital equalizer 322
amplifies all frequencies of the recorded signals such
- that the overall amplification of each frequency is of the
same amplitude. The digital equalizer 322 is coupled to
a ROM 323 to receive a set of coefficients corresponding
to the spindle speed (disk wvelocity) and the zone £f£rom
which the data is read in response to the control signal
f(i,k). The coefficients are precalculated values to be
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205 of an operating node of the disk storage device. The advantages .
*descri bed nore fully below are useful in any type of storage device where
di fferent operating nodes are enpl oyed having different disk velocities.
For exanpl e, a di sk storage device nmay include a power savings node where
the disk is operated at a | ower disk velocity to conserve power. The
initiation of such a node is provided to the control unit 205 as the nobde
control signal 207. Oher types of systens which nay benefit frommultiple
di sk vel ocidged nbdesptinliiie sher agerdeibnehavheagdigiaadhiepla hbzerwher e
di sks are ated at velocities |lower than, usual, interactive applications
where diskK are typically rotated at a hlgher than normal velocity, high
swappi ng of datBheepwbprta ofardm gl neqva )i gRAM 2and sdipsiqvded of

di fferent %SEhée'd%(E'etdt%% dﬁ)@”d' 'iﬁe“%?:et&%l‘e”ﬁé Oﬂge%tls‘d‘ L¢fyLge di sk

drive is operated and ke. I n another exanple &rl ve |'S running
hot, it mayipR BBE eﬂﬂ@% $hanad él(ekk\)eml@gtmleeorch%éﬂm%naom

On the basdsd oiet betiege @pﬁ&d@ioﬁlgﬁalchaoae&é&oieoehreheurbatsfslp@fl es a
not or spee cont r ol gg%ig not or. contrql|l g02 to
cause the SPFnEPER Q&Fo% t%?écﬁ%ﬁep?ﬁﬁlaViﬂraF°Pﬁe §ﬁ&wﬁhﬁéh B8l ocity.
The controflatai va80%ealiso Obked@teetorom 28hdedrEsits aatd cozomeinotheol
signal read using the head 313. Once the data bits now
have been detected, error correction for soft errors may
be further carried out in the detector 324. The data may
then be passed into the buffer 356 and subsequently read
from the buffer 326 to the host system interface 340 at a
frequency which is accepted by the interface. This
frequency, for example, may be the same as the frequency
at which write data is received by buffer 325 from the
host system interface 340.
A demodulator 317 is also shown receiving the output _
from the arm electronics module 321. The demodulator 317
extracts servo information from a signal read by the head
313 from equispaced radial servo patterns written on the
disk. From the servo information the position error
signal (PES) is derived and is provided to the actuator
controller 315 to control the positioning of the head as
described above. A detailed analysis of the above
.operation is provided in United States.patents: 5,285,327
-entitled "Application for Controlling Reading and Writing
in a Disk Drive", issued February 8, 1994; 5,440,474
entitled “Magnetic Recording disk with Equally Spaced
Servo Sectors Extending Across Multiple Data Bands"™;
issued August 8, 1995; and 5,210,660 entitled Sectored
Servo Independent of Data Architecture", issued May 11,
1993.
The control signals £(i) and £(i,k) are generated by
.a disk drive controller 335. The disk drive controller
335 is coupled to communicate with the host system



signal 206 and the node control signal 207, the appropriate zone bit

¥ requency for accessing the disk zone 101. The zone bit frequency is

det ernmined on the basis of both the node control signal 207, which reflects
the spindle notor 201 velocity and the zone control signal 206 which
reflects the relative rate at which the data is witten to the disk at
the " particular zone. The appropril@ e zone bit frequency is

communi cated to the variable data channel. 204 on line 208 fromthe control

unit 205. interfgge 340 ca8; hgdiratefady AiNney3fesseEhenhophaSyHitamd
provi des amtid¥fidenCs ¢ el des Naddkbddidngf ihberaatneher réh@ Metite t he
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Figure 3A, a recording 313 i's 05|t|one wite
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be cont rolaperagions 1ndependent of the host. While performlng such

operations the disk drive controller 335 may inform the

host system interface 340 that the disk drive is busy and

will further notify the host system interface when the
drive is ready to perform access operations. .
The disk drive controller 335 also receives a control
mode signal 336 indicative of a desired operating
frequency for the drive. This control mode signal 336
will indicate, for example, whether the disk drive should
be operated at a lower spindle speed to conserve power.
The control mode signal 336 is generated by an activity
monitor 330 which may monitor the activity of the disk
drive, for example, and instruct the disk drive controller
335 to change the spindle speed when a low power condition
is to be entered. The activity monitor 330 may use
information contained in ROM 331 which may include a look-
up. table (LUT) to determine when to change the spindle
speed. The control mode signal 336 may be used ¢to
control, for example, a variable frequency oscillator in
the disk drive controller 335. The frequency of this
oscillator may then be used as a master frequency to
control other elements in the disk drive. For example,
the frequency of the oscillator may be provided to the
phase locked loop (PLL) of the spindle controller 312 to

PEE



12 applying a frequency cont r ol signal f(i) to the spindle controller 312.

*It is noted that the various control elenents illustrated in Figure 3A
whil e shown as discrete blocks may be inplenmented on a m croprocessor using
m cr ocode. Mor eover , a nunber of different m croprocessors may
be used, each inplenenting one or nore of the described functions. The
present description describes the functié®nal operation of the various
el enents whet her inplenmented as m crocode or as discrete circuits. An

adapti ve actertoelconerespindlglspeedpr heiaPnorebmeds signabtIdgois314.
The adapt'Vc?e@&{-:Hﬁ? B”ttrf@ 'Eésrﬁﬁ&%\ﬂss roelofl o geféf;as&le%s @P&ﬁd 'na

read- only nenor store one
coef fi ci entsh ? %EcﬁrHVgcﬁétéckéﬁaﬂgﬁﬁﬂteﬁel00|ty of the disk 310. The

di sk velocity ISAshaaﬁeseuagg&e@q&tt@al f%mt I&%ef fa%]iwcéécaﬁﬂﬂté olagigral (i)
from one discy éfeveIOC|ty 0 anot her di sk vel oci t |s changed t he

adaptive actRat cﬁﬁﬁﬁglﬁaaQQE?IQHEKF%F%e §€PeBFYa
correspondiwgriousheonew.di Shikel md:i’e{asé'diletﬂef b%&aﬂlcaﬁfnfplﬁé)eﬂtjﬁ afe

by 't ansducel® ST8SERE ooF 08 BRRIEAR: Wt ey car i SRt TR ore
on the d|skfandedshod@$dnﬁﬁkﬂﬁmnmd&©rvelﬁcahﬁ tbed digigradd rgual peert i on
error signafg;{PEP) - 322 THEst be loaded with filter configuration data

for each zone from ROM 323. The configuration data is
unique for each different zone bit frequency. Thus, as

the number of zones and discrete spindle velocities used

by the storage device increase, the number of dlfferent

zone bit frequencies also increases.

An increase in the number of different zone bit
frequencies is even more problematic when an analog or
hybrid digital/analog data channel. is used. Such a
channel, as illustrated in PFigure 3B, must include
separate analog front end components for!each_different
zone bit frequency used, adding significantly to the cost
and size of the read channel. Figure Bé is similar to
Figure 3A with like parts having like reference numerals.
In Figure 3B, a tunable analog equalizer 922 is
incorporated into the read channel of the disk drive. The
tunable analog eqﬁalizer 922 may consist of operational
amplifiers with tunable RC networks having capacitors and
banks of selectable resistors 923 used to change the
coefficients of the analog equalizer 922. The resistor
bank 923 includes a _number of resistors that can be
switched in parallel or series to make up different
resistor values used by the analog equalizer 922. The
different resistor values correspond to the coefficients
needed by the analog equalizer 922 as the spindle speed is
changed. Thus, different resistor values are used
depending upon the spindle velocity and zone information
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coefficients are used to adjust the dynam c operation of the adaptive
*factuator controller 313 thereby optim zing actuator access and tracking
performance. The position error signal is used for servo control to keep
the head 313 aligned over the correct track location. If the disk 310 is

sl owed down, for exanple, the sanpling of the position error signals wll
be slower than when the disk 310 is rofqated at the faster nom nal speed.
The adaptive actuator controller 315 nust be dynamically reconfigured to

work with Mevaaaaert@aMé Nt HaakPOobiyt | OReer &Oht 8bUNasignal
I nformatio ( fron1or witten to the disk 310 passes through a
mul ti pl exe The 13

mul ti pl exer 320Thd;mﬂcorpdm&thémo?fvanhawg MMmbb?fﬁpecu?wd)ahread
d
ggg;s;pgg\)eﬂgﬂh&w dd péésg%gggsw i ¥y £@N5%, 06 NGaLeRES hir? geRyL

e miltl IS co 0 the arm el ectroni cs
modul e 3211'1191Fh@9§11‘ﬁ'2311’€$t Evatuensiesl a3 1ugedcoupl ehet dilskf fdriges to
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is coupled_to a hgst systeminter turn | t he
host syst efiFSguRNEdeshdhranaass mef uaP e 6¢9§h§6FFaMM¥%ﬁmnnh%rSuEﬁt& i s,

typically pagesd fapan Htgetmlgsmnemddﬂﬁxf% 349i teuibeybubéepmdsd at a

flxed rat eq&ite' ’e:ec‘éegsn.v)ée.}d : eE)r%er to reduce cost, the read
channel may be implemented using more analog components.
For éxample, detection can be simplified by using analog
circuitry thereby reducing costs.’ Furthexr, power
dissipation may be reduced using analog components. As
the operating speed of the disk drive is further increased
the need to use analog devices in the read channel becomes
even more important. However, when analog components are
used ip a multiple zone disk drive operating at a number
of different spindle speeds, it wmay be necessary to.
include a large number of discrete components such as
resistors to accommodate the different =zone bit
frequencies. ‘

In each of the systems depicted in Flgures 3A and 3B,
the complexlty and cost of the system increases for each
zone bit frequency the system must handle. As described
more fully below, by selectively partitioning the tracks
into the multiple frequency zones, the number of different
zone bit frequencies the drive must handle can be
significantly reduced, thereby reducing the complexity of
the drive. For example, the number of discrete analog
components needed may be reduced.

In accordance with an embodiment of the invention, a
disk is provided having its track locations specially
partitioned in accordance with a geometric progression.
Referring to the disk illustrated in Figure 1, an
operating frequency f;, in hertz (Hz), for zone i may
determined by the relationship



byt es- per-second). The data is then stored in buffer 325. The data is _
rclocked fromthe buffer 325 to the disk via the armel ectronics nodul e 321
and the nultiplexer 320 at a rate (or frequency) which depends on the disk
velocity and the zone in which the data is to be witten. Thus, the buffer
Is provided with a, control signal f(i,k) which is dependent upon the disk
vel ocity denoted by "i" and the zone:ﬂ§noted by the letter "k". In other
words, wite data enters the buffer at” constant speed and is output at a

vari abl e speed dependent upongdi_sky Cly nd zone information. In a
£ 82,6 od

read operation, using head 313 for' exahple, data is read and passed to the

-nul tiplexer 320, anplified by the AE nodule 321 and then provided to a
digital egnaléz8l B22he Thenadaphensidi,ghtak, egnabbner z(fitl e SR

conpensates for anplitude variation in bit frequency arising, for exanple,
in the heXNSEI3TFAANE: Ath&MEm %l e CCO M5 cL8 Hﬁgus&sy"’orﬁ.e J%H'é ‘S)J(ﬁ ital
equal i zeranfd2agnpleliddtyal in f requtneieasoberthanimeeos d¢R PR gnal Bhbsich t hat

the overall applification_of. each frequency is of the sane anplitude. The
di gi t al eﬁﬂg?EESP 359 %? ESONEE % a ROM 323 to receive a set of
coefficients corresponding to the spindle speed (disk velocity) and the

zone fromwhich the data is read é”offé@ﬂ@%?wtp the control signal f(i,k).
The coefficients are precal cul ated values ¥4 be

and assuming that the maximum linear density for each zone
is constant (i.e., 4, = 4,) for zones of equal width, the
equation becomes '

fi = 0.1047d°r1wj.

The track locations on the disk are allocated into
zones by selecting the appropriate radii for the inner
track of each zone. In accordance with an embodiment of
the invention, the inner track radii defining each 2zone
are selected by a geometric progression which is a
function of radius. As described moxre fully below, this
method of banding tracks into zones provides for a high
degree ofioverlap in zone bit frequencies between zones asg
the spindie velocity is changed: For example, a drive
having N zones and operating at M different discrete
spindle (disk) speeds will have a total number of
different required zone bit frequencies equal to N+M-1.
For example, a drive having 10 recording zones and
operating at 10 discrete spindle speeds will require
channel capable of handling 19 (i.e., 10+10-1=19])
different zone bit frequencies.

In contrast, the number of different zone bit
frequencies required for a disk banded according to a
simple arithmetic progression is determined according to
the relationship N+ {(((M*M)-N)}/2). 1In the above example,
the number of zone bit frequencies which the channel must



14 used to optimze the operation of the digital equalizer 322. The
toutput of the digital equalizer 322 is provided to the detector 324. The
detector 324 is also provided with the control signal f(i,k) to optim ze

t he cl ocking and detection operation of the detector on the basis of the
spi ndl e speed and the particular zone fromwhich the data was read. The
detector 324 detects data bits in the sjignal read using the head 313. Once
the data bits now have been detected, effor correction for soft errors may

be further i ed i.n ghe depectqr, 1 Ol a _Lhen be sed
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r; = rpt¥, for i =1,2,...,N,

where p is a substantially fixed geometric coefficient for
the progression. '

The ratio between two adjacent zone radii r; and ry,,,
is constant providing the relationship:

ry/Yin = Yo'
for i = 1,2,...N-1. _
For a disk having an inner vradius =z, the

coefficient, p, for a given number of data bands can be
determined as follows:

in(rm) = (1-Np) 1In(xry),
“which may be rewritten as:
p = 1/N(1 - 1In(rp)/In(ryp)).
By way of example, consider a 2.5 inch disk divided

into 10 =zones (N=10) and having an inner radius r;, of
14 wmm, an outer radius Iy ©of 29.7 mm. The value of p for



1993. The control signals f(i) and f(i,k) are generated by a disk
sdrive controller 335. The disk drive controller 335 is coupled to

comuni cate with the host system 15
interface 340 as indicated by line 341. The host systeminterface 340

provi des addressing information, read/wite comands designating the type
of operation to be perfornmed, and the like, to the disk drive controller
335. The address information may inclu2e, for exanple, a head nunber, a
cylinder nunmber or track nunber as well as a data sector nunber. The disk
drive cont?olditk 33BRWNG alde somddmesstionisnf 6Anat Pen ¢alenbabest agstem
interface g4P10wEQr exanple, the disk drive controller 335 may comruni cate
status information to the host systeminterface along line 341. Wen
the disk drive is initially powered up, the controller may perform
oper ati ons i ndependeat 1¢f ot(he -hqsi{1aWiing 2perfor i ng. g2l @perati ons the
disk drive controller 335 may informthe host systeminterface 340 that the
di sk drive is busy and will further notify the host systeminterface when
the drive is redHdyngotper abroveacedsse dwer @t itdres .innexr ridhdiws s&f deavh
Contr oLl SToB3Ril SAd CGRRKES @158"158! ML aB*Ochldl GabhLE-RE 2

desired operat
progressmon

- (1-0.0221781}
r; = Zop .

By way of contrast, the inner radii of each zone may
be determined as an arithmetic progression. “Here the
difference between two adjacent inner zone radii r; and r;,,
is a constant b providing the relationship

r; - r;,; = b.

In this case, the radii r; can be expressed as

which yields the following radii

r1 = ro - b;
r, =r, -b=1rxr, - 2b;
r3=r2"'b=ro-3b;
* % %
X, = rp,~- b =1r, - kb.
Recalling the expression f; = 0.1047d,r;w; and by

substitution, the following equation for f; may be written:
£, = 0.1047 d, (r, - ib) w,.
This equation can also be written as f; = fyy-iaf,; where

fo3 = 0.1047 d, rywy; and afy; = 0.1047 dybw;. Thus, a general
equation for the zone bit frequency can be expressed as



frequency for the drive. This control node signal 336 will indicate, for
*exanpl e, whether the disk drive should be operated at a | ower spindle speed
to conserve power. The control node signal 336 is generated by an activity
nonitor 330 which may nonitor the activity of the disk drive, for exanple,
and instruct the disk drive controller 335 to change the spindl e speed when
a |l ow power condition is to be entered.21 The activity nonitor 330 may use
i nformati on contained in ROM 331 which ey i nclude a | ook- up. table (LUT)
to determ ne when to change tthSELDdP@ spgggd), The control node signal
336 may be used to control, for édkanpl'é, a“varidble frequency oscillator in
the di sk drive controller 335. The frequency of this oscillator may then.
be used as vhewmstrl  requeney, A0 688t kel =obhepeglgpents in the disk drive.

For exanple, the frequency,of the oscillator e provided to _the phase
h digk ia §931

| ocked loop (PLLYR®R the EBReFsH &F t§peed (i.e., when o

16 control=theanfi fdt el speste fHELGANG de Yadoss g calBbd Sdeatvwsdii ned on
the basis of a node of operation in which the disk drive is to be operated.
As can be appreciated fromthe above exanple, as the spindle speed changes
the read frequency changes for tthe wafh,ous 2é&iew;; This increases the
overal |l conplexity .of £, = (k, - 28k) w,;
£y, = (ko - 3ak) w,;

* * % ’

£, = (k, - iask) w,.

At a lower speed, when w = w, and j = 2, the frequencies
can be calculated as: '

f12 = (kO - Ak) wz;
f22 = (ko - 2Ak) (.02,'
£, = (k, - 38k) w,;
* * % .
f12 - (ko - iAk) wz

i
In order to reduce complexity of the read channel, it -
is desirable to have f,, = f,, so that all but one of the
frequencies at w, are reusable at the lower speed w,. For
this to occur, (k, - ak)w, must equal (k, - 2ak)w,. It is
also desired that f,, = f;;, which means that (k, - 2ak)w, =

(ko - 38k)w,.
For zone i, we need f;, = f,,, which means that (k, -
lak)w, = (ko - (i + 1) ak) w,. The above constraints can

be written as w, = [(k, - (i+1)ak)/(k, - iak)] w,, and for
the j* speed w;, the relationship may be expressed as w; =
[(ky - (j+1)ak)/(k, - ak)] w,. )
Consider the example described above using a 2.5"
disk having the dimensions rp, = 14 mm and r,, = 29.7 mm
with 10 zones divided into equall sized bands of
approximately 1.57 mm (i.e., b = (29.7-14)/10). Assuming
a linear density of data on the inner radius of each zone
of 135 kilobits-per-inch (i.e., d, = 5315 bits per mm), the
value of k, = 0.1047 d, r, = 16527.47 and ak = 873.67. In



the system For exanple, in the circuit described above, for each discrete
spindte velocity the digital equalizer (filter) 322 nust be |oaded with
filter configuration data for each zone from ROM 323. The configuration
data is unique for each different zone bit frequency. Thus, as the nunber
of zones and discrete spindle velocities used by the storage device

I ncrease, the nunber of different zone,bit frequencies al so increases.

An increase in the nunber of different zone bit frequencies is even nore

pr obl ematl%Mgenca@eanaéaﬂeoroéﬁy*ewed Qg%gha%/ af@i&aléféé C*l?é‘lf}gé i dised.

Such a channel as, illustrated 1in ure B, . must include separate
anal og froft* %Rm%oﬁéﬁ9§eﬁéioéaéﬁqﬁ?n%réﬂ?eEOREQQtr?¢%hueﬁéy dRsed,
addi ng si gRiddeaaiinedtfst he cost and size of the read channel. Figure 3B
is simlar to Figure BAwith like parts having |like reference nunerals. In
Figure 3B, a tunable anal og equalizer 922 is incorporated into the read
channel of the disk dojwe.[{He-t zadl/Akgnal k) ¢qugl + zerod22 apy consi st of
operational anplifier®, w th(kurablak)RTkyet wokk$ havEng. 88paciors and banks
of sel ectabl e resistows 02B(Jysed 4&)ohEage tkélcopf+iei 8326 @f the anal og
equal i zer 922. The r@sisstbtkhbanba&kly tkactudssd] avaurb@r 7868r@si st ors t hat
can be switched in pavald el (kar -sépikdy ko mak&)dpwdi £f@rF@A09r@si st or val ues
used by the anal og eq%aFT269%9227Ak)7H3bdrfPgﬁén@orESPSﬁéﬁlvabues
correspond to the coeff|C|ents needed, by the anal equal i zer 922 as the
spi ndl e speed i SURHaAgeRe abangsrel 18F £ pupenther BOLIPHADS, SAMRET LGNS ysed
dependi ng upgh tbBe Spiadd e etwsehy ahd ZGPwordHOidBt B8 arithmetic

progression methods of selecting the inner band radii of
the various zones. It is noted, that the storage capacity
of a disk using the above-described geometric progression
is substantially the same as that of a disk using the
arithmetic progression. .

In Figure 4 and 5, zone data rate frequencies versus
the zone index position are graphed as a function of
varying spindle motor speeds for zones banded using the
arithmetic progression and the geometric progression,
fespectively. The spindle motor speed is varied over ten
discrete drive speeds between a nominal speed of 3600
revolutions per minute (RPM), represented by lines 401 and
501 to 1792 RPM, represented by line 402 in the case of
the arithmetic progression (Figure 4) and 1830 RPM,
represented by line 502 in the case of the geometric
progression (Figure 5).

A comparison of Figures 4 and 5 illustrates various
advantages obtained by using a geometric progression to

" allocated tracks to zones. When the graph in Figure 5 is
viewed horizontally, it is noted that the =zone bit
frequencies line up along a horizontal line. For example,
the zone bit frequency of 3.78 megahertz (MHz) extending
along line 503 is used by each of zones 1-9 at different
discrete spindle motor speeds. Moreover, all but two zone
bit frequencies indicated at points 504 and 508
(corresponding to frequencies 1.78 MHz and 6.90 Mhz) are



17 provided to the resistor bank by the control signal f(i,Kk) The

<i ncorporation of analog conponents into a read channel, as depicted in
Figure 3B, is useful when very high operating frequencies are used in the
di sk drive. Current disk drives may operate at recording signal frequencies
I n excess of 200 nmegahertz (MHz). At such a rates, anal og-to-digital
conversion circuitry beconmes quite expensive. In order to reduce cost,

t he read channel nmay be inpl emented usi R -nore anal og conponents. For
exanpl e, detection can be sinplified by using analog circuitry thereby
reducing cadesl by morgrhamrrone ppore - di E&i pat Ferthey betesdided Udisg

anal og COWP%%'HLﬁencféstQgs%peefla:{[gr{‘gvéPgﬁgan\. t.he @hﬁ% drieghsufibr ther
i ncreased the need, to use anal og devices in the_read channel becones even

nor e |nportéﬁPr§%hﬁﬁ%@ thakn2gn&h6g dXdivsorfes ok GSEHCER a AR 1391 zone
di sk drive aper #xdifleric fed e s f tld frewaiid sha it spebidmetidr NRD PE
necessary todgqgtuq§ﬁgﬁlarge nunber of discrete conponents such as

resistors ate the different zone bit frequencies. In
each of the syst efbyeeps céRhand 64 girreesabAeande@Bcui}r@ cotgpipshaty zmde cost
of the syst cr S r {bi rEOMeN h t |?¥§ ndl e.
As descrlbegﬂﬁ%?% §§§? tbglé§ﬁ% y se ecg%vily par?%t%oglnxﬁjﬁm sﬁlnto

the mul tipl &nd eqﬁ@ﬁ@yeﬂéﬁes in heMeagahertaf dPRT erdit zogeMBtTifr equedici es
the drive myst; hanet cCANGPE - s S04 Y FBiseEi vE 9! eRy 4 adlifd il he

conmpl exity Of varying spindle speed (RPM). In Figure 6A,
representing the geometric progression, the zone
frequencies are identical along the diagonals of the
table. The diagonal relationship of the frequencies
illustrates the above-noted advantageous characteristics
of the geometric progression in tabular form.

Referring to Fig. 6A, the following examble
illustrates one of the advantages obtained by using the
geometric progression to allocate track locations to
zones. In zone number 2, when the disk is rotated at a
nominal speed of 3600 RPM, the zone bit frequency is
6.3999 megabits/sec (MB/sec) (i.e., 6.399 MHz). If the
drive speed is reduced to the next discrete speed of 3339
RPM, represented by line 506 in Fig. 5, the correct 2zone
bit frequency for zone 2 is 5.9363 MB/sec. As illustrated
in the table of Fig. 6A, this frequency was used by zone
3 when the spindle speed was 3600 RPM. Similarly, the
zone data rate used by zone 2 at 3600 RPM is now used in
zone 1. In this manner, the zone data rates shift toward
the outer diameter of the disk. At the innermost zone,
zone 10 in the illustrated example, a new zone bit
frequency is needed by the data channel for each reduction
in spindle motor speed. It should now be appreciated that
for drives having N zones and M'spindle speeds, the number
(F) of zone bit freqﬁencies required may be described by
the relation F=N+M-1.



the drive. For exanple, the nunber of discrete anal og conponents needed
‘may be reduced. I n accordance with an enbodi nent of the invention, a
disk is provided having its track |ocations specially partitioned in

accordance with a geonetric progression. Referring to the disk illustrated

in Figure 1, an operating frequency f[err], in hertz (Hz), for zone i may
determ ned by the relationship 18

[err] where d[err] is the |inear dengﬁty at r[err] in zone z[err], r[err]

is the inner radius .qf rr rj,is e discr | -th disk
annul ar vel oci t%‘sl n J'Ea'elvoi u§ |%‘_l’n(§ plerr1 ?nﬁ% l\t‘\iegf RPM .am?‘hi gbéqug’hggln rrén;iye be
reduced torotational speed is reduced usinassunfhgkt fwvitde mousmm

| i near denghhiielhs8e) a£108S 1 kR Rogides@iorfll @Hd Rty Dt RYng0nes
of equal w dth, the edquation becomnes
it frequencies which may be reused by other zones is
significantly less than a disk having 2zones allocated
using the geometric progression. Thus, it should be
appreciated that the complexity and <cost of the data
channel can be significantly reduced by allocating zones
according to the geometric progression.

It should be appreciated that the above geometric
progression provides a method for allocating tracks on a
disk into zones in a manner which minimizes the number of
different zone bit frequencies a storage device using the
disk must handle. -Other factors, however, may élso need
to be taken into account when allocating tracks into
zones. For example, it is generally desirable that the
data tracks. be divided into an integral ‘number of data
block. Thus, when determining the inner radius of a zone,
the specific allocation may be altered taking this factor
into account. In general, it is desirable that the linear
density of data at the inner radius of each zone be

. substantially constant. |

It is also noted that maximizing the storage capacity
of the disk is also desirable. In certain instances, the
allocation of tracks into zones on a portion of the disk
may be carried out using the geometric progression, while
tracks on another portion of the disk may be allocated to
zones using some other method of allocation such as the
arithmetic progression. While this mwmay increase the
number of different discrete zone bit frequencies which
must be handled by the storage device, this trade off may
be desirable in view of other considerations.

While the invention has been described above in
connection with various embodiments, it will be apparent
from the above disclosure that the implementation may be
used with various other systems and embodiments. Thus,



{err] The track locations on the disk are allocated into zones by .
*sél'ecting the appropriate radii for the inner track of each zone. In
accordance with an enbodi nent of the invention, the inner track radi
defining each zone are selected by a geonetric progression which is a
function of radius. As described nore fully below, this nmethod of banding
tracks into zones provides for a high gree of overlap in zone bit
frequenci es between zones as the spindlie velocity is changed. For exanple,

a drive haw@gvhrignes é&&ﬂﬁéﬁ{é NgedbrVodbl fS A diecpeltrigiddbg (di sk)
speeds w | | have a total nunber of different required zone bit frequencies

equal to NHAY 1°f Pdrlustafiieon sontyvanfadheylth RRkobsi feRAtaednEe

ﬁpe& ia_tl ng %mi@ c&ls@ra.trﬁre&mliruﬂl S) Sg@??éewélhlﬂéldli) righ Cledenehrtcapable of
andl I ng I t ne bit uenci e
contrast, ¥%%d$1:'3¥bﬁﬁc89n&?fef EPEAPYS e é’di?erﬁﬂ‘% %f%é'tﬁﬁ ‘QSﬂh:l“BP a d| sk

banded accma]zh e t made diorpkbhearptdsent C 1|mvagvte$m owithodet estnrhetly

according £611b8akel SheONSHERNCL MMl d N e YEs SxerBhe:  he

nunber of Zzone frequencie anne
illustrated and described herein, and without departing

from the true spirit and scope of the present invention
which is set forth in the following claims.



19 _handle equals 55 (i.e., 10+(((10*10)-10)/2)=55). Thus,
*he tracks into zones in accordance with a geonetric progre

-V Illﬂlil || Il

signi ficant advantages in terns of reduced channel conplexity arfd &
The advant ages obtained by partitioning the tracks of a disk into zones
according to a geonetric progression will be better understood by th
fol | owi ng conparison with a di sk having zones allocated using a sinple
arithnmetic progression. Consi der first disk having the inner ba
radii r[emHtat dfs eeChidederstol | ow a geonetric progression. This ma

expressed

as [err], for i=1,2,....,N, where p is a

substantially fixed geonetric coefficient for the progression.
rati o between tlw adhadéak fomewsaﬂﬁnrqememoamdstpeagpideuﬂnsxauhe

provi di ng
1, 2,

coeffi ci er?teasd: aopoatg%wfnmbeuréﬁcaatoé garrisdiak, béh@etrewmbutras

foll ows:

&fgkrE%@%£9§§H§pa E1ﬁ¥a11%¥ of tracks progﬁggr dﬁd a?
tracks being partitioned into N concentric bands, N being
an integer greater than 2, the N concentric bands being
regpectively defined by corresponding band radii r;, a
ratio of corresponding radii r; of any two adjacent ones of
the N concentric bands being substantially constant.

2. A disk as recited in claim 1, wherein the
corresponding radii r; comprises an inner radius of the N
concentric bands, and wherein the ratio 'of the
corresponding radii r; of two adjacent ones of the N
concentric bands is determined according to a reiationship

i

ry /Ty, = To',

where ry, is an outer radius of the disk, r; and r,,, are
inner radii of two adjacent concentric bands and p is a

substantially fixed coefficient defining a progression of
the radius r,.

3. A disk as recited in claim 1, wherein data is
stored at an inner track location of each of the N

concentric bands at a substantially constant linear
density.

4. A disk as recited in claim 1, wherein the disk
further comprises a plurality of additional concentric
bands on a portion of the disk exclusive of the N
concentric bands, the additional concentric bands having
an equal radial widths.

e

nd
y be

The

he
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2.5 inch disk divided into 10 zones (N=10) and having an innér fadf us'

rferr] of 14 mm an outer radius r[err] of 29.7 mm The value of p for
20 a disk having these dimensions can be calculated as foll ows:

[err] = 1/10(1 - In(14)/In(29.7)) = 0.022178. Usi ng the above val ue
for p the inner radius of each
‘ S. A method of allocating concentric track

locations on a disk storage medium into N concentric
zones, N being an integer greater than 2, data being
-stored on the disk at an inner radius of each zone at a
substantially constant linear density, the method
comprising the step of'selecting radii r; defining each of
the N concentric zones such that a ratio of radii x;
defining any two adjacent ones of the N concentric zones
is substantially constant.

6. A method as recited in claim 5, wherein the step
of selecting comprises the step of selecting the radii r;
according to a relationship

ri/ri, = T’

where r,, is an outer radius of the disk, r; and r,, are
radii defining two adjacent concentric zones and p is a

substantially fixed coefficient defining a progression of
the radii ;.

7. A method as recited in claim S, further
comprising the step of allocating additional track
locations on the disk storage medium into a plurality of
additional concentric zones having substantially equal

'radial widths.

8. A method as recited in claim 5, wherein the
radius r; is the inner radius of each zone.

9. A method as recited in claim 8, wherein the step
of selecting comprises the step of selecting the radii r;
according to a relationship

ri /iy = Top's



fhytge 10 tongs ! pe geermy e o e omaret e oo UMMM

determ ned as an arithmetic progression. Here the difference between two
adj acent inner zone radii r[err] and r[err] is a constant b providing the

rel ationship [Sér] In this case, the radii r[err]
can be expressed as [err] whi ch yi el ds the
fol | ow ngyhadia r | LEngnehgy aspr essignaflerr

0. 1047d[err] r[erx;°f %ﬁb Jut st??%etglggnbtt hetef gH owi ng' equat h)l’i f[err]
my be wr APPSR radll deflnlng tw0fFéﬂppeatocgyppqﬁ¥#q]zqm?§rapd_q b)

[ wee] is a substantially fixed coefficient defining a

progression of the radii r;.

10. A storage device, comprising:

a disk including a plurality of tracks provided
around at least a portion of a surface of the disk, the
plurality' tracks being partitioned -into N concentric
bands, N being an integer greater than 2;

a motor coupled to the disk to rotate the disk
at M different discrete velocities, M being an integer
greatexr than 1;

_ a transducer mounted adjacent a surface of the
disk; and

a data channel, coupled to the transducer, the
data channel operating to access tracks in the N
concentric bands at a number of different zone bit
frequencies F according to a relation F = N+M-1.

11. A storage device as recited in claim 10, wherein
the N concentric bands are respectively defined by inner
radii of the concentric bands, the inner radii of the
concentric bands being determined’ by a geometric
progression as a function of radius. )

12. A storage device as recited in claim 10, wherein
the N concentric bands are respectively defined by inner
radii r, of the concentric bands, inner radii r, of two
adjacent concentric bands being determined according to a
relationship

- p
Yy = Xy, *ro',

where x, is an outer radius of the disk and p is a



Thi s equation can also be witten as flerr] = f[err]-i[err] l

,f{err] = 0.1047 d[err] r[err], and [err]f[err] = 0.1047 [erﬂ!ﬂ“cﬂ_"! j'ﬂlls”““l
general equation for the zone bit frequency can be expressed as '
[err] where k[err]= 0.1047d[err]r[err], and [err]k = 0.1047d[err]b.

When the disk is rotated at full speed (i.e., when [err] = werr] and j =

1) the follow ng relationship can be28eri ved: [err] At a | ower

speed, when w ="W2 and j_ = 2, the frequencjes can be cal cul ated as:
substantially fixed coefficient defining a progression of

the inner radii r;.

13, A disk for use in a memory storage device, the
disk comprising:

a first zone having a first group of concentric
data tracks, the first zone being defined by a firgt
radius R,; |

a second zone having a second group of
concentric data tracks, the second zone being defined by
a second radius R,; o

a third zone having a third group of concentric
data tracks, the third zone being defined by a third
radius R,, wherein a ratio of the first radius R; to the
second radius R, is substantially equal to a ratio of the
second radius R, to the third radius R,.

{ 14. A disk as recited in claim 13, wherein the ratio
of the first radius R, to the second radius R, and the
ratio. of the second radius R, to the third radius R,
satisfies a relationship

R,/R;, = R/R; = Xy,

where r,, is an outer radius of the disk and p is a
substantially fixed coefficient defining a progression of
radii for the first, second and third zones.

15. A disk as recited in claim 13, further
comprising a fourth and a fifth zone each having a
substantially constant radial width.



Ee;r\]; In order to reduce conpl .é'xity of the read channel, it is
desirable to have f[err] = 4[err] so«fthat.all but one of the frequencies at
wWerr] are reusable at the | ower speed werr]. For this to occur, (k[err]

- [err]k)werr] nust equal (k[err] - 2[err]k)werr]. It is also desired
that f[err] = f[err],, which nmeans that (k[err] - 2[err]k)wWerr] = (k[err]
- 3[err]k)Werr]. For zone i, we need f[err] = f [err] which neans

that (k[err] - I[err]k)werr] = (klerrlgg (i + 1) [err]k) werr]. The above
constraints can be witten as Werr] = [(k[err] - (i+1)[err]k)/(k[err] - °
iferr]k)] wWerr], and for the j[err] speed werr], the relationship may be
expressed as wWerr]=[(k[err] - (j+I)[err]k)/(k[err] - [err]k)] Werr].
Consi der the exanpl e descri bed above using a 2.5" disk having the
dinmensions r[err] = 14 mmand r[err] = 29.7 mmwth 10 zones divided into
equal sized bands of approximately 1.57 nm(i.e., b = (29.7-14)/10).

pSSum 0 a1 BREMATEY BANRRRICE Gk P M} AT s ERRY O, 55

0.1047 d[err] r[err] = 16527.47 and (EﬁANNEL: 873.67. In

ABSTRACT

A memory device using at least one disk (100) is disclosed. The memory device
uses a banded disk. The disk is optimally banded for use in a multiple frequency zoned
disk storage device. The allocation of track locations into zones on the disk reduces the
number of zone bit frequencies the storage device must handle when the disk is rotated at
more than one discrete disk velocity.

i

Fig. 2.



22==thi s case, sone of the spindle velocities, using the arithnetic
progression for the inner band radii, may be determ ned as: [err]
Usi ng the above rel ations, the follow ng conpari sons can be made between
the geonetric and arithmetic progressi on nethods of selecting the inner
band radii of the various zones. It is noted, that the storage capacity of
a di sk using the above-described geonetric progression is substantially the
sanme as that of a disk using the aritwl?i¢;progression. In Figure 4
and 5, zone data rate frequencies vers ]t e zone index position are
graphed as a function of varying spindle notor speeds for zones banded
using the arithmetic progression and the geonetric progression,
respectively. The spindle notor speed is varied over ten discrete drive
speeds between a nom nal speed of 3600 revol utions per mnute (RPM,
represented by lines 401 and 501 to 1792 RPM represented by line 402 in
the case of the arithmetic progression (Figure 4) and 1830 RPM
represented by line 502 in the case of the geonetric progression (Figure

5). A conparison of Figures 4 and illustrates vgppous
104
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sradvant ages obtai ned by using a geonetric progression to allocated tracks to
zones. Wien the graph in Figure 5 is viewed horizontally, it is noted that
the zone bit frequencies Iine up along a horizontal |ine. For exanple, the
zone bit frequency of 3.78 negahertz (WMHz) extending along line 503 is used
by each of zones 1-9 at different discrete spindle notor speeds. Moreover,
all but two zone bit frequencies k&@i ated at points 504 and 505
(corresponding to frequencies 1.78 nd 6.90 Mz) are

23 used by nore than one zone. It is further noted that the frequencies

also align vertically. Thus, it should be appreciated tfRt as the drive
speed is reduced, the zone bit frequencies are shifted toﬂﬁrd the outer

di aneter (OD) of the disk. Fi gures 6A and [6B are tabies deprctrng
exenplary zone radii (for the inner radii fan _gach zone in mllineters) and
frequency in Megahertz for the geonetric and<arfi bpetic radii progressijons,
respectively, as a function of varying spindlle speged (RPM . JIn

Figure 6A, ftepresenting the geonetric pro rg;sio1, t he ¢done
frequencies f@re identical along the diagonals the {abl e J;P di agqnal
rel ati onshi p{ of the frequencies :
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illustrates the above-noted advant ageous characteristics of the geonetric

" progression in tabular form Referring to Fig. 6A the followng
exanple illustrates one of the advantages obtai ned by using the geonetric
progression to allocate track |ocations to zones. In zone nunber 2, when
the disk is rotated at a nom nal speed of 3600 RPM the zone bit frequency
is 6.3999 negabits/sec (MB/sec) (i.e., 6.399 Miz). If the drive speed is
reduced to the next discrete speed of ?3 9 RPM represented by line 506 in
Fig. 5 the correct zone bit frequenc? r zone 2 is 5.9363 MB/sec. As
illustrated in the table of Fig. 6A, this frequency was used by zone 3 when
t he spindle speed was 3600 RPM Simlarly, the zone data rate used by
zone 2 at 3600 RPMis now used in zone 1. In this manner, the zone data
rates shift toward the outer dianeter of the diBK: :
zone 10 in the illustrated exanple, a new_zone, j
the data channel| for §?Ch reduction in spindle

be appreci at ed qhat fqr dri N zones ake
nunber (F)3pf) &onk biwgfre [ i
F

relation
in Figur
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srotational speed is reduced using a di sk having zones banded using an
arithnetic progression, the nunber of zone bit frequencies which may be
reused by other zones is significantly less than a di sk having zones

al |l ocated using the geonetric progression. Thus, it should be
appreci ated that the conplexity and cost of the data channel can be
significantly reduced by allocating zones according to the geonetric

progressi on. It shoul d be apprecilpfH¥l that the above geonetric
progression provides a ngthod—tor | ocating tracks on a d s in
a manner which mnim zes |t quﬂper of MRITErBAWAzone bi t frequencies

st orage device® ust ng € {di slq nust ] however, ma

al so need to be taken |nt account $z%ocat|ng tracks }into zones.

exanple, it is generally desirfble that data tracks bg divided int
i ntegral nunber of data bl ock.|Thus, when determ ning thelinner radius jof a
zone, the specific allocation y b@ altered taking this flactor into

account. In general, it is desirable that the linear densijty of data at| the
i nner radius of eac ?gne be subs%ﬁggiajly const ant. It is also ngted
t hat maxi m zi ng the rage capaci of the disk is also desirable.. In
certain instances, e aIIocatlon/gf tracks into zones on la portion of {he

di sk may be ca rled out ug ri

anot her poRt i-gh DETREAFORI §
nmet hod of allogation such
i ncrease the |
be handl ed by the st
of other considerati

eonef i on,

ggﬁgracks
ot her
VENSIEMhus
=te zone bit frequ nc I

rage device, this trade off nmay be d |F§E e ﬁgm§i
si,k - Wiile the invention has beenj described ab

in connection with various enbodinments, it will be apparent fromthe abpve
di scl osure that the-inplenentation nmay be L .
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.used-wi th various other systens and enbodi nents. Thus,

25 the various enbodi nents descri bed above are provided by way of
illustration only and should not be construed to limt the invention.
Those skilled in the art will readily recognize various nodifications and
changes which may be made to the present invention wthout strictly
foll ow ng the exenplary enbodi nents gzg applications illustrated and
descri bed herein, and w thout depart Ofrom the true spirit and scope of
t he present invention which is set forth in the follow ng cl ains.
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‘1. A disk for use in a nenory storage device, the disk conprising a
plurality of tracks provided around at | east a portion of a surface of the
disk, the plurality tracks being partitioned into N concentric bands, N
being an integer greater than 2, the N concentric bands being respectively
defined by corresponding band radii r[err], a ratio of correspondi ng radi
r[err] of any two adj acent ones of the N concentric bands being
substantially constant. ) 62£ﬂ< as recited in claim1, wherein
the corresponding radii r[err] conprl an inner radius of the N

concentric bands, and [ wherern ratio ~of the cofrespondi ng rfdi
r[err] of t yo fdiacent oneBUWFER e ch\%’eﬁ rDAThands i s Hetermined
according to a relationsip 1 [er]] where r[err]
is an outer radius of tha—di-sk ¥Fn‘T1~4525r[enr] are inngr radii of tpo
adj acent concentric bands and is a substantially fixed goefficient
defining a progression of the dhqg rferr]. 3. Aldisk as recited
inclaiml, wherein data is store t an inner track |ocalion of each ¢f

the N concentric bands at a substantially constant |inear|density.
4. A disk as reciteg2iin claim 1, 3@gerein the disk - furthey conprises a
plurality of additi%ﬂal concentri?/ '
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;s bands on a portion of the disk exclusive of the N concentric bands, the
addi tional concentric bands having an equal radial w dths.
27 5. A method of allocating concentric track |ocations on a
di sk storage nediuminto N concentric zones, N being an integer greater
than 2, data being stored on the disk at an inner radius of each zone at a
substantially constant [|inear dquity, the nethod conprising the step
of selecting radii r[err] defining eagh of the N concentric zones such that
aratio of radii r defining any two adjacent ones of the N concentric zones

I's substantially constant. 6. A nmethod as recited in claim5,
wherein the step of selecting conprises the step of selecting the radi
r[err] according to a relationship [err] wher e

r[err] is an outer radius of the disk, r[err] and r[err], are
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; radi,i defining two adjacent concentric zones and p is a substantially fixed
coefficient defining a progression of the radii rf[err]. 7. A

method as recited in claim 5, further conprising the step of

al l ocating additional track |ocations on the disk storage mediuminto a

plurality of additional concentric zones having substantially equal radial

w dt hs. 8. A nethod as reC|?zi in cIa|n15 wherein the radius
rferr], is the inner radius of each 9 A nmethod as recited in

claim®8, wherein the step of selecting conprises the step of selecting the
radii r[err] according to a relationship [err]

28 where rOD is an outer radius of the disk, r[err]Jand r[err] are inner
radii defining two adjacent concentric zones and p
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sis & substantially fixed coefficient defining a progression of the
radii r[err]. 10. A storage device, conprising: a disk
including a plurality of tracks provided around at |east a portion of a
surface of the disk, the plurality tracks being partitioned into N
concentric bands, N being an integer greater than 2; a notor
coupled to the disk to rotate the(gfioeu hﬂdlfferent di screte velocities,

M bei ng an integer greater than 1; a t ransducer nounted adjacent
a surface of the disk; adff 8 R =rr\ gdnel , coupled to the

transducer, theSHata cha eEi egggﬂga EE gpﬁg tracks in the N concentric
bands at a nunqu of dif - t"¥ra ies F according to a
relation F = N+M 1. M FBFHg%‘GEv’té*as recited in claim 10,

wherein the N concentrlchapggra&§ §“v§4¥°def|ned by inner radii of

t he concentric fands, thshlgg wﬂo Egeaxgicentrlc bands bei ng
det ermi ned by agyeonetrlanp §§e6$| 1e0ath aaf +h& i on of radi us. 12. A

storage device &b reciteda i GhapdndQy whegeadh Lhe N concentric bands are
respectively defined by inner radii r[err] of the concentric bands, inner

radii r[err] of two adj acgnmqgn@rgracﬁ)ﬁd% lggl ng determ ned accordl ng to

a relationship &
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radius of the disk and p is a

where rGD i s an outer

“[err}
29

substantially fixed coefficient defining a progression of the inner

t he

a first zone having a first group of concentric

13. A disk for use in a nenory storage devi ce,

rierr].

di sk conpri si ng:
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14. A disk as recited in claim 13, wherein the ratio of the first radius
Rlerr] to the second radi us R2andtherat|o of the s!m
the third radius R3 satisfies a relationship T F'E

where r[err] is an outer radius of the disk and p is ajls t}stan-tga,UAN

coefficient defining a progression of r%dl | for the fin “ard-thi
zones. 15 A di sk a ther conprising a
fourth and a fifth zgne ea constatn aldl al width.
_ neral , the present inventio prov1 es an unproved locatlon of track locations

into multlple frequency zones.

It is an object of the present invention to ameliorate one or more dlsadvantages of
the prior art.

According to one aspect of the present invention there is provided a disk for use in
a memory storage device, the disk comprising a plurality of tracks provided around at
least a portion of a surface of the disk, the plurality tracks being partitioned into N
concentric bands, N being an integer greater than 2, the N concentric bands being
respectively defined by corresponding band radii r;, a ratio of corresponding radii r; of
any two adjacent ones of the N concentric bands being substantially constant.

- According to another aspect of the present invention there is provided a method of
allocating concentric track locations on a disk storage medium into N concentric zones,
N being an integer greater than 2, data being stored on the disk at an inner radius of
each zone at a substantially constant linear density, the method comprising the step of
‘selecting radii r; defining each of the N concentric zones such that a radio of radii r;
defining any two adjacent ones of the N concentric zones is substantially constant.

According to still another aspect of the present invention there is provided a
storage device, comprising: a disk including a plurality of tracks provided around at
least a portion of a surface of the disk, the plurality tracks being partitioned into N
concentric bands, N being an integer greater than 2; a motor coupled to the disk to rotate
the disk at M different discrete velocities, M being an integer greater than 1; a
transducer mounted adjacent a surface of the disk; and a data channel, coupled to the
transducer, the data channel operating to-access tracks in the N.concentric bands at a
number of different zone bit frequencies F according to a relation F = N+M-1.

According to yet another aspect of the present invention there is provided a disk
for use in a memory storage device, the disk comprising: a first zone having a first
group of concentric data tracks, the first zone being defined by a first radius Ry; a
second zone having a second group of concentric data tracks, the second zone being
defined by a second radius Ry; a third zone having a third group of concentric data |
tracks, the third zone being defined by a third radius R3, wherein a ratio of the first
radius R; to the second radius R, is substantially equal to a ratio of the second radius Ry
to the third radius Rj.

DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

The above summary of the present invention is not intended to present each
embodiment or every aspect of the present invention. Rather, the invention will be
understood by reference to the figures and the associated description which follow.



