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HIGH CAPACITY DISK FILE WITH EMBEDDED
SECTOR SERVO AND SCSI INTERFACE

This application is a continuation of Ser. No. 834,009
filed 2/27/86 now U.S. Pat. No. 4,669,004.

FIELD OF THE INVENTION

The present invention is related to digital data storage
equipment. More particularly, the present invention
relates to a high capacity disk file peripheral data stor-
age system employing an embedded sector servo for
digital data storage and retrieval.

BACKGROUND OF THE INVENTION

Data storage devices employing rotating magnetic or
optical media disks are known for high capacity, low
cost storage. Such disks typically have a multiplicity of
concentric data track locations, each capable of storing
useful information. The information stored in each track
is accessed by a transducer head which is moved among
the tracks during track seeking operations and which is
maintained in alignment with the track during read only
and/or read/write track following operations of the
device. The electro-mechanical assembly for rotation
the disk relative to the head and for moving the head
radially relative to the disk for track accessing purposes
is known as the head and disk assembly (HDA). A
control mechanism is provided in order to maintain the
head within the boundaries of each data track, and may
take the form of detents provided by a stepping motor,
or by a continuously positionable actuator operating
within a closed loop servo, or time sampled servo.

Until recently, most low cost, non-removable rigid
magnetic media disk data storage devices utilized stan-
dard interfaces for connection of the HDA to a control-
ler. The typical standard applicable to five and one
quarter inch rotating fixed disks was established in the
1980 time frame by Seagate Technology, Inc., of Scotts
Valley, California. That standard has been variously
referred to as the “ST 506 as well as the “ST 412~
interface. “ST 506" refers to the original five megabyte,
five and one quarter inch diameter fixed disk drive
offered by Seagate Technology, Inc.; while “ST 412"
identified the four disk, ten megabyte product from the
same source. Those particular drives employed an open
loop stepper motor head actuator, and consequently,
the interface for each drive was selected to be similar to
the interface for five and one quarter inch open loop
stepper motor based floppy disk data storage devices, in
terms of form factor, power supply requirements, and
some of the control signal, such as read/write, stepping
pulses for moving the transducer head to a concentric
data track of interest, etc. Because of widespread, im-
mediate acceptance, the ST 506 interface has become a
de facto industry standard for small fixed rotating disk
data storage devices.

One drawback of the ST 506 interface standard was
its requirement that each unformatted concentric data
track be capable of containing approximately 10,416
bytes of data transferrable at a 5 megabit data rate in
modified frequency modulation (MFM) format without
interruption. This arrangement permitted the external
controller to format (divide) the track into data records
having a wide variety of lengths and data storage capac-
ities. Since the amount, data rate and recording method
of the data were fixed, the only ways to increase the
overall storage capability of the disk drive were to add
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disk surfaces, or to move the concentric data tracks
closer and closer together. As the data tracks were
moved closer together, thermal gradients, and toler-
ances imposed e.g. by the manufacturing process and
materials used in construction rendered open loop step-
per motor positioner systems less and less reliable. With
the requirement for higher track densities on the disk
came a need for more precise positional feedback infor-
mation from the one or more disk surfaces.

The assignee of the present invention pioneerred the
concept of a low cost, higher capacity disk drive having
a single data masked servo sector on a data surface of a
disk which was hidden in a speed tolerance gap pro-
vided just before the user index marker was sent to the
device controller over the interface. Coarse track
boundary information was provided by a detent-provid-
ing stepping motor or by an optical position encoder
linked to the actuator structure. This approach, dis-
cussed in the assignee’s U.S. Pat. No. Re. 32,075, issued
on Jan. 28, 1986, works very well for increasing track
densities in low cost fixed disk data storage devices
while maintaining compatibility with the popular, open
loop based disk drive interface standards, such as the ST
506 standard.

The only other practical approach for increasing
aerial track density without restricting the format of the
data to be stored in each track is to devote an entire disk
surface to the servo control process. The additional or
“dedicated” servo surface is typically prerecorded with
concentric servo tracks which are followed by a servo
head whose sole task is to provide track following con-
trol information during read and write operations of the
disk file. A principal drawback of a dediated servo
surface is its higher cost: it not only requires that an
extra data storage surface and head be provided exclu-
sively for handling the servo information (high cost
components in low cost devices), but also requires sepa-
rate read channel electronics for the servo loop. Perfor-
mance may be enhanced and costs still kept low if an
optical position encoder or other detent providing
mechanism is used in conjunction with a dedicated
servo surface prerecorded with a non-phase-coherent
servo pattern. One very satisfactory high capacity, low
cost disk file which advantageously combines these
features is described in the assignee’s U.S. Pat. No.
4,516,177.

One other prior approach worth mentioning is that of
an embedded servo sector disk file. That approach,
followed for some time by integrated high capacity,
high performance, high cost disk file subsystems, has
been found to be useful in interspersing servo informa-
tion with user data on a disk surface. One drawback of
some implementations of this embedded servo sector
prior approach has been, for example, the requirement
that velocity of the head assembly be carefully con-
trolled and limited to a maximum value during track
seeking operations so that the head reading the servo
information will be in position to pass over each servo
sector during the seeking operation, thereby enabling
the servo sector to be read and head position to be
determined. This strict position control requirement
prevented the servo from losing track of the instanta-
neous position of the head, but degraded servo perfor-
mance by calling for velocity limits during seek.

Another drawback of the prior embedded sector
servo approach was the requirement for very precise
servo writing systems for writing the embedded servo
data in a manner in which each magnetic change of
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phase or transition (bit) written as a servo datum for a
data track was coherently related to all other servo
data. This severe servo writing requirement, which
involved precision to the level of ten or less nanosec-
onds, significantly added to the cost of manufacture and
therefore the drive itself.

A further drawback of the prior embedded sector
servo approach lay with the various layouts of servo
information prerecorded onto each data storage sur-
face. Those patterns did not always provide reliable
absolute position information or track centering infor-
mation, and rarely did such patterns provide quadrature
information which is very helpful in order to determine
the radial direction of head transducer movement.

One more drawback of the prior art related to the
various ways in which defects in the storage media
were taken into account in order to minimize the resul-
tant degradation of capacity or performance of the data
storage device.

As can be seen by this summary of prior develop-
ments, a hitherto unsoled need has arisen for a low cost,
high performance and capacity rotating disk data stor-
age device which overcomes the limitations and draw-
backs of the prior art.

SUMMARY OF THE INVENTION WITH
OBJECTS

A general object of the present invention is to pro-
vide a low cost disk data storage subsystem which in-
creases the amount of useful data which may be stored
therein and which improves overall performance while
reducing significantly the cost per bit of each bit stored.

A specific object of the present invention is to pro-
vide a data storage subsystem in which the data control-
ler function is merged with a servo system operating
and controlling the head and disk assembly in a manner
which enables easily written servo data to be inter-
spersed with user data so as to achieve a highly reliable
servo system at low cost and with a minimum of disk
data surface overhead and which enables more opti-
mized compression of data for storage in the aerial data
surface space available for useful data storage.

Another object of the present invention is to provide
a uniquely robust layout pattern for servo head position
control data which need not be phase coherent with
other like servo data with which it cooperates for pro-
viding servoing information to a servo system.

A further object of the present invention is to provide
an improved servo writing technique and apparatus for
writing the non-phase coherent servo bursts of the in-
vention with each appropriate data transducer of the
disk file subsystem.

Yet another object of the present invention is to pro-
vide a more optimized repeating pattern of servo bursts
in a manner which yields increased burst amplitudes,
phase in quadrature relation and absolute position infor-
mation during seeking operations for controlling posi-
tion of a movable head transducer head in a disk file
subsystem.

One further object of the present invention is to pro-
vide an improved servo control system and embedded
servo burst patern for a positionable head disk data
storage file which provides absolute positional informa-
tion in each servo burst readable through the same
transducer head, data channel and data controller
which operates for user data, thereby facilitating and
vastly improving track seeking operations and perfor-
mance.
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One object of the present invention is to provide a
qualification area immediately preceding each servo
sector to which a timing controller circuit responds in
order to provide reliable, precise timing information
relating to the location of the servo sectors, thereby
avoiding e.g. the expense and performance sluggishness
of prior art optical or Hall effect index and sector
marker detectors.

One still further object of the present invention is to
provide an improved method for management of data
sectors or blocks which are found to contain one or
more media defects in a disk data storage file.

One more object of the present invention is to pro-
vide an improved disk data storage file having a low
mass, compact in-line head transducer assembly driven
by a powerful rotary actuator for more optimized oper-
ating performance characteristics.

Still one more object of the present invention is to
provide a data storage disk file which is more readily
manufacturable using fabrication automation with sub-
stantial improvement in yields in the manufacturing
process, thereby contributing to reduction in overall
costs of the file itself.

In one aspect, the present invention provides a high
performance, low cost rotating disk data storage subsys-
tem incorporating principles of the prsent invention
includes a head and disk assembly comprising:

a storage disk rotatable at a controlled angular veloc-
ity and defining a series of concentric data tracks
having a plurality of embedded servo sectors in the
data tracks, the servo sector containing a prere-
corded pattern of at least four servo bursts, each
containing absolute track identification information
and together providing positioning information for
deriving two position signals in quadrature rela-
tionship, the pattern being immediately preceded
by a special qualification area, a head structure
being moveable relative to the tracks for reading
data on the disk including the qualification area and
the servo information,

a programmed microcontroller supervisor for con-
trolling and supervising data storage and retrieval
operations of the subsystem including operation of
the head structure and management of any media
defects,

a data sequencer and memory controller tightly cou-
pled to and under the control of the microcon-
troller supervisor for managing flow of absolute
position servo data and user data blocks to and
from the disk via the head structure, for formatting
data for storage and retrieval, and for verifying the
integrity of, and correcting errors in data retreived
from the disk,

a time sampled head position servo including the
programmed microcontroller supervisor, head
structure, and data sequencer and memory control-
ler, the servo being responsive to the timing infor-
mation in the qualifaction area and relative ampli-
tudes and absolute positional information of the
servo pattern and to data track select commands in
order to move the head means from a departure
track to a destination track during track seeking
operations of the device and to maintain the head
structure in substantial alignment with the center-
line of a selected data track during truck following
operations of the device,

an interface under the control of the microcontroller
supervisor for receiving and executing commands,
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and for receiving data blocks from a host system,
and for sending status words and data blocks to the
host system.

In a detail of the first aspect of the present invention,
the head structure is carried upon a damped, low mass
compact in-line head assembly operated by an electro-
mechanical rotary actuator.

In accordance with a second aspect of the present
invention, each servo sector includes four time sequen-
tial, radially staggered, non-phase-coherent bursts, each
burst having a predetermined integral fraction spatial
offset relative to the other bursts of a value less than one
half track width in a dimension substantially perpendic-
ular to centerlines of the tracks and each burst contain-
ing a unique value related to its spatial location, the
pattern of bursts repeating itself beginning every fourth
track. During track following operations of the device
relative amplitudes of a first combination of some of the
time staggered bursts is readable by the head structure
for providing track centerline correction information
for a particular track being followed, and relative ampli-
tudes of a second combinatio of some of the time stag-
gered bursts are also readable by the head structure for
providing quadrature information relative to the first
combination, the first and second combinations being
determined by the servo system in relation to the track
being followed. During track seeking operations of the
device at least one burst is readable by the head struc-
ture when it is adjacent a sector in order to provide
absolute data track identification to the servo system
from the unique value, thereby enabling the servo sys-
tem to ascertain absolute physical location of the head
structure as it passes over each sector during the seeking
operation.

In a more particular detail of the second aspect of the
present invention, the first burst in the servo pattern is
offset outwardly from a track centerline by one out-
ward fractional increment, a second burst is offset from
the track centerline by zero fractional increments, a
third burst is offset from the track centerline by two
outward fractional increments, and a fourth burst is
offset from track centerline by one inward fractional
increment, each increment preferably being one third
track pitch (i.e. pitch is the distance between centerlines
of adjacent data tracks).

In a third aspect of the present invention a quasiphase
coherent qualification area precedes each servo burst
pattern, and a timing controller of the servo system
responds to the signals present in the qualification area
in order to generate time gating signals for processing of
the servo bursts by the servo system. In a more particu-
lar detail of the third aspect, the qualification area in-
cludes for every other servo burst a first DC erase zone,
a sector pulse dibit pair, a second DC erase zone, an
echo pulse dibit pair and third DC erase zone.

In a fourth aspect of the present invention an ampli-
tude sensing circuit is provided for high speed sensing,
holding and conversion to a digitial value of the ampli-
tude of each of a plurality of adjacent, radially stag-
gered servo bursts.

In a fifth aspect of the present invention an improved
method is provided for multi-tiered management of
defects in the storage media.

In a sixth aspect of the present invention an improved
servo writer and method uses a clock derived optically
from a sector pattern provided on a disk clamp of the
spindle hub of the disk file on which servo information
is to be written. The servo writer eliminates errors such
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as electrooptical and spindle jitter and runout in writing
each servo burst pattern in precisely proper time, posi-
tion and phase relationship by use of the transducer of
the disk drive itself during the servo writing operation.

These and other objects, advantages and features of
the present invention will be more fully understood by
considering the following detailed description of a pre-
ferred embodiment presented in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the Drawings:

FIG. 1 is a somewhat diagrammatic top plan view of
a head and disk assembly (cover removed) of a rotating
non-removable disk peripheral data storage subsystem
for digital computing equipment incorporating the prin-
ciples of the present invention.

FIG. 2 is an orthogonal top view of the subsystem
depicted in FIG. 1 with the cover removed.

FIG. 3 is an exploded orthogonal assembly drawing
of the subsystem depicted in FIG. 1.

FIG. 4 is an inside plan view of a head and disk as-
sembly cover for the subsystem depicted in FIG. 1.

FIG. 5 is an orthogonal bottom view of the subsystem
depicted in FIG. 1.

FIG. 6 is an overall electrical block diagram of a disk
file subsystem incorporating the head and disk assembly
of FIG. 1 and in accordance with the principles of the
present invention.

FIG. 7A is a diagrammatic plan view of a servo sec-
tor of the disk file subsystem of FIG. 1 illustrating lay-
out of a preferred servo burst arrangement for each
servo sector as well as relative head position during
track following operations of the*FIG. 1 disk file sub-
system.

FIG. 7B is a diagrammatic plan view of the same
servo sector depicted in FIG. 3A further illustrating
relative head position during track seeking opeations of
the FIG. 1 disk file subsystem.

FIGS. 8A through 8F are waveform diagrams, wave-
form A illustrating gating signals using by the servo
system of the FIG. 1 disk file subsystem to recover and
process the servo bursts depicted in FIGS. 7A and 7B,
waveforms B-D being associated with the head posi-
tions depicted in FIG. 7A, and waveforms E and F
being associated with the head positions depicted in
FIG. 7B.

FIG. 9 is an enlarged diagram of a servo sector pulse
arrangement for a single data track of the FIG. 1 disk
file subsystem, showing the overlapped recording of
sector and echo pulses in the qualification area immedi-
ately preceding the sector pulses.

FIG. 10 is a plot of burst amplitude as a function of
radial displacement of the transducer head, comparing a
plot given for half track burst spacing with a plot for
third track burst spacing, and illustrating the robustness
of crossover amplitudes with third track spacing in
accordance with the present invention.

FIG. 11 is a diagram of placement of absolute posi-
tion and other useful information within each servo
burst of the FIG. 1 subsystem.

FIG. 12 is a timing diagram which is implemented
within the timing controller of the FIG. 1 disk file sub-
system.

FIG. 13 is an electric circuit schematic diagram of an
amplitude measuring circuit employed in the FIG. 1
disk file subsystem.
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FIG. 14 is a diagram of aerial layout of data storage
tracks of a surface of the disk file subsystem depicted in
FIG. 1.

FIG. 15 is a diagram of two tiers of the multi-tiered
media defect management method employed in the disk
file subsystem depicted in FIG. 1.

FIG. 16 is a diagrammatic block diagram of a servo
writer employed to write the non-phase coherent servo
bursts and quasi phase coherent servo and echo pulses
on each data surface of the FIG. 1 disk file subsystem.

FIG. 17 is a program flow diagram for a portion of a
microprocessor control program relating to track seek-
ing operations of the disk file subsystem depicted in
FIG. 1.

FIG. 18 is a program flow diagram for a portion of a
microprocessor control program relating to track fol-
lowing (servoing) operations of the disk file subsystem
depicted in FIG. 1. ‘

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

Overview of System 10

A disk file subsystem 10 for attachment to and opera-
tion with e.g. a host digital computer system for data
storage and retrieval purposes includes an electrome-
chanical head and disk assembly (HDA) 12 as depicted
in various aspects in FIGS. 1, 2, 3, 4 and 5. The assem-
bly 12 includes a cover 13 (FIG. 4) secured to a base 14
which is e.g. sintered, cast formed and/or machined out
of suitable material such as aluminum. The base 14 is
sized to locate and secure all of the moving components
of the system 10 and has sidewalls defining the form
factor of a standard “half height” five and one quarter
inch Winchester disk drive.

The cover 13 is provided with a rubber gasket 15
along its inside periphery. The gasket 15 contacts the
smooth upper edge of four side walls of the base 12 to
form an enclosed, airtight space which is kept substan-
tially free of loose particle contamination, as is required
by flying head (“Winchester”) disk drive technology
employed by the system 10. Bosses (not shown) posi-
tioned about the peripheral edges of the base walls limit
the compression of the gasket 15. A filter 17 in an air-
flow path created by disk rotation within the base en-
closure removes any loose particles to maintain purity
of the interior ambient. A conventional breater filter in
the cover 13 (not shown) equalizes internal pressures
with the external ambient environment. A dissicant
contained in a cannister (not shown) is provided inside
the enclosure to absorb any excess moisture.

A three-phase direct drive brushless direct current
spindle motor 16 is mounted to the base 14 and includes
a rotating spindle or hub 18. The spindle motor 16 is
electronically commutated, as will be explained herein-
after.

A pattern of alternating light reflective and dark
matte areas forming sector marks 20 are formed at the
outer, upper periphery of a disk clamp 19 secured to the
hub 18. These marks are sensed electro-optically
through a small hole in the HDA cover during the
servo writing operation in the fabrication of the HDA
12 and are used to aid precise timing of the locations of
e.g. 32 equally spaced apart qualification, servo infor-
mation and user data sectors. More information relating
to the servo writing step and apparatus is included here-
inafter in connection with FIG. 12 in the *“Servo
Writer” section of the specification.
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A plurality of non-removeable data storage disks 22
formed of rigid material such as aluminum plate are
spaced apart by annular spacers 21 and are clamped to
the hub 18. The disks 22 are rotated counterclockwise at
a precisely controlled angular velocity by the spindle
motor 16. Preferably, there are two or three thin alumi-
num disks 22 of 5.118” (130 mm) diameter, and they
rotate at an angular velocity of 3662 RPM. The major
surfaces of the disks 22 are coated with a thin film of
magnetic storage media which is preferably applied
thorugh ion deposition (sputtering). The useful data
(and the servo information) stored on each disk surface
is written and read by a head transducer 24 which is
formed as a precise slider of e.g. barium titanate ceramic
material.

An in-line head suspension 26 secures each head 24 to
a rotatable head support arm 28. The in-line arrange-
ment substantially shortens each arm 28, thereeby re-
ducing the mass (and inertia) of the head support assem-
bly, while leading to increased overall susceptibility of
the assembly to head suspension resonances. To mini-
mize such resonances, a small piece of damping material
27, such as double sided adhesive tape having a metal
foil backing, is secured to each head suspension 26 to
dampen vibrations otherwise resulting in instabilities in
the head support assembly.

Further mass reductions are achieved by removing
cylindrical plugs from the arm 28 as shown in FIG. 1.
Reduced mass of the head support arms yields improve-
ments in the speed of head positioning and access times
between data tracks.

The head arms 28 are journalled relative to the base
14 by a dual bearing assembly of a rotary actuator 30.
The assembly is secured to the base 14 and also to the
cover 13. A spring (not shown) urges the two bearings
against oppositely facing shoulder ends of the central
actuator bore through the base 14. Another spring( not
shown) urges the bearings against one side of the coun-
terbore to prevent tilt of the actuator assembly in re-
sponse a physical shock or a thermal cycle. The actua-
tor 30 includes a stator asesmbly 32 including two oppo-
sitely facing permanent magnets 35 carried on two flux
return plates between which a moving coil 34 is sand-
wiched and freely rotatable within the limited range of
angular displacement of the rotary actuator 30, in this
instance, approximately twenty five degrees. The mag-
nets 35 are premagnetized in a manner so that current
passing through the single winding coil 34 in one direc-
tion causes the actuator 30 to move toward the hub 18,
while current passing therethrough in the other direc-
tion causes the actuator 30 to move outwardly toward
the periphery of the disks 22. The actuator’s limited
range of rotational movement is determined at the limits
thereof by two crash stops 44 formed in the stator as-
sembly 32 into which the coil 34 comes into contact.

A monolithic head select/interface circuit 36, such as
a type SSI 501 manufactured by Silicon Systems, Inc., is
connected to and carried by a thin polyimide film cir-
cuit substrate 38 which also carries and conencts other
components related to the circuit 36. An extension por-
tion 40 of the substrate 38 carries a plurality of insulated
conductive traces from the substrate 38 to other cir-
cuitry located outside of the head and disk assembly 12
by passing between the cover 13 and the rubber gasket
15 as shown in FIG. 2. The cable 40 carries the data,
control and power signals required by the circuit 36 and
it carries two current lines for the rotary actuator coil
34. A flexible extension 42 of the substrate 38 extends to
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the rotary actuator 30 and enables electrical connec-
tions to reach each of the data transducer heads 24.

An aerodynamically released shipping latch 37 may
be provided to latch the head assembly to maintain the
heads at an inner landing zone during power down
conditions. A preferred form of latch is disclosed in
U.S. patent application Ser. No. 776,840, now U.S. Pat.
No. 4,692,829 filed on Sept. 13, 1985. The referenced
application is owned by the assignee of the present
invention, and the disclosure thereof is incorporated
herein by reference. An electrodynamic return spring to
return the head assembly to the landing zone may be
readily provided by automatic circuitry for switching
counter EMF generated by the spindle motor 16 into
the rotary actuator 30 whenever primary power is re-
moved from the system 10.

The base 14 is shock mounted to a support frame 45
by four shock mounts 46. A plastic end cover 48 may be
provided for appearance and to facilitate mounting of
the subsystem in a typical disk drive well of a host
computing system.

Each surface of the disks 22 carries a multiplicity of
spaced apart concentric data tracks 50. The track den-
sity achieved by the system 10 is approximately 876
tracks per radial inch of disk area, with head transducer
widths of 0.75 mil, and flux densities of approximately
15,000 flux changes per inch within each track (decoded
bit density being 20,000 bits per inch as measured at the
innermost concentric data track 50). Each data track is
divided up into e.g. thirty two equal sectors. With the
disk rotation of 3662 RPM as specified, each sector is
nominally 512 microsecond in duration.

Each sector includes a qualification and servo burst
region 52 of approximately fifty microseconds in dura-
tion, followed by a user data region 54. Each user re-
gion is capable of holding 512 bytes of user data, and
also overhead information, such as error correction
code information and speed tolerance filler. Further
details of the prerecorded pattern found in the qualifica-
tion and servo burst regions is discussed herein under
the heading **Sector Layout”.

In this preferred embodiment, with three data storage
disks, approximately 80 megabytes of user data may be
stored, and with two disks, approximatel 53 megabytes
may be stored. A graph of aerial layout of storage space
on the disks is depicted in FIG. 10.

Electrical Subsystem 100

An electrical control portion 100 of the subsystem 10
is shown in FIG. 6. The circuit elements of this portion
100 (except for the head interface circuit 36) are prefer-
ably formed on a printed circuit card 47 (FIGS. 2, 3 and
5) which has the same length and width size dimensions
as, and attaches to, the head and disk assembly 12. In
FIG. 6 the major functional circuit elements of the
electrical portion 100 include a monolithic micro-
processor 102, such as Intel type 8031 operating with a
clock cycle of 12 MHz under the control of a program
stored in a program read only memory 104 having e.g.
a 32 kilobyte storage capacity.

A data sequencer and memory controller 106, tightly
coupled to and supervised by the microprocssor 102,
manages data conversion between parallel and serial,
compaction formatting (such as with a run length lim-
ited, variable length code e.g. 1,7), and actual placement
of user data on the data tracks 50 and the movement of
blocks of data to and from the tracks 58. The data con-
troller 106 also provides memory addresses to address
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routines stored in the ROM 104 for the benefit of the
microprocessor 102. The controller 106 carries out
error correction activities in accordance with error
cotrection codes generated and recorded in the postable
of each data block. A buffer memory 108 having 16
kilobytes of temporary storage capacity is used as a
temporary storage area for blocks of user data as they
are moved about in operation of the system 10 and also
for temporary storage values developed during opera-
tion of the subsystem 10, such as those related to media
defect management, discussed below. It should be ob-
served that the microprocessor 102 obtains access to the
buffer 108 through the memory controller 106, thus use
of the memory 108 by the microprocessor 102 takes
slightly longer than for memory directly accessible by
the microprocessor 102.

An interface controller 110 is provided which is pref-
erably of a type which interfaces disk file subsystems to
a standard bus convention 112 known as SCSI, an acro-
nym for Small Computer Systems Interface (ANSI
Document No. X3T9.2). This interface controller 110
includes a data bus 114, and a control bus 118. The
interface controller 110 may be a standard integrated
circuit such as type OMTI 5080 drive interface manu-
factured by Scientific Micro Systems, Inc., of Mountain
View, Calif.

A high speed latching digital to analog converter 120,
preferably type 0832 manufactured by National Semi-
conductor, receives digital control words from the mi-
croprocessor 102 and converts those words to analog
current values which are sent to operate an actuator
driver amplifier 122, functioning as a conventional H
bridge amplifier. The amplifier 122, preferably type EL
2017 manufactured by Elantec, generates currents
which are passed through the coil 32 of the rotary actu-
ator 30 in order to move the head assembly from a
departure track location to a destination track location
during track seeking operations, and to maintain the
head assembly in centerline alignment of a data track
during track following operations.

A read channel 124 filters raw data read from the data
tracks and received from the interface circuit 36 in
order to remove unwanted artifacts such as high fre-
quency noise spikes.

A second, high speed digital to analog converter 125,
similar to the converter 120, enables the processor 102
adaptively to control the gain of the read channel 124
during the time of each sector servo increment 52 (de-
noted by the WEDGE waveform in FIG. 12). A gain
value is converted to a voltage by the converter 125,
and is sent over a line 127 to a switch 129 which is
closed during WEDGE time by a signal on a control
line 131. Closure of the switch 129 forces the gain con-
trol voltage to be imposed on a capacitive element 133
of the read channel which otherwise stores an agc value
for controlling the read channel during data read opera-
tions. This override feature is appropriate when it is
remembered that during data write operations the read
channel is inoperative, yet it must be operative during
WEDGE time in order for the servo burst amplitudes
and the absolute position information in each burst to be
read and stored.

A burst amplitude measuring circuit 126 measures a
value which is related to the amplitude of each of the
time sequential, time sampled servo bursts within each
sector. This circuit 126 is described hereinafter in the
section headed “Burst Circuit 126", presented in con-
junction with FIG. 13. Each amplitude value for each
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burst of the servo sector is converted into a digital value
by a fast analog to digital converter 128, preferably type
7820 manufactured by Analog Devices.

A timing controller 130 responds to signals picked up
by the head 24 in qualification areas immediately pre-
ceding each servo sector sequence, and it generates all
of the timing signals needed to carry out the head posi-
tion servoing function of the system 10. These timing
signals are depicted in FIG. 12 and are described in
connection with the “Sector Layout” section hereinaf-
ter.

A pulse or transition detector circuit 132 converts the
raw data read from each selected track 50 into digital
step functions. The detector circuit 132 contains a fixed
gain detection threshold while reading data so as to
provide positional feedback information for servoing
during seeking and data write operations. A read clock
synchronizing circuit 134 separates a read clock signal
from encoded data. The read channel 124 and the pulse
detector circuit 132 are preferably implemented as a
single integrated circuit, e.g. type DP 8464 manufac-
tured by National Semiconductor, and the synchroniza-
tion circuit 134 is another integrated circuit, e.g. type
DP 8455 also manufactured by National Semiconduc-
tor.

A monolithic motor driver curcuit, such as type HA
13426 manufactured by Hitachi, generates three phase
driving signals for the windings of the motor 16 in re-
sponse to phase commutation signals generated within
the motor from Hall detectors, and further in response
to a spindle frequency reference supplied by the timing
controller 130.

A power interface and regulator circuit 138 receives
+5 volts DC at approximately 1.80 Amperes, and + 12
volts DC at approximately 2.25 Amperes from a host
power supply and distributes this power throughout the
subsystem 10.

Control Lines and Buses

An eight bit parallel, time shared address/data bus
150 interconnects the microprocessor 102, the read only
memory 104, the data controller 106, the interface con-
troller 110, the digital to analog converter 120, the digi-
tal to analog converter 125, and the analog to digital
converter 128, as shown in FIG. 6.

An actuator control value line 152 interconnects the
DAC 120 and the actuator driver 122, and a two-con-
ductor line 154 (part of the flat ribbon 40) carries oper-
ating current to the coil 32.

Conductors 156 carry the three phase driving cur-
rents generated by the motor driver 136 to the three
delta-connected windings of the spindle motor 16. The
phase commutation signals developed within the motor
16 are returned to the motor driver over wires 158. The
microprocessor 102 generates a “spin” command and
sends it to the motor driver 136 on a line 160, and the
driver 136 returns an “up to speed” status signal to the
microprocessor 102 via a line 162. The +5 and +12
voltages enter the power interface 138 via lines 164 and
166, and the interface supplies a “power on reset” inter-
rupt signal to the microprocessor 102 via a line 168.

An “enable” signal generated by the data sequencer
and memory controller 106 is sent to the head interface
circuit 36 via a line 170 to prevent writing to the disk
surface whenever disabling conditions, such as power
outages, are present. A head select command is gener-
ated by the microprocessor 102 and sent to the circuit
36 on digital control lines 172 in order to select one of
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the six or four heads 24 present in the system 10. A write
unsafe status signal generated by the interface circuit 36
is returned to the microprocessor 102 through the con-
troller 106 over a line 174.

A ROM select signal is sent by theeh microprocessor
102 to the ROM 104 over a control line 176, and address
values are then sent to the ROM 104 over a dedicated
address bus 178 so that the instructions recorded in the
ROM 104 may be retrieved and executed by the micro-
processor 102 in proper sequence.

A “conversion ready” status signal is supplied by the
analog to digital converter 128 to the microprocessor
102 over a line 180 in order to signal that the value held
by the converter 128 is valid and should be picked up by
the microprocessor. An interrupt signal for warning the
microprocessor 102 of the imminent arrival of the the
beginning of each servo sector is delivered to the micro-
processor via a line 182. This interrupt permits the mi-
croprocessor to complete its present instruction cycle
and push all present program values onto its internal
stack so that it may then execute a position interrupt
service routine POS-ISR for processing servo sector
data to carry out positioning operations incident to both
track seeking and track following.

The data controller 106 sends 1,7 encoded user data
to be written to a sector location to the interface circuit
36 over a serial write data line 184, and it selects read/-
write operations of the interface circuit 36 by the signal
present on another line 186.

Raw data read from a selected surface and track
(whether a user data block or absolute position servo
information) passes through the interface circuit 36 and
enters the single read channel 124 over a line 188. Fil-
tered data from the read channel 124 is distributed to
the burst amplitude measuring circuit 126 as well as to
the pulse detector circuit 132 over a line 190. The mean
amplitude value for each servo burst is sent from the
measuring circuit 127 to the ADC 128 over a line 192;
and, operation of the measuring circuit 126 is timed by
a signal supplied by the timing controller 130 over a line
194. The timing controller also times the operation of
the ADC 128 by a signal sent over a line 196.

The raw digital data put out by the pulse detector 132
enters the timing controller 130 over a line 198. The
encoded data put out from the timing controller 130 is
buffered and then enters the read clock sync circuit 134
over a path 200. The sync circuit 134 is timed by a signal
from the timing controller 130 also supplied over the
path 200. Raw (1,7 format encoded) data in serial for-
mat passes from the sync circuit 134 to the data control-
ler 106 over a line 202, and a data clock signal (15 MHz)
synchronized with raw data reaches the controller 106
over a line 204. As already mentioned, the data control-
ler 106 has the ability to address directly the read only
memory 104 over a dedicated address bus 206 in order
to assist the microprocessor 102 in carrying out its su-
pervision and control activities. It also addresses the
buffer RAM 108 over a dedicated address bus 208 for
the same reason. A data bus 210 interconnects the RAM
108, data controller 106 and interface controller 110.

Sector Layout

FIGS. 7A and 7B illustrate the layout of a preferred
qualification area and servo burst pattern arrangement
for each servo sector 52. The same pattern is replicated
on each data surface of the system 10. As can be seen by
the illustrated pattern, there are four radially offset,
time sequential bursts: burst A, burst B, burst C, and
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burst D. All like bursts are separated from each other by
four thirds of one data track pitch. Each burst type is
offset radially from the next adjacent of other burst
types by one third or two thirds the pitch of each data
track. Since the actual width of a data transducer is
approximately two thirds of a track pitch. approxi-
mately one third track pitch nominally separates each
data track from adjacent tracks. The preferred servo
burst pattern illustrated in FIGS. 7A and 7B repeats
itself every fourth track.

For each data track 50, two of the four bursts are
equally offset from track centerline by one third track
pitch. For that track one of the other bursts is entirely
within the head transducer width at that particular
track, and the other is entirely outside. This arrange-
ment provides a quadrature arrangement, so that the
relative amplitudes of bursts read by the transducer 24
at a known position will provide valid direction feed-
back information during seeking operations.

Track following operations of the system 10 are
under the control of the microprocessor 102. The mi-
croprocessor 102 forms a key element of a time sam-
pled, closed loop servo which further includes the se-
lected head 24, the interface circuit 36, the read channel
124, the burst amplitude measuring circuit 126, the
ADC 128, the DAC 120, the actuator driver 122 and the
rotary actuator 30. These operations are best under-
stood by study of FIG. 7A in conjunction with FIGS.
8A, 8B, 8C, 8D and 8E, shown together on the same
sheet of drawings.

The timing controller 130 includes a timer which is
locked to actual sector frequency, providing that the
sector field is first qualified by successful detection of
information in a qualification area 250 at the very begin-
ning of each sector 52. This qualification area 250, illus-
trated in FIG. 11, includes a first direct current erase
gap 252 of approximately 2.6 microseconds duration, a
first flux transition dibit pulse pair separated by 0.4
microseconds and forming a sector pulse pair 254, a
second erase gap 256 of 3.8 microseconds duration, a
second flux transition dibit pair separated by 0.4 micro-
seconds duration for forming an echo pulse pair 258 and
a third erase gap of 8.667 microseconds duration before
the first servo burst time interval is reached. When this
particular sequence is sensed by the timing controller
(and it is unique in that it does not correspond to any
valid user data that may be written), the phase locked
loop of the timing controller 130 is updated. This update
occurs approximately 8.8 microseconds after detection
of a valid echo pulse (which is possible only if a valid
sector pulse pair separated by two properly timed erase
gaps 252 and 256 are also detected). This process ena-
bles a highly reliable sector marker signal to be gener-
ated, and from this signal, all of the necessary other
timing pulses may be derived.

Servo burst timing signals (FIG. 12) are generated by
the timing controller 130, and these signals on the line
194 enable the burst amplitude measuring circuit 126 to
sample a preamble portion of each servo burst (which is
recorded at constant frequency) and to develop a value
related to the peak amplitude thereof read by the head
24. Then this value is quickly converted to a digital
word by the analog to digital converter 128 and sent to
the microprocessor 102 where it is stored in temporary
local storage, in accordance with the state of signals on
control lines 196 and 180.

After all four burst amplitude values are acquired, the
microprocessor 102 analyzes the four values and derives
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a correction value which is sent through the DAC 120
and amplifier 122 to the actuator 30 to adjust the trans-
ducer to data track centerline.

The timing pulses required to acquire and process
information in each servo sector are shown in FIG. 12.
These pulses are generated within and by the timing
controller 130. The timing values given on FIG. 12 are
to be understood in relation to a basic system clocking
frequency of 15 MHz (66.7 nanoseconds). The timing
control signals are as follows:

RAW DATA: corresponds to the instantaneous
pulses derived via the head transducer 24, interface 36,
and read channel 124 from the qualification area 250 of
a servo sector 52. Raw data is asynchronous with re-
spect to a system clock frequency.

SYNCHRONIZED RAW DATA (SRD): corre-
sponds to a more generalized raw data signal which is
generted internally within the tining controller 130 to
be synchronized with the system internal clock.

The timing controller 130 includes two 13 bit count-
ers, an up counter and a down counter. Each counter is
designed to count out a 512 microsecond interval corre-
sponding to the duration of each servo/data sector. The
counters operate on the 15 MHz system clock as the
base counting rate. During system reset, such as at
power on, the counters are set by a TRIGGER PULSE
(TRIG) after the first of two consecutive sectors 52 has
been read.

The TRIG pulse, in this instance, and usually, is gen-
erated by an eight bit counter within the timing control-
ler which begins its count with the arrival of a valid
echo pulse. Upon arrival of the TRIG pulse, the up
counter begins counting up, and it continues its count
until the next TRIG pulse is received as a result of the
second of the two consecutive sectors 52. At this point,
the count carried in the up counter is loaded into the
down counter as a preset count. Then, the up counter is
reset to zero and begins counting upwardly. At the
same time, the down counter begins to count down
toward zero. As designed, the down counter will reach
a zero count after 512 microseconds, the nominal dura-
tion of each sector, including servo and data portions
thereof.

When a qualification area 250 has been tested (irre-
spective of its validity), the TRIG pulse is generated
and it causes the up counter’s count to be preset into the
down counter. Since instataneous speed variations in
e.g. spindle rotation or unequal sector lengths may
cause a TRIG pulse to occur sooner or later than the
nominal 512 microsecond period for each servo and
data sector pair, the actual count reached by the up
counter may be less or more than a count corresponding
precisely to 512 microseconds.

The resultant count measures the time length of the
preceeding sector and is used to predict the beginning
of the next sector qualification area 250. When a partic-
ular validation area 250 is not validated, the eight bit
counter inside the timing controller 130 does not initiate
the clear and load operations of the up and down count-
ers, and a “virtual” TRIG pulse is generated when the
down counter reaches a zero count. The virtual TRIG
pulse operates in the same way as the TRIG pulse gen-
erated by the eight bit counter: the value in the up
counter is loaded into the down counter and then reset
to begin counting up from a zero count. Thus, the tim-
ing controller achieves a flywheel action in the event
that one or more qualification areas 250 of consecu-
tively occurrring servo sectors 52 fail to be validated.
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In this manner, timing is seldom, if ever lost, and the
system recovers absolute timing when a gualification
area is validated. In this manner, the mechanism for
marking in time the precise location of the beginning of
each sector is made precisely correct when each qualifi-
cation area is validated and is averaged whenever a
qualification area fails to be qualified. In practice, in-
stantaneous speed variations are very small, and the
resultant variance in the count transferred from the up
counter to the down counter at each trigger pulse is of
a small value.

QUALIFICATION AREA WINDOW (QUAL
WINDOW): the down counter inside the timing con-
troller 130 provides a sequence of times during which
various tests are performed and events are detected
which cumulatively determine whether a qualification
area 250 is valid. First, the first erase gap 252 is tested by
initiating the eight bit counter; if a count is reached
without detection of a data pulse, a flag is set. The
sector dibit 254 is sensed, and a flag is set if present. The
eight bit counter is then cleared and started to count the
second erase gap 256. The timing controller 130 then
looks for the echo dibit 258. if the second erase gap and
echo dibit 258 are found to be present, then the third
erase gap 260 is tested by restarting the eight bit
counter. If all of these tests are passed, a valid qualifica-
tion area 250 is determined to be present, and approxi-
mately 8.8 microseconds later, the TRIG pulse is gener-
ated.

WEDGE is asserted, READ GATE is deasserted
and QUAL ERROR (if asserted) is deasserted at the
same time when the down counter reaches a certain
count. WEDGE is an interrupt to the microprocessor
102 and functions to intitiate the position interrupt ser-
vice routine POS_ISR.

If the sector and echo dibits 254, 258 and/or the erase
gaps 252, 256 and 260 are not validated, the the QUAL
ERROR becomes positive as shown in FIG. 12, indicat-
ing that the qualification area has not been validated at
this particular sector, and that a virtual TRIG pulse will
be relied upon (down counter reaching a zero count).

HOLD: this signal, along with the RESET AMPLI-
TUDE MEASURING CIRCUIT (RSTPKD) signal, is
generated to operate the burst amplitude measuring
circuit 126. When RSTPKD is non-asserted (false), the
measuring circuit is able to begin measuring the ampli-
tude of the constant frequency (3.75 MHz) burst pream-
ble of each servo sector burst. Actual measurement
begins when the HOLD signal becomes false, and ends
when HOLD returns to true. The value measured when
HOLD returns to true is the measured amplitude for the
particular burst. The CONVERT (CONVRT) signal is
generated by the timing controller 130 and sent over the
line 196 to cause the ADC 128 to convert the measured
and held amplitude for a particular burst into a digital
value. Once the conversion process is completed, the
ADC signals the microprocessor 102 of that fact over
the line 180, and the microprocessor thereupon transfers
the burst measurement digital value into storage for
further processing. The RSTPKD, HOLD and
CONVRT timing signals are repeated for each of the
four time staggered servo bursts so that relative ampli-
tude values are acquired for each of them. After these
amplitude values are acquired, converted to digital
values and stored in memory by the microprocessor
102, it is able to carry out centerline correction calcula-
tions or seek profile correction calculations during op-
erations of the system.
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PREAMBLE VALID: this signal is generated simul-
taneously with deassertion of PEAK DETECT. This
signal is reset for each of the four burst timing intervals.
It indicates to the data cntroller 106 that the selected
data transducer head 24 is located over the constant
frequency preamble portion of one of the servo burst
and that the data separator should phase lock to this
field.

READ GATE: this signal is asserted by the TRIG
pulse and is constantly tested when WEDGE is true.

PHASE COMPARATOR: this signal is put out from
the read clock synchronizer 134 over a line 201; it indi-
cates that the read clock synchronizer 134 has been
unable to lock onto an incoming constant frequency
burst preamble. The timing controller 130 test this sig-
nal during the time that READ GATE is asserted while
the head 24 is over the servo sector area 52 in order to
see if it remains asserted for five consecutive clock
cycles. If so, then READ GATE is deasserted until
arrival of the next servo burst interval whereupon it is
asserted and again tested to see if phase lock is achieved.
In this manner, faulty absolute position data resulting
from phase lock failure is overlooked and not delivered
to the data controller 106.

When the user data field is reached, the READ
GATE is deasserted if not already deasserted from the
D burst. The WEDGE signal is deasserted. A short
delay follows to provide for a write splice gap between
the end of the D sector burst and the beginning of the
sync field of the data portion. Then, READ GATE and
PREAMBLE VALID are reasserted. After a short
period, PREAMBLE VALID is deasserted. The timing
signals put out by the timing controller 130 remain static
until the onset of the next qualification area, whereupon
the foregoing signalling sequence is repeated.

FIG. 7A and FIGS. 8B, 8C and 8D illustrate three
separate track following conditions, labelled Example I,
Example II, and Example III. In Example 1 (FI1G. 8B)
the head 24 is in precise alignment with the centerline of
track zero. It encounters the sector dibit 254 and the
echo dibit 256 and these robust pulse dibits are recov-
ered. Then, the head 24 encounters bursts A, B, C and
D. The A burst and the D burst have generally equal
amplitudes as shown in FIG. 8B. At the same time the
B burst amplitude is at maximum value and the C burst
amplitude is at minimum value. The data track signal
262 begins after the D burst has passed by.

In Example II, the head 24 is slightly outside the
centerline of track one. In this instance the B burst (the
radially inside offset burst) is slightly lower in amplitude
than is the C burst (the radially outside offset burst).
The A burst amplitude is not quite maximum, and the D
burst is slightly above minimum value. The micro-
processor 102, knowing that the head 24 is intending to
follow track one thereby knows that in must compare
the amplitudes of the B burst and the C burst in the
proper radial offset sense. It then derives a correction
value which is sent through the DAC 120 and the am-
plifier 122 in order to move the head back to track
centerline.

In Example 111 the head 24 is substantially off of track
centerline for track two. In this case, ordinarily the A
and D burst amplitudes would be compared in order to
monitor centerline alignment and derive a correction
value, if required. However, the D burst amplitude may
be approaching a minimum, as the A value approaches
maximum. In this instance, the microprocessor 102 may
consider the head to be following a “centerline” which
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is one third of a track inside of true centerline for track
two and then command a one third track seek by adding
an offset value into the position correction calculation.
Thus, the amplitudes of the B and C bursts would be
read and combined with an offset value in order to
return the head to the centerline of track two.

The advantage of the guad burst servo pattern de-
picted in FIGS. 7A and 7B over other more symmetri-
cal patterns is most apparent when considered in light of
the track seeking function of the subsystem 10. During
track seeking, a slightly different servo loop obtains.
The servo loop during track seek operations of the
system includes, in addition to the elements employed
during track following, the pulse detector 132, the read
clock synch circuit 134 the data controller 106 and the
buffer RAM 108. The reason for inclusion of these
additional elements is that each servo burst contains
track identification information as well as the constant
frequency preamble. The details of this information are
discussed hereinafter in connectionwith FIG. 11. What
is important to note at this point is that the track identifi-
cation information recorded in each servo burst is actu-
ally recovered by the data controller 106 and temporar-
ily stored in the buffer 108.

As is explained hereinafter in greater detail in the
section entitled “Control Program for Microprocessor
102”, during the seek operation, the microprocessor 102
is interrupted at the arrival of each gualification area
and thereupon sequentially acquires and stores away the
burst amplitudes for the four sector bursts A, B, C and
D. Each of these amplitudes may vary considerably, as
shown by the waveforms of FIGS. 8E and 8F. Since the
track identification information from sector busts of low
amplitude is not likely to be reliable, the microprocessor
102 only calls up the identification information from the
burst having the greatest amplitude (or next greatest
amplitude in the event of an error in reading the largest
amplitude burst). This absolute position information
provides the microprocessor 102 with instantaneous
absolute positional information concerning the where-
abouts of the head 24 during the seek. Thus, by the
expedient of a look up velocity profile selected and/or
calculated for the particular seek distance and relative
track positions, the microprocessor 102 maintains pre-
cise control over the head assembly positions through-
out the seek.

Several additional examples may shed further light on
the seek operation. Example IV (FIG. 8E) shows a seek
segment when the head 24 is moving from a radially
outer track location to a radially inner track location. In
Example IV shown is FIG. 7B FIG. 8E, while the
sector dibit 254 and the echo dibit 258 remain quite
robust, only the C pulse has significant amplitude
throughout its duration, because of the locus of flight of
the head 24 shown by the dotted lines. Thus, the track
identification information contained in the C burst will
be read by the microprocessor 102 in order to verify
instantaneous position of the head as it passed over this
particular sector (it being remembered that there is a
latency between the time the head 24 passes over a burst
of the sector and the time that the microprocessor 102 is
available to read and process the track identification
information obtained from that burst).

Example V (FIG. 7B and FIG. 8F) illustrates a seek
in the opposite direction, from inward to outward. In
this example, the B burst of the particular sector yields
the largest amplitude, and so the microprocessor 102
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will read the track identification information from this
burst.

By inspection of FIG. 7B it is apparent that there is
no locus of flight for the head 24 which will not pass
over a substantial portion of at least one burst for each
sector. In order to prevent ambiguity, the maximum
positional displacement of the head assembly is limited
to one track width per servo sector time. This prevents
the head from reading radially inline bursts of the same
type during a single sector with resultant recovery of
corrupted track identification information. With the
subsystem 10, the maximum seek velocity is approxi-
mately 30 inches per second, which yields an average
track access time of less than 30 milliseconds.

Qualification Area 250

One feature of the present invention is the provision
of a prerecorded synchronization pattern on each disk
surface for delineating the beginning of each servo sec-
tor 52. As already explained, the qualification area in-
cludes the sector dibit pulses 254 and the echo dibit
pulses 258 separated by the three direct current erase
gaps 252, 256, and 260. One reason that the sector and
echo pulse pairs are reliably detectable, even during
track seeking operations, stems from the fact that these
pairs are recorded for every other one-third track pitch
(centerline to centerline) by the servo burst writing
process during fabrication of the subsystem 10. This
arrangement is illustrated in FIG. 9.

When the servo pattern is initiaily written, for exam-
ple, the C burst is first recorded and with it a sector dibit
pulse pair and an echo dibit pulse pair. Then the head 24
is stepped one third track inwardly and an A burst is
recorded. The head is again stepped one third track
inwardly and a B burst is written, together with sector
and echo dibit pulse pairs. Again, the head is stepped
one third track inwardly and the D burst is written.
Alternatively, and with equal effectiveness the sector
dibit pulse pair and echo dibit pulse pair could be writ-
ten with the A and D bursts. Thus, it will be appreciated
that the sector and echo dibit pulse pairs are written
every two thirds track pitch.

As is apparent from FIG. 9, the time between the
sector and echo pulse pairs and each burst type
(whether A, B, C or D) varies, but these time differ-

" ences are precisely calculated by the servo writer con-
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trolling the HDA 12 during the servo writing process,
so that each sector pulse pair 254 and each echo pulse
pair 258 is in substantial alignment with every other
sector and echo pulse pair. Absolute radial phase align-
ment of the sector and echo pulses is not essential as the
head 24 averages any tolerance variations, and the up
and down counters of the timing controller 130 elimi-
nate any effects of slight variances, as already explained.

A very reliable sector marker is achieved with the
sector and echo pulse pairs in conjunction with the
timing controller 130. The timing achieved is more
precise than that achievable with optical encoder tech-
nology, because the substantial electro-optical rise times
and delays are avoided.

One Third Radial Track Pitch For Servo Bursts

One advantage of one third track pitch for servo
bursts, as opposed to half track pitch employed in prior
art devices, is illustrated by FIG. 10. Therein, the plot
of burst amplitude against radial movement of the head
24 from one track centerline to another illustrates that
average amplitude of the two bursts being read for track
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centering is much higher with one third track spacing of
the bursts than it is for one half track spacing of the
bursts. With burst spacing of one third track pitch, or
one fourth track pitch, etc., (a whole fraction), the pat-
tern becomes repeating, which simplifies the processing
task in the microprocessor insofar as the selection of
particular burst pairs to be compared for track center-
ing calculations. However, with the available power of
the microprocessor, there is no requirement that the
pattern be either symmetrical or repeating: the particu-
lar pattern may be arbitrary and be the subject of a table
lookup by the microprocessor 102, depending upon the
particular track location in question.

Servo Burst 270

As shown in FIG. 11, each servo burst 270, whether
an A burst, a B burst, a C burst or a D burst, contains a
burst preamble 272 comprising approximately 4.67 mi-
croseconds of 3.75 MHz constant frequency preamble,
followed by three data bytes, and then followed by a
postamble. A short duration (1.33 microsecond) inter-
burst erase gap separates each burst.

The burst amplitude measuring circuit 126 operates
to measure a gated integral number of flux transistions
of the constant frequency preamble, since any variations
in frequency incident to recording of useful informa-
tion, would affect average amplitude and yield an unre-
liable amplitude value.

The first byte contains eight low order bits of the
twelve bit track number. The second byte contains the
four remaining high order bits of the track number as
well as four check sum bits. The third byte contains (in
alternating bursts) the head or sector number. As shown
in FIG. 11, the A burst contains a four bit head number
(allowing up to eight heads to be identified), and the B
burst contains a five bit sector number (for the 32 sec-
tors). The XOR table set forth in FIG. 11 sets forth the
check sum calculations and the Sector Burst table also
set forth in FIG. 11 shows the correlation between
bursts and sectors insofar as head and sector informa-
tion is concerned.

Amplitude Measuring Circuit 126

Circuitry implementing the function of the amplitude
measuring circuit 126 is set forth in FIG. 13. This circuit
126 derives the integral of a gated portion of the burst
preamble in a rapid manner which achieves substan-
tially greater noise immunity, signal to noise ratio, accu-
racy and repeatability than is achievable with conven-
tional peak detectors heretofor used for burst amplitude
measurement. Therein, one of the electromagnetic data
transducers 24 is shown as a center-tapped coil having a
centertap lead 300 and two phase-opposed leads. The
interface circuit 36 selects the particular data transducer
24 from among the array thereof by selectively ground-
ing the centertap 300. The magnetic flux transitions
then pass through direct current blocking capacitors
306 and 308 and are amplified and shaped in an amplifier
portion 310 of the read channel 124. Amplified, phase
opposed outputs from the amplifier 310 pass through
two direct current blocking capacitors 312 and 314.

Two NPN transistors 316 and 318 have their emitters
and collectors connected in common; and, they alterna-
tively amplify half envelopes of the phase opposed flux
transitions, thereby acting together as a full wave recti-
fier to eliminate the transition direction or sense. An
NPN transistor 320 is connected in a complementary
fashion with respect to the transistor 318 in order to
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form a differential amplifier. Three equal value resistors
322, 324 and 326 provide bias current to the transistors
316, 318 and 320, respectively. The emitters of the tran-
sistors 316 and 318 on the one hand, and 320 on the
other hand, are connected together through a Tee resis-
tance bridge comprising equal value resistors 328 and
330 and a common resistor 322 to ground.

The collectors of the transistors 318 and 320 are con-
nected together through an active load acting as a cur-
rent mirror and including PNP transistors 334, 336 and
338 connected as shown in FIG. 13. Two emitter load
resistors 340 and 342 are connected between a+ 12 volt
supply and the emitters of the transistors 336 and 338,
respectively. The amplifier stage formed by the transis-
tors 318, 320, 334, 336 and 338 acts as a transconduct-
ance amplifier.

An output of the differential amplifier which is a
function of the input thereof (the output current is a
mirror of the input current) is taken from the collectors
of the transistors 320 and 338. This output is biased at
+3.7 volts by diodes 344 and 346. it then enters an
inverting input of an operational amplifier 348 config-
ured to act as an integrator. A +3.7 volt reference is
applied to a non-inverting input of the amplifier 348. A
load resistor 350 at the output 192 of the amplifier 348
provides a proper impedance termination for the circuit
126. the output 192 connects to an input of the analog to
digital converter 128.

An integrating capacitor 352 is connected in a feed-
back arrangement from the output to the inverting input
of the operational amplifier 348. This capacitor accumu-
lates a value comprising the integral of the amplified
and shaped full wave rectified flux transitions which are
measured by the circuit 126.

A fast acting field effect transistor 354 is shunted
across the integrating capacitor 352. When the transis-
tor 354 is not conducting, there is a very high impe-
dance between the source and drain thereof. However,
when the transistor 354 is caused to conduct, a very low
impedance is present, and the charge accumulated in the
integrating capacitor 352 is immediately discharged,
thereby resetting the capacitor 352 for the next burst
amplitude measurement.

The field effect transistor 354 is operated by an NPN
transistor 356 having its emitter grounded and its collec-
tor connected to the gate of the field effect transistor
354 and to +3.7 volts through a pull up resistor 358.
The base of the transistor 356 is connected to the reset
amplitude measuring circuit timing signal (RSTPKD)
generated by the timing controller 130. A pull up resis-
tor 360 to a +5 volt supply normally biases the transis-
tor 356 into conduction. When RSTPKD (FIG. 8) is
not asserted or not true, the transistor 356 does not
conduct, and +3.7 volts is applied to operate the field
effect transistor 354 in order to discharge and prevent
any further charge accumulation in the integrating ca-
pacitor 352. When RSTPKD is asserted or true, the
transistor 356 conducts, cutting off the field effect tran-
sistor 354 and thereby permitting charge to accumulate
in the capacitor 352.

An NPN transistor 362 has an emitter connected
directly to ground and a collector connected to the
signal node between the diodes 344 and 346 through a
current limiting resistor 364. A base thereof is con-
nected to the HOLD timing signal generated by the
timing controller 130 and also to a pull up resistor 366
connected to a +5 volt supply. When HOLD is as-
serted or true, the transistor 362 conducts and opens the
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inverting input of the integrating amplifier by reverse
biasing the diode 346. When HOLD is not asserted or
false, the transistor 362 is open and the full wave recti-
fied, shaped and amplified burst preamble for a burst
passes through the diode 346 and reaches the integrat-
ing amplifier wherein the integral thereof is taken and
stored in the capacitor 352.

In practice the HOLD signal is selected so that there
will be an even integer number of full wave rectified
half cycles of burst preamble for each burst which will
actually enter the amplifier 348 and be integrated. The
even number provides for self cancellation of any signal
anomalies related to any lack of symmetry in the data
transducer 24, interface 36, read channel amplifier 310
or full wave rectifier 316-318. In this regard, the transis-
tors 316, 318 and 320 are preferably formed on a single
substrate so that any differences in electrical character-
istics are thereby minimized.

Defect Management

In magnetic disk data storage devices it is not practi-
cable to manufacture or use data storage disks over any
substantial time period which are free of repeatable
media defects. Defects may be of a variety of types and
resuit from a variety of causes.

In the manufacture of a data storage disk, usually
carried out in a “clean” environment, it is not uncom-
mon for a foreign particle to become adhered in the
magnetic media coating on the disk. If the particle is
non-magnetic, it is not possible to store a flux reversal at
its location. In addition, the presence of the particle may
cause unwanted magnetic flux distortions in the adja-
cent area. If the particle is permanently magnetized, it
will create an unwanted flux transition and lead to a
data error.

The defect may not be a foreign particle but rather a
pinhole or void which does not contain magnetic media.
Finally, the defect may arise after manufacture in the
event that a foreign particle becomes dislodged inside
the head and disk assembly and is crashed into the disk
surface by the low flying data transducer. A head con-
tacting the disk caused by sharp impulse jarring of the
disk file subsystem may also create an uneveness or
asperity on the disk data surface resulting in a defect.
The term defect as used herein means not only flaws on
the data surface which yield hard (repeatable) data
errors, but also conditions in which servo sector infor-
mation may not be properly recovered.

In order to manage defects it is necessary to replace a
sector or track containing a defect with a spare sector or
track. In accordance with an aspect of the present in-
vention, a multi-tiered or layered approach is taken to
management of media defects.

A first tier of the defect management method relies
upon an in-line defect map which is generated for media
defects which are identified and located during the
manufacturing process. This in-line defect map, made
and used by the microprocessor 102, records the re-
placement of a defective physical sector with the next
in-line physical sector. While the numbers of the physi-
cal sectors are not changed in this process, the numbers
of the logical block sectors are changed. Correlation
between physical sector and logical block sector num-
ber is provided by the microprocessor in real time under
program control.

The first tier, in-line replacement of following sectors
for defective sectors is illustrated in FIG. 15A. The
physical sector identification number for each of the
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thirty two sectors of a track n is given above each sector
block. Two of the blocks are labelled “bad”, meaning
that each contains a media defect. The logical block
identification number for the remaining blocks runs in
ascending order, but the defective sectors have been
mapped out of this order in accordance with the defect
map. When a physical sector which is known to be
defective is encountered during a read or write process,
the microprocessor 102 knows of this defect and causes
a one sector delay in the operation of the data controller
106, which thereby skips over and ignores the defective
sector.

Some media defects simply so not appear until after
the system has left the point of manufacture and has
arrived at the user’s premises. Rough handling of the
drive during shipment may cause particles to become
dislodged within the head and disk enclosure, and as
already explained, these particles may contribute to
asperities on a data surface leading to hard data errors
and media defects. Since user data has likely already
been recorded on the data surfaces, an in line substitu-
tion is not practical, since it would require relocation of
all data following the newly developed defect. The
second tier of defect management provides for a mecha-
nism by which a field media defect may be managed by
the system 10 automatically and with minimum degra-
dation of system performance and data throughput.

As illustrated in FIG. 15B, the subsystem 10 employ-
ing three data storage disks 22 has six major, data stor-
age surfaces: surface 0, surface 1, surface 2, surface 3,
surface 4 and surface 5. Since the six required data
transducers 24 are ganged together in vertical align-
ment and are commonly moved radially by the single
actuator assembly 30, as diagrammatically depicted in
FIG. 3, there are effectively six data tracks for each
radial track location position.

As illustrated by FIG. 14, there are 823 cylinders of
user data tracks, and seven cylinders of system software
(which includes the media defect map recorded on
multiple tracks for backup). Each track location is re-
ferred to as a “cylinder”, and a single cylinder is de-
picted logically by the FIG. 15B diagram.

For every cylinder location, two sectors are initially
reserved as spares for factory defect management at the
first tier level. Preferably, these spares are located at the
end of a track at the highest physical block address
(surface 5). If, during use of the system 10, a hard error
is detected in a particular sector, such as the sector
labelled “bad” in the track of cylinder n, surface 2 of
FIG. 15B, that sector is automatically replaced by the
microprocessor 102 with the first available spare sector
e.g. a spare sector available at surface §, cylinder n, and
the media defect map is amended accordingly to note
this substitution. Subsequently, the first “spare” sector
is read from and written to in lieu of the *“‘bad” sector of
surface 2 (unless it had already been used for defect
management at the first tier factory level or during
previous field defect management at the second tier).
No movement of the actuator 30 is required in this
example, and the microprocessor 102 handles the neces-
sary tasks of head select and latency so that the informa-
tion of the first *“spare™ sector is properly handled by
the data controller 130. In this defect management situa-
tion in which no actuator movement is required, the
anly loss of performance of the system 10 is the time
delay of approximately one disk revolution required to
get to the spare sector location and then return to the
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next sector immediately located after the bad sector
which has been replaced by the spare sector.

If both spare sectors of a particular cylinder have
been previously used up by operation of the media de-
fect management arrangement of the subsystem 10, then
the microprocessor 102 commands a search for an avail-
able spare sector in the nearest cylinder location. The
microprocessor first looks outwardly by one cylinder,
then inwardly by one cylinder, then outwardly by two
cylinders, then inwardly by two cylinders, and so forth,
until an unused spare sector is located. Once a spare
sector is located, the next logical block is assigned to the
physical address of the spare sector so located, and the
defect map is amended accordingly. The closest avail-
able spare sector is always chosen by the microproces-
sor 102 after its search for spare sectors in order to
minimize the amount of actuator movement required to
access the spare sector replacing the bad sector.

A third tier of the media defect management method
of the system 10 concerns defective servo burst infor-
mation. If for some reason, a predetermined number of
successive qualification areas in a single data track is
defective or has become damaged or destroyed after the
system has reached the user, a spare track located pref-
erably in the system software area is swapped for the
defective track. This swap is handled by the defect
management routine and is required because a defective
qualification area 250 may lead to improper sampling of
the servo burst information and incorrect servo opera-
tion. This consequence may cause the head 24 to over-
write adjacent tracks with considerable resultant dam-
age. The microprocessor 102 makes this track substitu-
tion automatically under program control, and the use
of a substitute track is transparent to the user system,
save for the actuator access time required to reach the
spare track and then return to the point of departure.

One important advantage of the defect management
method employed by the subsystem 10 is that the logical
beginning of each data track may be skewed slightly in
ascending head number order so that ascendant head
selects and head settling at a next selected data surface
may be accomplished in a fraction of a disk revolution,
irrespective of vertical tilt. This method vastly simpli-
fies other forms of defect management which e.g. gen-
erate gaps around the defect, thereby either extending
the length of a track, or requiring a gap space for defect
management in each track. With the six data surfaces
depicted in FIG. 15B, the aerial overhead for defect
management (except for spare tracks) amounts to
slightly more than one percent (1.04%) of useful data
storage area.

Servo Writing Apparatus and Method

FIG. 16 illustrates diagramatically the servo writing
process and apparatus employed during manufacture of
each system 10. An automatic servo writer 400 is inter-
faced to and supervised by a supervisory computer 402,
This computer 402 may be a small general purpose
computer, such as the IBM Personal Computer T™M, in
the event that only one servo writer 400 is being super-
vised. In a production environment where several or
many servo writers 400 are in continuous use, the com-
puter 402 requires greater processing capacity and
speed, and a minicomputer architecture with input/out-
put processors for each channel to a servo writer 400
works well.

The head and disk assembly 12 on which servos are to
be written reaches the servo writing operation in a state

10

20

30

35

45

50

55

60

65

24

in which it has been assembled and closed, but not
sealed. The electronics circuitry of FIG. 6 on the circuit
board 47, other than the head interface circuit 36, has
not been attached to the HDA 12 yet. Since the servo
writing operation requires access to the interior of the
HDA 12, this operation is carried out in a clean, parti-
cle-free environment. The HDA cover 13 includes a
hole 406 (FIG. 4) directly over a small portion of the
light and dark pattern 22 of the disk clamp 18 (FIG. 1).
The HDA caver 13 also has an arcuate slot 408 (FIG. 4)
directly over a servo writer hole 404 (FIG. 1) in the arm
assembly 28 of the HDA 12. After the servo writing
operation for a particular HDA 12 is completed and
verified, the hole 406 and the slot 408 are covered with
airtight seals to prevent intrusion of unwanted particu-
late contamination.

The servo writer 400 includes a bed 410 which aligns
and holds the HDA 12 in a precise orientation for servo
writing. An optical transducer head 412 including a
light source and a photodetector is automatically posi-
tioned over the hole 406 so that it is approximately five
millimeters above the pattern 20. The emitter-detector
optical transducer head 412 and its processing circuitry
are separately contained on a small printed circuit sup-
port card 414.

The head 412 responds to the thirty-two alternating
light and dark patterns 20 of the head and disk assembly
12 for which servos are to be written by putting out a
trapezoidal waveform over a line 416 which extends to
processing circuitry located in an HDA controller 418.
In the controller 418, the trapezoidal current is con-
verted to a voltage and then compared against a refer-
ence voltage to generate a square wave optical sector
clock signal O which is sent over a control bus to servo
control electronics 420. The controller 418 also includes
circuitry which automatically controls and adjusts the
gain of the light emitter in the head 412. The light emit-
ter of the head 412 operates in the visible spectrum at
approximately 700 nanometers wavelength. The head
412 also includes a suitable lens assembly for focusing
the emitted light onto the hub and the reflections there-
from onto the photodetector. A Hewlett-Packard type
HBCS-1100 assembly works well for the head 412.

The servo writer 400 also includes a pin 422 mounted
on a rotatable lever 424 having a journal 426 about the
same axis of rotation as the rotary actuator 30 (FI1G. 1)
of the HDA 12. The pin 422 is lowered automatically
through the slot 208 and into the hole 404 of the rotary
actuator arm 28 by operation of a step motor 428 oper-
ating under the program control of the computer 402 in
accordance with control signals received over a line 430
from the HDA controller 418. The pin 422 is of smaller
diameter than the hole 404 in the arm 28.

In order to ensure precision during servo writing, a
reverse direction bias current is applied to the coil 34 of
the rotatary actuator. A precise step motor 432 having
e.g. 25,000 steps per revolution rotates a lead screw 434
which is connected precisely to displace the lever 424
and thereby move the actuator arm 28 and heads 24 in
very precise one third nominal track pitch steps
throughout the range of tracks of the system 10. Step
control signals are provided to the motor 432 over a line
436 from the HDA controller 418.

A cable 438 plugs the HDA controller 418 into the
flex cable 40 extending into the HDA 12 which later
provides for connections to the system 10 electronics,
FIG. 6, thereby providing the servo writer 400 with
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electrical connections to the actuator coil 34 and to the
heads 24 via the interface and head select circuit 36.

The servo control electronics 420 includes a com-
puter interface 440 which interfaces an internal control,
address and data bus 442 with like buses 444 of the
computer 402. The interface 440 also includes appropri-
ate address decode circuitry so that the servo writer 400
will be able to respond to commands from and return
status information to the computer 402.

A control panel 446 includes operator controls and
status displays so that an operator may manually super-
vise the servo writing process and monitor status of the
operation.

A 30 MHz clock and synchronizer 448 is used to
generate two clocks, a 30 MHz clock used in the timing
equalization process with respect to the optical sector
clock O, and a 15 MHz clock C used throughout the
servo writer electronics 420. The optical sector clock O
is phase synchronized to the 30 MHz reference clock by
the synchronizer 448 within a 33 nanosecond latency.

An optical sector and qualification area counter and
timer performs two functions. At the beginning of the
servo writing operation, the time (distance) between
each optical sector clock O edge is measured against the
30 MHz clock thirty two times, for each of the thirty
two sectors. Typically, each measured time will vary
slightly from the nominal 512 microsecond per sector.
This is due to mechanical tolerances in the manufactur-
ing process, and such factors as spindle motor jitter,
runout of the spindle, etc. The total sum from the thirty
two time measurements is then divided by the computer
402 by 32 to obtain an average sector time. This average
value is then the nominal value for each sector, and the
sum of all actual sector times will equal the sum of 32
average times. Next, the optical sector time for each
sector is measured and stored in memory in the com-
puter 402. A correction value is calculated, based on the
difference between average sector time and actual sec-
tor time. This correction value is then loaded into a
timer in the block 450 for each sector. When the timer
counts out, it is time to begin writing the qualification
area, and an appropriate control signal is thereupon sent
to a qualification area and servo burst timers block 452.
Whereas the time between an optical sector clock O
edge and the start of the qualification area for the sector
may vary for each of the thirty two sectors, the time
(aerial track distance) for each sector equals the nominal
value and is the same for every other sector.

The qualification area and servo burst timers generate
timing edges appropriate to the writing of each qualifi-
cation area pulse pair and servo burst, in accordance
with the FIG. 7 servo burst layout diagram. The data to
be recorded in a particular servo burst is preloaded into
a random access memory 454 from memory of the com-
puter 402, During the servo writing operation, the
memory 454 is addressed by a servo address controller
456 operating under the control of the qualification area
and servo burst timers 452. Parallel by bit, serial by
word data is sent from the memory 454 into a data
serializer 458 wherein the data is serialized and con-
verted into a return-to-zero format for recording onto
the data surface via the selected transducer 24. A write
controller 460 inhibits writing operations except those
which are appropriate for the particular track incre-
ment being recorded, it being understood that the head
24 will be stepped three times for each data track. Since
only the qualification area and a single servo burst will
be written in every increment, the write controller 460
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prevents any other bursts from being overwritten dur-
ing each servo writing track increment operation.

A Modulo 32 sector counter 462 counts each optical
sector clock O edge and provides the count to the com-
puter 402, so that is knows the sector number for the
sector to be written. An HDA controller interface 464
includes drivers and interface circuitry for connecting
the interface controller 418 to the interface control
electronics 420.

Each like servo burst for each sector is written se-
quentially to all data surfaces of the same *““cylinder” or
actuator position. Then, the servo writer 400 commands
the precise step motor 432 to increment one third of a
track pitch, and the data surfaces of the next cylinder
are then written written with servo bursts in sequence.
After all of the servo bursis have been written, the
HDA 12 is connected to a test facility including the
drive electronics, and proper servo operation is veri-
fied, and the first tier of factory defect management is
carried out in a format operation. The HDA 12 is then
mated with its electronics board 47 containing the FIG.
6 electronics, and operation of the integrated subsystem
10 is then verified at system checkout. The data storage
subsystem 10 is then complete and ready for use by the
customer.

Control Program for Microprocessor 102

In accordance with control program routines resident
in the ROM 104, the microprocessor 102 executes three
principal blocks which are symbolized by the three
circles drawn within the rectangle 102 in FIG. 6. In
executing these blocks, lookup tables are used in prefer-
ence to calculations, since retrieving parameters from a
look-up table may be carried out much more rapidly
than if the parameters were calculated in the arithmetic
logic unit (ALU) of the microprocessor 102.

The first block 212 is called “Main Time” and this
block 212 contains a collection of routines which in-
clude Power On Reset, Defect Management, and other
necessary housekeeping routings, such as spindle motor
speed monitoring, not directly related to head trans-
ducer position or the handling of commands and status
words passing through the SCSI interface controller
110 between the subsystem 10 and the host computing
environment within which the subsystem 10 is operat-
ing.

The second block 214 is a position interrupt service
routing (POS_ISR) and is a high priority interrupt
called at WEDGE time (FIG. 8) for each sector. This
routing 214 is thus executed 32 times during each disk
revolution, corresponding to the 32 servo sectors 52.
This POS'ISR routine is responsible for controlling the
position of the transducer heads 24 by operating the
rotary actuator 30. This is true during both seeking and
track following operation, as will be explained in
greater detail.

The third block 216 is the SCSI interrupt service
routine (SCSI_ISR) and is a low priority interrupt
called whenever a command has been received through
the interface controller 110 from the host.

In executing the control programs, the microproces-
sor 102 spends approximately the first 300 microseconds
of every sector time interval in the POS-ISR routine
214. The remaining approximately 212 microseconds of
each sector find the microprocessor in Main Time 212
doing housekeeping, defect management, etc., or
merely waiting for a command interrupt, or responding
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to a command interrupt by executing the SCSI_ISR
routine 216.

As already mentioned, one important routine of Main
Time is the Power On Resent. During this routine, the
microprocessor 102 commands the motor driver 136 to
spin the disks 22 up to operating angular velocity (3662
RPM) by a signal over the control line 160. Motor
speed is constantly monitored by the microprocessor
102 by timing a commutation signal received from the
driver 136 over a line 162. If motor speed falls below a
nominal value at any time during system operation, the
microprocessor 102 takes the system 10 out of service
by a status signal sent through the SCSI interface con-
troller to the host computer.

Another inititial routine is the Recalibration proce-
dure. This procedure includes an adaptive determina-
tion of certain parameters of the subsystem 10 which
may be unique to the particular device. Two NULL-I
values are calculated, one for track seeding (also known
as the “coast” actuator current value), and the other for
track following (also called “servoing”). The NULL-I
or null current values are current values which are
applied to the rotary actuator 30 so that it does not
move during servoing or so that it coasts at a constant
angular velocity during seeking. These values are re-
quired as the flex circuit 42 applies a bias force to the
actuator 30, and other characteristics of the actuator 30
may vary with time, temperature, and/or physical ori-
entation of the subsystem 10.

Another adaptive value calculated during Power-On-
Reset is a servo AGC value for each track. As is known,
flux transition amplitudes vary as the head moves from
an outer track to an inner track. The AGC value cor-
rects for these read channel amplitude variations during
servo time. The AGC value is put out to the read chan-
nel 124 from the DAC 125, as already explained.

An adaptive constant value KAG, explained herein-
after, is calculated for each head, and these values are
stored in memory during Power-On-Reset.

In order to calculate the NULL-1 KAG and AGC
values, the microprocessor 102 commands the actuator
30 to move the heads to physical cylinder location 829
and calculates the NULL-I value, KAG value and
AGC value for that location. Then, the actuator 30 is
commanded to physical cylinder location O, and the
NULL-I, KAG and AGC values are calculated for
track O. The microprocessor 102 then spreads the dif-
ferences between the track 829 NULL-I and track O
NULL-I values linearly over all of the intervening cyl-
inder location. The same linear spreading (slope) is
carried out for the AGC values, and the slope values are
stored in memory for use during subsequent operations
of the subsystem 10.

During the track seeking operation, the coast NULL-
I is also determined and recorded in a register by the
microprocessor 102. Once the determination of the
track O NULL-I and AGC values are completed and
the slope is calculated and stored in memory, the sub-
system 10 is ready to operate, and its on-line status is
signalled to the host. Upon completion of the Recalibra-
tion routing in Main Time, the microprocessor 102
enters a loop, awaiting a WEDGE interrupt for PO-
S_ISR or for a command interrupt for SCSI_ISR.

During the initial portion of Recalibration, default
values are used for NULL-I, and the AGC values are
acquired by a fast successive approximation, so that the
microprocessor 102 is able to command movement to
track 829 and to read the burst amplitudes and servo

20

25

30

35

45

50

55

65

28

burst data bytes held in the data controller 106. The
default value for NULL-I is 128, which represents a
zero current midpoint of the 256 current steps capable
of being commanded and put out by the DAC 120. The
default value for AGC is determined empirically, based
upon typical head and read channel characteristics at
tracks 829 and O.

When a SCSI command interrupt occurs and the
microprocessor 102 is in Main Time, the microproces-
sor leaves Main Time, by first pushing parameters from
any uncompleted process onto the stack together with a
return pointer and then enters the SCSI_ISR routine
216. The host command is brought into the micro-
processor, decoded, and executed. If the command
includes a seek, the microprocessor converts the logical
block address from the SCSI interface into a physical
sector location and preloads cylinder/head location and
seek direction parameters into registers which will be
accessed during execution of the POS_ISR routine. No
seeking activity begins, however, until WEDGE time
occurs, and the microprocessor 102 jumps to the PO-
S_ISR routine 214.

It should be noted that a logical barrier exists be-
tween the POS_ISR routine 214 and the Main Time
and SCSI_ISR routines 212, 216. This logical barrier is
denoted by the dashed line across the block 102 of FIG.
6. When the microprocessor 102 is in the POS_ISR
routine, it does nothing else. When the microprocessor
102 is in Main Time or SCSI_ISR, it does no actuator
positioning; and, during these times, the position values
are held in the DAC 120 until they are updated during
the next WEDGE time when the microprocessor 102
again attends to the POS_ISR routine. Thus, even
during seeking operations, after the POS_ISR routine
214 has been completed and exited, the microprocessor
102 is free to execute e.g. defect management routines
and carry on other housekeeping tasks, until the next
WEDGE time arrives.

The POS_ISR routine 214 performs three tasks.
Upon receipt of the WEDGE signal (FIG. 12), the
microprocessor 102 exits whatever routine it was per-
forming, saves appropriate values and enters the PO-
S_ISR routine 214. First, it reads the amplitude values
of the A, B, C and D bursts and records these values in
registers. It then determines and records the identity of
the burst with the largest amplitude.

Then, the program branches, in accordance with a
seek flag. If this bit is set, the microprocessor 102 exe-
cutes the seek routine, FIG. 17. If the bit is not set, then
the microprocessor executes the servo routine, FIG. 18.
After the selected routine is completed, the remainder
of the POS_ISR routine 214 is taken up with house-
keeping tasks. Then, the microprocessor 102 returns to
Main Time and either awaits a command or resumes
processing of any unfinished routine. At the arrival of
the next WEDGE interrupt signal, the microprocessor
leaves the Main Routine and once again executes PO-
S_ISR.

Seek Routine, FIG. 17

In carrying out the seek routine depicted in FIG. 17,
the microprocessor 102 transfers the three bytes from
the data controller 106 obtained from the largest ampli-
tude burst just read at a node 502. These bytes include
current track position number (2 bytes: TRKHI and
TRKLO) and head or sector (see FIG. 11). A quick
check sum is calculated which is contained in the
TRKHI byte in order to confirm the accuracy of the
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data read. If the data is valid, the number of tracks to go
is then calculated, by subtracting at a node 504 the two
byte track destination number TDESHI and TDESLO
from the two byte track position number retrieved and
verified at the node 502. In making this calculation the
processor 102 takes the absolute destination value from
the absolute present position value. The sign of the
difference yields the direction of the seek. (The track
destination number was prestored in a register. in re-
sponse to a command received during execution of the
SCSI_ISR routing 216.)

Once the two byte tracks to go value has been calcu-
lated, a look-up table is entered at a node 506. This table
represents values corresponding to a plot of velocity
versus tracks to go. The result is extraction of a velocity
command VCMD which enters a summing node 508.

Next, the present angular velocity of the actuator 30
is measured by a digital filtering operation including a
summing junction 510 and a one sector delay 5§12. The
track number read at the last sector LTRKHI,
LTRKLO is subtracted from the present track number
TRKHI, TRKLO, and the difference is then multiplied
by a constant KV1 at a multiply step 514. The product
is the velocity measurement VMEAS. The velocity
command VCMD is now subtracted from the velocity
measurement VMEAS at the summing node 508 to
yield a difference value.

The difference value is then multiplied by a second
constant KV2 to produte an error value VERR. The
predetermined, adaptive NULL-I (coast) value is added
to the error value VERR at a node 516 to obtain the
number of current steps to be commanded at the DAC
120, labelled DACSTEPS. The DACSTEPS value is
then put out over the data bus and latched into the
DAC 120 where it is converted to an analog current
value to drive the actuator coil 34.

The KVI1 and KV2 constants set the gain for the
servo loop during seeking.

After putting out the DAC step value, the micro-
processor 102 performs some housekeeping chores
called ENDSEEK. It also checks to see if the actuator
has settled: It looks at the number of tracks to go
TTGHI, TTGLO. If this number is below low integer
value, it switches to settling for the next sample. it then
goes to the ENDPOSITION routine and thereupon
exits POS_ISR.

Servo Routine, FIG. 18

Returning to Example I, FIG. 8B, the B burst is the
largest burst. This actual phase of the four bursts is used
in combination with the desired phase in order to ad-
dress a jump table having 16 possibilities, e.g. A-D,
D-A, 32-(D-A), etc. Each of the possibilities provides
the microprocessor with the program instructions ap-
propriate to make a relative burst amplitude calculation
between two of the four bursts. In Example I, the calcu-
lation is e.g. A-D in order for the head to servo over
Track O. In Example II, the calculation is e.g. C-B in
order for the head to servo over Track 1. In example III,
the calculation is D-A in order for the head to servo
over Track 2, and is 32-(D-A) in order for the head to
servo to Track 3.

The actual difference calculation is performed by the
microprocessor 102 at a node 520 (FIG. 18). Next, an
AGC value is multiplied by the resulting difference at a
node 522. The AGC value is calculated for the current
sector. The AGC calculation is
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KAG, mentioned above, is an adaptive constant and
is nominally set for 128. This calculation is carried out
by reference to a look-up table in order to speed up the
process. The resultant value is a position error value,
POS_ERR.

The position error value POS_ERR is then multi-
plied by a gain constant K2 at a nod 524 in order to set
loop gain for the servo in the track following (servoing)
mode. The resultant product is a two byte number
PMS, PLS.

A previously calculated two byte value, CMS, CLS
which was derived from information obtained at the last
sector is subtracted from the current product PMS,
PLS at a summing junction 526 to yield the actual digi-
tal number of digital to analog converter steps, DAC
STEPS, required to move the transducer to maintain
track centerline alignment with the track being fol-
lowed. DAC STEPS is put out by the microprocessor
at a program node 528 over the data bus 150 to the
DAC 120 wherein the DAC STEPS is latched and
converted into an analog value applied to the actuator
driver 122. The actual processing time required from
the midpoint between bursts B and C of the present
sector until the new value is applied to the actuator
driver 122 is approximately 100 microseconds.

Now that the microprocessor 102 has completed the
position calculation for the present sector, it is free to
perform certain required housekeeping tasks, such as
calculating a new value for CMS, CLS for the next
sector. It also must adaptively update the NULL-I
value. In this regard, if the POS_ERR signal is equal to
zero, then Null-I does not change. If POS_ERR is
unequal to zero, than an integration occurs.

The POS__ERR signal is summed with a SUM_ERR
value at a node 530. The resultant is then divided by a
value at a node 532. If the quotient is a whole integer, it
is summed with the last value of Null-I at a summing
junction 534. If the quotient is less than a whole integer,
or greater than a whole integer but having a remainder,
the remainder is delayed by one sector time Z—! at a
node 536 to produce the SUM_ERR value which is
added at the integrating node 530.

The Null-I value put out from the summing node 534
(Null-I(k)) is delayed by one sector time at a Z— ! node
536 to produce the value added to the quotient at the
node 534. Another one sector time delay Z—1is applied
to the Null-I(k) value at a node 538 to produce a value
Null - I(k-1). This value is applied to two summing
junctions 540 and 542 in the main program path.

In the first junction 540, the Null—I(k-1) value is
subtracted from the most recent DAC STEPS value,
and the difference is then given a one sector time delay
by a delay node z—! and then multiplied by a constant
amplitude value (0.5) at a node 546 to yield a first prod-
uct. The PMS, PLS value is given a one sector time
delay at a Z—! delay node 548 and then multiplied by a
constant amplitude value (0.85) at a node 550 to yield a
second product. The first product and the second prod-
uct are summed at the junction 542 and the Null—I(k-1)
value is subtracted from the sum at this junction 542.
The resultant two byte value is CMS, CLS for the next
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sector. This value is held until the next sector is reached
and the servo routine is repeated.
The divisor applied at the division node 532 is a frac-
tion:

1
Kz({:g )(Wm

where W T is the rate of change of the Null-I value.

After the completion of the update routines, the
Servo routine depicted on FIG. 18 ends, and the pro-
gram returns to the main position routine POS_ISR
and carries on the ENDPOSITION routines as were
carried out after completion of the seeking routine
(FIG. 17) already described. Then, the program returns
to Main Time and resumes other tasks relating to com-
mands, defect management, etc.

Having thus described a presently preferred embodi-
ment of the invention, it will now be appreciated that
the objects of the invention have been fully achieved,
and it will be understood by those skilled in the art that
the presentation of the preferred embodiment is by way
of illustration and example only and is not intended to
be limiting in any sense thereof. The scope of the inven-
tion is as set forth in the following claims.

Although the presently preferred embodiment has
been presented in conjunction with a half height five
and one quarter inch non-removable disk Winchester
technology disk drive using sputtered thin film storage
media, many varying embodiments and applications of
the principles of the present invention will be readily
apparent to those skilled in the art. For example, remov-
able and non-removable floppy and rigid disks of larger
or smaller diameter may be used with equal success.
Performance of optical disk and linear media storage
systems may be substantially improved and enhanced
by application of described principles of the present
invention.

We claim:

1. A high performance, low cost rotating disk data
storage subsystem, the subsystem including:

a head and disk assembly comprising a storage disk
rotatable at a controlled angular velocity and hav-
ing at least one storage surface defining a series of
preformatted concentric data tracks having a plu-
rality of sectors in the data tracks including a servo
portion embedded at the beginning of each sector,
head means being moveable relative to said tracks
for reading data on said disk including servo infor-
mation recorded in each said servo portion, and
voice coil mover means for moving said head
means in response to electrical position control
drive signals,

an internal time shared bidirectional address/data
control bus,

an internal data block bus,

data block buffer memory means connected to said
data block bus for temporarily storing blocks of
data passing to and from the storage surface of the
disk,

programmed microcontroller supervisor means con-
nected to said control bus for receiving operational
data storage and retrieval commands via the bus
and for controlling the position of the head means
during track seeking and following operations in
response to servo information sampled form each
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servo portion and further in response to the com-
mands,

SCSI interface controller means connected to said
control bus and to said data block bus and operat-
ing under the supervision of said microcontroller
supervisor, said SCSI interface controller means
for receiving said commands from a host system
and sending them on to the microcontroller super-
visor means via the control bus, and for relaying
status words from the microcontroller supervisor
to the host system, for receiving data blocks from
the host and storing them temporarily in the data
block buffer memory means via the data block bus
and for sending data blocks temporarily stored in
the data block buffer memory means to the host
computer,

data sequencer and memory controller means con-
nected to said control bus and to said SCSI inter-
face controller means and operating under the su-
pervision of said microcontroller supervisor for
managing flow of data blocks to and from the disk
via the head, said data block buffer memory means,
and said data block bus, and for encoding data for
storage and retrieval, and for verifying the integ-
rity of, and correcting errors in data retrieved from
the disk,

first digital to analog converter means connected to
said control bus for converting digital head posi-
tion data received from the programmed mi-
crocontroller supervisor means via the bus into
electrical position control signals, and

amplifier means connected to said digital to analog
converter means for amplifying said electrical posi-
tion control signals into said electrical position
control drive signals and for supplying said drive
signals to said voice coil mover means.

2. The disk data storage subsystem set forth in claim

1 wherein said voice coil mover means comprises a
limited angular displacement rotary voice coil actuator.

3. The disk data storage subsystem set forth in claim
1 wherein said head means is carried upon a damped,
low mass in-line head assembly and wherein said voice
coil mover means for moving said in-line head assembly
comprises an electromechanical rotary actuator.

4. The disk data storage subsystem set forth in claim
1 wherein a first burst in each servo portion is offset
outwardly from a track centerline by one outward frac-
tional increments, a second burst in each servo portion
is offset from the track centerline by zero fractional
increments, a third burst in each servo portion is offset
from the track centerline by two outward fractional
increments, and a fourth burst in each servo portion is
offset from track centerline by one inward fractional
increment.

5. The disk data storage subsystem set forth in claim
4 wherein the fractional increment is one third track
width.

6. The data storage subsystem set forth in claim 1
wherein said microcontroller supervisor includes pro-
gram firmware means:

for executing ahead position routine during a prede-
termined one portion of the time duration of each
sector by processing servo information read from a
servo portion and by obtaining absolute position
information from the data sequencer and memory
controller means to derive head position control
signals, and for applying the signals to the digital to
analog converter means via the control bus to con-
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trol the head positioner during a portion of the
duration of the sector as an interrupt in all other
processing activity; and,
for processing during a predetermined other portion
of each sector time other activities including SCSI
commands that may have been received via the
SCSI interface controller means from the host.
7. The data storage subsystem set forth in claim 1
wherein the microcontroller supervisor is connected to
control the gain of a data read channel through which
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data recovered from the data surface by the head means
passes during the times that the servo bursts of each
sector pass below the head means.

8. The data storage subsystem set forth in claim 7
further comprising second digital to analog converter
means connected via said controlbus to receive digital
gain control values from the microcontroller supervisor
means and to provide analog control values to control

gain of the data read channel.
* * * * *



