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SYSTEM AND METHOD FOR CALIBRATING
A CORNER FREQUENCY OF A TUNABLE FILTER _
EMPLOYED IN A READ CHANNEL OF A DATA STORAGE SYSTEM

o v Satiien =

FIELD OF THE INVENTION

The present invention relates generally to

filtering a signal read from a data storage medium

and, more particularly, to a system and method fox

_calibrating'a corner frequency of a_tﬁnable filter

used for filteriﬁg a.signal read from a data storage

medium.

LPRLL s Beettme s« mminene

BACKGROUND OF THE INVENTION

Tunable filters, such as}integrated
continuous time filters (CTFs), are known to be
particularly useful when implemented in tlie read

channel of a disk drive system for purposes of

_filtering:readback signals obtained from a data

storage disk. A typical disk drive system includes a
magnetic medium for storing data in magnetic form and
a number of transducers used to write and read
magnetic data respectively to and from the medium.
Digital information is typically stored in the form of

magnetic transitions on a series of concentric, spaced
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tracks formatted on the surface of the magnetizable

rlgld data storage disks.

Reading data from a spec1f1ed dlsk location
is typically accomplished by using a read element of
the read/write head assembiy to sense the magnetic
field or flux lines emahétihg from the magnetized
locations of'the.disk. As the read. element passes
over the rotating disk surface,.the interaction
between the read elemenﬁ and the magnetized locations
on the disk surface results in the produétion of
electrical signals, commonly referred to as readback
signals, in the read element.

A filter employed in a read channel must
geﬁerally be capable of accdmmodating variations in
the data rate of the readback signals transmitted
through the read channel. The ability to precisely
tune such a filter is therefore of particular
importance. It is generally considered imperative
that a cutoff or corner frequency of ‘a tunable filter
used ih'such applications be adjusﬁable wiph'a-high
degree of precision. Such applications may also
require thét the tunable filter be'adjustable within a
range of selectable ¢utoff frequencies with high
precision. R

It is well understood ih'the art that
tunable filters implemented in integrated circuits,
such as VLSI chips for example, exﬁibit frequency
response characteristics that are sensitive to
technology and process variations. Technology
variationsf as well as factors reSqlting.ifom

circuit/filter design or impleméntétion,'often result

. in large tolerances with respect té the filter’s
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specified'cutoff frequency. Such Eblerances can

result in performance losses.

There exists a need for an'apparatus and
method for precisely adjusting the cutoff.frequency of

a tunable filter to a specified frequency or

- frequencies. There exists a need in.the disk -drive

systém manufacturing community for such an apparatus

and method suitable for implementation in-situ a disk

drive system and, more particularly, in-situ a read

channel of the disk drive system. The present

invention fulfills these and other needs.
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SUMMARY OF THE INVENTION

The present invention is direeted to a
system and method for calibratihg a corner frequency
of a tunable filter coupled to a read channel of a
data storage system to a desired frequency. A corner

frequency calibration method according to the present

invention involves generating a signal having a

frequency equal to the target corner~frequency and

'adjustlng a gain of the signal to a gain threshold

The gain of the signal is adjusted from the gain

threshold by a pre-established amountl such as by 3

dB.

The corner frequency of the signal is
shlfted until the gain of the 81gnag is substantially
equal to the gain threshold, at whqch point the corner
frequency of the tunable filter is pelibtated to the
desired_frequency. The ealibrated corner frequency of
the tunable filter'may be a low or high corner
frequency appropriate for f11ter1ng a data signal or a
servo signal. i : _ ‘
Shifting the corner frequency of the signal
typically involves shifting the corner ffequency of
the signal downWatd in frequency. Shifting the co;nef
frequency of the signal alsolinvelves shifting the
corner frequency of the signal while the gain of the
signal is held at a gain level equél to the gain
threshold plus the pre-established gain aﬁount.

| The method may further iﬁvolve converting
the signal from analog form to digital form to produce
a digital'signal. In this case, adjusting the gain of
the signal ifvolves digitally adjusting the gain of
the digital signal to a digital gain threshold.
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incrementally increesing the digital signal gain.
Generating the signal, according to one'embodiment,
involves generating a peak-detectab;e signal, such as
a triangular or sinusoida; signal. " The signal may be
an ECL (emitter-coupled-logic) sigﬁel or CMOS
(complimentary metal oxide eemiconductor['signal, for
example.

A.circuit for calibrating%a cutoff frequency
of a filter to.a desired frequency'includes a tunable
fllter and a varlable gain ampllfler coupled to the
filter and a signal source. The 31gnal source
generates a s1gna1 used in the corner frequency

calibration procedure.  An analog-to-digital conveérter

'(ADC) is coupled to the filter. The ADC -produces a

digitized signal in response to receiving the signal
from the filter. _ o '

A control circuit is coﬁpled.to the filter,
amplifier, signal source, and ADC. The control
circuit adjusts a gain of the digitized signal to a
gain threshold, increases the gain of the digitized
signal from the gain threshold by a pre-established
amount, and shifts the corner freq@ency of the
digitized signal untii the gain ofgfhe digitized
signal is substantially equal to tﬁe gain threshold,
at which point_the'corner frequency of the filter is
calibrated to the desired frequency: .

The signal source,_according to one
embodiment, includes a signal tranelaten. The signal
translator'communicatee a signal, such as an ECL
signal, generated by the signal source te the
amplifier. The signal source may further include a

sequencer coupled to the signal translator. The
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sequencer includes servo inputs coupled t'o a servo

voltage controlled oscillator and d%ta iﬁbuts coupled

to a tunable write voltage controlled oscillator.

The control circuit communicates control
signals to the signal source to set the signal source
to a frequency.to be divided into the desireq corner
frequepqy. The control circuit,coﬁprises'a digital
peak detector circuit that digitally peak, detects the
gain of the digitized signal received from the ADC.
The controlicircuit communicates a control signal to
the ADC to set a sampling frequency of the ADC. ADC
capture logic may be coupled betweeh the ADC and the
control circuit. A digital gain controllerxr is
tybically coupled between the contfol circuit and the
amplifier. ' The digital gain controller provides
amplifier control signals to the amplifier in response
to control signals received from the control circuit.

The filter may be impleménted as a tunable

lowpasé filter, tunable highpass filter or tunable

bandpass filter. The corner frequency calibration
circuitry may be implemented in-sigu a reéd channel of
a disk drive system. .

The above summary of the bresént_iﬁvention
is not intended to describe each embodiment or every
implementation of the present invention. Advantages
and attainments, together with a more complete

understanding of the invention, will become apparent ' E

and .appreciated by referring to the following detailea

description and claims taken in conjunction with the

accompanying drawings. . ' 5
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Fig. 1 is a top perspective view of a disk
drive system with its upper housiné cover removed;
Fig. 2 is a side plan view of a disk drive
system comprising a plurality of data storage disks;
Flg 3 is a diagram of chrcultry provided in
the read channel of a disk drive sxstem, the c1rcu1try'é
including a tunable filter and ciréuit elements that :
provide for high precision,_prograﬁmable digital |
adjustmeﬁt of a cutoff ffequency of the tunable filter _-
in accordance with the principles of the present
inﬁention;
| Fig. 4 is a graphicai illustration of the
frequency fesponSe of a tunable loﬁpaes filter having
a cutoff frequency'that is adjustaple according to an
embodiment ‘of the present invention; .
Fig. 5 is a g;aphicallillustration of the
frequency reeponse of a tunable lowpass_filtef having

a cutoff frequency that is.subject- to adjustment

- according to an embodlment of the present invention;

Fig. 6 deplcts in flow dlagram form several .
steps involving the calibration of a cutoff frequency
associaﬁed with a tunable lowpess filter according to
an embodiment of the present invention; v '

Fig. 7 is a flow diagramdepicting several
steps involving the calibration of:a cutoff frequency
associated with a tunable lowpass filter according to
another embodiment of the present invention; .

Fig. 8 depicts in flow didagram form several
steps involving a setup procedure employed during

. . ! . .
calibration of a cutoff frequency representing the low
I
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end of a range of cutoff frequencies associated with a
tunable lowpass filter according to an embodiment_of
the ﬁresent invention; |

' Fig. 9 is a flow diagram showing several
steps involving a setup procedure employed during
calibration of a cutoff frequency fepresenting the
high end of a range of cutoff freq&encies associated
with a tunable lowpass filter accoﬁding to an '
embodiment of the present invention;

" Fig. 10 depiets in fiow diagram form several
steps involving the calibration of a cutoff frequency
representing the low end of a range of.cutoff .
frequencies associated with a tunable lowpass filter
according to the present invention; and

Fig. 11 depicts in flow'diagram form several
steps involving the callbratlon of a cutoff frequency
representing the hlgh end of a range of cutoff
frequencies associated with a tunable lowpass fllter
accordlng to the present 1nvent10nl

While the invention is amenable to various
modifications and alternetive formsj specifics thereof
have been shown by way of example in the drawings and
will be described in detail hereinbelow. It is to be
understood, however, that the inteﬁtion is not to
limit the invention to the particular embodiments
described. On the contrary, the invention is intended
to cover all modifications, equivalents, and
alternatives falllng within the scope of the invention

as defined by the appended claims.
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vnraILED DESCRIPTION OF VRRIOUS EMBODIMENTS

in the following description of the
illustrated embodiments, references are made to the
accompanying drawings which form a part heréof, and in
which is shown by way of illustration, various
embodiments in which the invention may be practlced
It is to be~unders;ood that other embodlments may be
utilized, and structural and functional changes may be
made without departing from the scape of the_present
invention. - S '

A system and methodology,in accordance with
the pr1nc1p1es of the present 1nventlon provide for
hlgh precision, programmable dlgltal adjustment of a
cutoff frequency of a tunable filter. In one
embodimént, a tunable filter, suchjas a tunable
lowpass filter, is provided in théé;ead cﬁannel of a
disk drive system. The cutoff freQuencygof the
tunable lowpass filter is modifiabie across a range of
cutoff frequencies bounded by low and high cutoff '
frequencies, respectively. '

The range of programmablencupdff frequencies, in
accordance with one embodiment, is preferably
sufficient to accommodate data raté'variations in the
readback signal obtained from a data storage medium of
a disk drive system. The raﬁge of programmable cutoff
frequencies is also sufficient to accommodété servo
signal variations ‘in the readback signal obtained from
a data storage medium of a disk drive syétem.

In accordance with the principies of the
present invention, a corner freguency calibration
system and methodology provides a number of advanﬁages

unrealizable using conventional implementations. By
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way of -example, a high degree of ueer programmability

and programming flexibility is provided. 'After an

"initial set-up routine, for example? corner frequency

calibration occurs automatically_thbreafter. Another
advantage concerns a calibration epproecﬁ which
utilizes a digital peak detection system using ADC
digitized samples. ' {“ |

A corner frequency callbfatlon system and

methodology of the present invention effectlvely

‘eliminates the need to use fuse trims otherwise

required when ueing older technologies. A corner
frequency caliBration'approach congistent with the
present invention provides for tremendous test and
technology savings due to the internal nature of the
circuitry and the methodology employed. A calibration
engine; which is implemented in a control logic

circuit, represents the control centér for

- implementing a corner frequency calibration technique

of the present invention. The control logic circuit
provides for enabling and set-up of the appropriate
circuits for use during corner fre&uency calibration.
A corner frequency calibnation methodology
of the present invention may be viewed as a
calibrationﬁapproach that'uees the entire analog read
path to digitize an internally genérated signal that
is frequency and gain controlled. 1In general terms, a :
corner frequency callbratlon procedure of the present
invention passes a 31gna1 having a frequency equal to
the target corner frequency, through a contlnuous time
filter (CTF). The gain of the signal is adjusted to a
desired threshold, after which the'gain-is'increased
by a-specified amcunt._ Finally, tne corner frequency

of the signal is moved back until the desired

»
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corner frequency being properly_calibratéd to the
desifed frequency. o .

It will be readily apprec?ated by those
skilled in the art that the circuitry -and
methodologies described herein may %e applied in
filter applications other than those employed in a
read channel of a disk drive system. The skilled
artisan will also-recognize that tHe cutoff frequency.
calibra;ion.techniques described herein may be ueed in
connection with a broad range of tdhable.filters,
including, tunable bandpass and highpass filters, fo:'
examble. ' ,
' In accordance with one embodiment of the
present invention implemented in a disk drive system,
high precision calibration of the cutoff frequency of
a tunable lowpass filter may.be acccmplisped using '
existing circuit elements of the read channel. A
significant advantage associated with use of existing
read channel circuitry concerns the elimination ofn
technology'and process tolerances that could otherwise
adversely affect the accuracy of the filtexr’s cutoff
frequency, as well as the low and high cutoff
frequencies of . a range of selectable cutoff
frequencies. Another advantage includes eliminating
dependency on external signal processing electronics,
which eliminates the need to allocate addltlonal space
to accommodate such external circuitry.

Referring now to the drawings, and more
particularly to Figs.;l andsz, there is illustrated a
disk drive system'zo within which an apparatus and |
methodclogy for calibrating cutoff frequencies of a’

tunable filter provided in, or coupled to, a read
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channel according to the principleé of the present
invention may be implemented. The disk drive system
20 tyﬁically includes one or more rigid data étorage
disks 24, as is best shown in Fig. 2, which are
stécked coaxially in a tandem spaced relationship, and.:
rotate about a spindle motor 26 at a relatively high .
rate of rotation. As is depicted in Fig. 1, ecch disk
24 is typicglly formatted to include a plurality of
spaced concentric tracks 50, with each track being
partitioned into a series of sectors Sz'which; in
turn, are further divided into individual information
fields. One or more of the disks 24 may alternatively
be formatted to include a spiraled -track
cohfiguraticn. .

| An actuator 30 typically'includes a number
of interleaved actuator arms 28 with each arm having
one or more transducer 27 and slider assemblies 35
mounted to a load beam 25 for transferring ‘information
co and from the data storage digks-24. The slider 35
is typically designed as an aerodynamic lifting'body
that lifts the transducer 27 off the surface of the
disk 24 as the rate of spindle motox rotation
increases and causes the transducer 27 to hover above
the disk 24 on an air bearing produced bx high speed
of rotation of the disk 24. A conﬁormal lubricant may

alternatively be disposed on the disk surface 24 to

‘reduce static. and dynamic frictionébetween the slider

35 and the disk surface 24, : 5 _
The actuator 30 is typlcally mounted to a
stationary actuator shaft 32 and rotates on the shaft
32 to move the actuator arms‘za into and out of the
stack of data storage disks 24. A coil assembly 36,
mounted to a coil frame 34 of the actuator 30,
. Page 12
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generally rotates within a gap 44 defined between the
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upper and lower magnet assemblies 40 and 42 of a

'permanent magnet structure 38 causing the'actuator

arms 28, in turn, to sweep over the surface of the
data storage disks 24. The spindle motor 26 typically
comprises a polyrphase'AC motor or, alternatively, a
DC motor energizéd by a power supply 46 and adapted
for.rotating the data storage disks 24.

| The coil assembly 36 and. the upper and lower
magnet assemblles 40 and 42 .of the permanent magnet
structure 38 operate in cooperatlon as an actuator
voice coil motor 39.responsive to control signals
produced by a setrvo processor 56. The servo processor
56 controls the direction and magnitude of control
current supplied to the voice coil motor 39 The
actuator voice coil motor 39 produces a torqulng force
on the actuator ceil frame 34 when control currents of
varying direction and magnitude flow in uhe.coil
assembly 36 in the presence of a mqgnetic field
produced by the permanent magnet structure 38. The
torquing forces imparted on the actuator -coil frame 34

cause corresponding rotational movement of the

‘actuator arms’ 28 in directions dependent on the

polarity of the control currents fiﬁwing in the coil
assembly 36. i .

The servo processor 56, @hich cooperates
with read channel electronics 57, fegulates the
actuator voice coil motor 39 to move the actuator arms
28 and transducers 27 to prescribed track 50 and
sector 52 locations when reading and writing data to
and from the disks 24. The servo processor 56 is

loosely coupled to a disk drive controller 58. The

'disk drive controller 58 typically includes control
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circuitry and software that coordinéte the transfer of

data to and from the data storage disks 24. Although
the servo processor 56, disk drive ‘controller 58, and
read channel electronics 57 are depicted as separate
devices in Fig. 1, it is understood that the
functionality of two or ali of these devices may be.
embodied in a single multi-purpose ?rocessor, which
typically results in & reduced compbnent cost.

Turning now to Fig. 3, there is illustrated
an embodiment of circuitry for calibrating a cutoff
frequency of a tunable. filter which, durfhg normal
operation of a disk drive .system 20, recéiées a
regdback signal obtained from a dabé storage medium.
Thé.circuitry illustrated in Fig. 3, acddkding~to an
embodiment of the present invention, represents
existing circuiﬁiy provided in a read channel of a
disk drive system'which may be utilized uéing
methodologies of the present invention for purposes of
calibrating one or more cutoff frequencies of an '
integrated filter provided in the read channel.

In accordance with this ehbodiment, little
or no additional circuitry or significant modification
thereto is required to perform a tunable filter
calibration procedure accérding'to the present
invention. For disk drive systems employing read
channel circuitry differing significantly from that
shown in Fig. 3, it is bélieved that only minor
modifications or additions to existing read channel
circuitry need be made in order to implement a tunable
filter calibratiop procedure according t9 the present
invention. It is understood that :the techniqﬁes and

circuitry for calibrating one or more cutoff

'_frequencies of a tunable filter as described herein
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may be implemented and utilized in a wide variety of

electronic systems and, in particular, in varying
types of data processing and storiqé systems in
general. . '

Figure 3 depicts a number of components that
process information signals derived from a data
storage disk 73 using the read element of a read/write
head 71 durihg.norma} disk drive system operation.

The information signals obﬁained frEm the-surface of
disk 73 typically represent data or servo: 1nformat10n
stored thereon, but may include other types of
information. The information stored on disk 73 is
typlcally in the form of magnetlc transitions on a
series of concentrlc or serpentlne tracks. The
read/write head 71 may include a magnetoresistive (MR)
read element, a giant maghetoresistive'(GMR) read
element, a thin-film read element, or other type of .
" read transducer. It is understood that data storage

disk 73 may store optical 1nformatlon, in which case

~ read/write head 71 may include an optical -read

element.
- During normal operation, an information

signal induced in the read transducer of read/write

. head 71 is typically communicated to pre-amplifioation

electronics, such as an arm electronics (AE) circuit
or module 72. The AE module 72 ampllfles the readback
signal transmitted from the read/wrlte head 71,
typically from the mlcrovolt range to the millivolt
range. The amplified readback sigﬁal is communicated
from the AE module 72 to c1rcu1try 75 which further
processes the readback s1gna1 The elements of
circuitry 75 (excluding AE module 72, read/write head

71, and disk 73) are preferably, but not necessarily,
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various components of readback s1gna1 proqessing
circﬁitry 75 illustrated in Fig. 3 are components
typically employed in read channel applications.

In accordance with the embodiment
illustrated in Fig. 3, the readback signal brocessing'
circuitry'75 includes a variable gain amplifier 76
which is COupled to AE module 72 tﬂrough'a multiplexer
€5. A variable gain amplifier is understood in the
art as an amplifier having a gain that 1s alterable 1n
response to control signals, such as voltage control
signals. VGA 76 is coupled to a continuous time
filter (CTF) 78 through which readback 51gna1s{are
communicated and filtered during normal operation.

CTF 78, 'as will be discussed in greater detail
hereinbelow, represents a tunable filter which, when
ptoperly controlled in accordance with the principles
of the_preéent invention, provides for high precision
adjustment of the filter’'s cutoff frequency;,

CTF 78 is coupled to an ;nalog-to-digital
éonvgrter (ADC) 101 which digitizes analog filtered '

- readback signals paséed through CTF 78. During normal -

read operations, readback 81gnals output from ADC 101
are transmltted to downstream. c1rcu1try for further
processing along signal conductors (not shown) coupled'
to appropriate outputs of ADC 101. Digital output'
signals produced by ADC 101 and transmitted through

conductor 81 are used by the control: logic circuit 90

. when performing a -CTF cutoff frequency calibration

procedure in accordance with the'ﬁbinciples of the

present invention. . Lo ) I

In the embodiment shown in Fig. 3, VGA 76 is

used to normalize the amplitude of the readback signal

Page 16

IBM RO999-21%
Altera 504.48US01
Patent Application



10

15

20

25

30

This Sheet Has Been Replaced

T |

recelved from AE module 72 For e%ample, the readback

signal amplitude at the output of VGA 76/CTF 78 may be
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normalized at'800_n_1vdpp (differential peak-to-peak).
In accordance with the circuit configuration shown in
Fig. 3, a digital gain control converter 80 produces
control voltage signals which are transmitted along
conductors 77 to VGA 76 for purposes of adjustlng the
gain of VGA 76. The range of VGA qontrol voltages
typically span the range of exbected voltage signals
input_to VGA 76. For example, VGA control voltages -
ranging between -400 mV to +400 mV'corresponds to an

operating gain range of the VGA 76 that permits-

- normalization of the readback signal to 800 mVgpp.

. 'Gain control converter 80 produces gain
contiol voltege signals in response to digital words
received from control logic circuit 90. The gain
control converter 80 transmits the gain control
signals to VGA 76. As such, eontrol logic circuit 90
effectively controls the gain of VGA 76 during a

cutoff frequency calibration procedﬁre eccording to

‘the present invention. It is understood that the -

componentg depicted as individual éircuib elements in
Fig. 3, and other figures, may alternatiwvely be
integrated within one or more mult#ble—purpose
components. 3'

In one embodiment of the present invention
particularly well-suited for use in fllterlng readback
signals obtained from a data storage medlum, CTF 78 is
configured as a tunable lowpass filter. The ability
to prec1sely establish the cutoff frequency of CTF 78
within a range of cutoff frequenczes is typically
necessary in order to compensate fqr data rate .

variability in the readback signals transmitted
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through the read channel. An‘exemblary_cbntinuous

time filter which may be utilized in read channel
applications and controlled using the methodologies of
the present invention is deséribed in U.S. Patent No.
5,491,447 (Goetschel et al.), which is hereby
incorporated hérein by reference in its en;irety. CTF

78 may thus be cﬁaracterized~as a filter having a

~tunable frequency response, by which the cutoff or

corner frequency of the filter’s lowpass response is
adjustable within a range of frequencies bounded by a
low cutoff frequenéy, f;, and a high cutoff frequency,
£a. . . . '

CTF 78 includes a cutoff adjust input 89, a _
low calibration bit input 91, and % high ‘calibration
bit input 93, each of which is coupled to a
cérresponding-output of the control légic'circuit 90.
The cutoff adjust input 89 .is used to select a desired
cutoff frequency. Due to factors such aé technology
and process variatione, a selected CTF cutoff
frequency often differs from the aéfual'CTF cutoff
frequency. . _ ? i |

In accordance'with the pfinciples of the
present invention, the low and high calibration bit
inputs 91, 93 are used to precisely tune CTF 78 so
that the actual cﬁfoff frequency of CTF 78 matches the
selected cutoff frequency. Control logid circuit 90
generates digital words which are transmitted to the
cutoff adjust input 89, low calibration bit input 91,
and high calibrétion bit input 93 of CTF 78 to -control
the'frequeﬁcy response (e.g., cutoff frequency) of CTF
78. '

It will be immediately apparent to one

skilled in the art that precisely calibrating desired
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low and high cutoff frequencies, £l and f3, of a

tunable filter is a difficult undertaking in view of
inhefent technology and circuit imﬁlementation
factors, for example. Further, it may be necessary to
modi £y the low and high cutoff freéuencieé, £, and £,
-0f a tunable filter when read chanﬁei electronics or
operating requlrements are modlfleq
Turnlng now to Fig. 6, there is deplcted a
flow diagram show1ng several steps associated with
calibratiné a tunablé filter, such as a tunable
lowpass filtér (e.g;, 'CTF_78 shown in Fig. 3),
according to the present_inventionf Iﬁ broad and
general terms, a signal to be processed by a tunable
‘or programmable filter (e.g., CTF 78) during the
calibration procedure is generated'lso. The'signal'is
a peak-detectable éignal, such .as a triangular or
sinusoidal éignal. The signal is gene:afed_to have a
_frequency-equal to the target corner frequency and
which falls within the pass band of the CTF 78. The
"gain of the signal is adjusted 156 to a pré-
established gain threshold, as is indicated in the
output vbltage versﬁs frequency characterization of
CTF 78 provided in Fig. 4. |
Figure 4 is a graphical illustration of the

frequency response of a tunable lowpass filter, such
as CTF 78 shown in Fig. 3, having a cutoff frequency
that is -adjustable according to an embodiment of the
present invention. In Fig. 4, the .gain of the signal
is adjusted 156 until a pre-established gain threshold -
{e.g., ADC'threshold) is reached. After reaching the .
pre-established gain.threshold, the.gain-of the signal
is increased 158 from the gain threshold by a pre-

established amount. The tunable filter (e.g., CTF 78)
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is contxrolled so as to shift 160 th? corqef frequency

of the signal downward. Downward ehjustment of the
signai’s corner frequency continues 162 until the gain
of the signal is equal -to the pre-established gain
threshold (i.e., ADC threshold).

At the point of equivalency between the gain
of the signal and the gain threshold, the. corner
frequency of tﬁe tunable filter (e.é., CTF 78) is
calibrated 164 to the desired frequency. Figure 5
shows the frequency response of CTF 78 as fhe gain of

the signal is increased 158 from the gain threshold by

. the pre-established amount—in this case 3 dB-and the

signal’s corner frequency is downward shifted until
the'gain of the'signal equals the pre-established gain
threshold (i.e., point A in Fig. 5)

With continued reference to Fig. 3, a more
detailed descrlptlon of a CTF corner frequency
calibration methodology according to another
embodiment of the present invention will now be
described. A signal used in'the calibration procedure
is generated by signal translator 61. The signal
translator 61 is driven by a sequencer 107. A Write
VCO (voltage controlled oscillator) 63 provides a
proper signal to the sequencer 107. The sequencer 107
then divides the signal received from the WVCO 63 and
converts the divided signal to a signal having a ‘
frequency equal to the target corner frequency; This
signal is input into the VGA 76/CTR 78 via MUX 65.

As will be described in greater detail
hereinbelow, a frequency.parameter, referred to as an
N Value, is used to set the WVCO 63 to a desired
frequency. The N Value is transmitted from control
logic cifcuit 90 to WVCO 63 via a WVCO tuner 112. The
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WVCO tuner 112, vhich is coupled to the WVCO 63,
converts the N Value for purposes of setting the WVCO
63 to the correct frequency to be divided into the

desired corner frequency. Lo . .
| .
A Servo VCO (SVCO) 109 provides the proper

sampling frequency used by the ADC 101 via line 108.

'The output signal of the VGA 76/CTF 78 is digitized in

the ADC 101 and captured by ADC capture logic 103.
Line 81 is coupled between ADC 101 and ADC capture
logic 103, and communicates ADC output data. The
control lqgiC'circuit 90 receives these timed samples
from ADC capture logic 103, digitally peak detects the
value of the samples,'and makes the'appropriate |

diéital signal gain adjustments followed by

appropriate corner trim adjustments in accordance with

the calibration techniques described previously and
herelnbelow : '

Turning now to Flgure 7, ‘there is
illustrated in flow diagram form several steps
involving the calibration of a cut-off frequency
associated with a tunable or prograﬁmable low pass
filter according to a further embodiment of the
present invention. Upon initiating3the corner
frequency. calibration procedure 170, a humber of
parameters are initially established prior to
performing an automatic corner freiuency calibration.
In particular, six different inputé:are'established to
properly set-up the corner frequencb calibration.
These six.inputs are typically esﬁablished using
inputs received by a user. _

A sampling window is seletted 172. A
sampling window length specifies the time in which the

digital peak detector of the contro} logic circuit 90
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looks for valid samples. In one embodiment, the

specified time or sampling window length defaults to

'1,024 crystal clock cycles. The:ADC threshold level

is then set 174. The ADC threshold level, which

_represents'a pre-established -gain threshold, is a

threshold in the ADC 101 that the peak detector of the
control logic circuit 90 uses to détermine_if a sample
should be captured. In one embodiment, the ADC '
threshold level is programmable and defaults to a
positive detect level. The negative detect level is
calculated from user inputted positive value as it is
centered around an ADC threshold level code
corresbonding to a known sigﬁal stﬁte.

o The amount of attenuation or roll-off is’
selected 176. The size of the roll-off represents the

amount of attenuation the user wants to set the corner

frequency to. The VGA 76, according to one

embbdiment{ exhibits a .0.1 dB granularity per step, i
such that one code corresponds'to a step of 0.1 dB.

The attenuation is préérammable, according to fhis

embodiment, from 1 to 63 steps; and-defaults to a step-

value of 30, which corresponds to 3 dB of'attenuatiqn.

The number of samples is then selected 178.
This numbex représents the number Sf samples needed to
detect a valid threshold crossing. The numbér of
samples value is programmable, according to one
embodiment, froﬁflq to 240, and defaults to'a sample
number value of 64. . ’

An N Value which is used for establishing a
desired corner frequéncy is selected 150.‘ The N Value
for a desired corner frequency represents a value
which will be used during'the appropriate corner

frequency calibration (e.g., high corner or low
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corner) The N Value is used to set up the WVCO 63 to

the de51red frequency. In one embodiment,'the user
inputs four N Values, one N value for each of the four
corners (high and low) associated with readback signal
data and sexrvo data, respectively.

A Divider/filter setting is selected 182.
The Divider/filter parameter is seletted to obtain the
proper WVCO 31gnal d1v131on needed to attain
frequencies lower than 212 MHz. The D1v1der/f11ter
selection parameter is used in conJunctlon with the N
Value to attain the .proper frequenqy - The user
typically inputs all four D1v1der/§11ter settings for

all four corners (i.e., data high ahd low, servo high

" and low).

After performing the above—deseribed set-~-up
steps, there is typically a delay perlod of a. wait
time (e.g., 8191 crystal perlod wamt tlme) before the
calibration actually starts. This wait time is needed
to 1n1t1ate a coarse tune in the write syntheslzer
which w111 convert the N Value to the proper prescale
and tune bits to be applied to the WVCO 63. These
prescale and tune bits are use to program the WVCO 63 -
to the proper frequency : 5

During this wait period, all of" the
appropriate circuit enables and calibrate control
signals coérdinated by or within control logic circuit
90 are applied, thereby readying the system for the
calibration procedure. The control logie circuit 90
also sets up the sampling'frequency-of the ADC 101
during this wait period. Once the WVCO 63 is set up
to the proper frequency, the calibration procedure

starts by adjusting the corner calibrate bits to

~maximum, which pushes the corner out as far as
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possible. Then, the gain set-up preamblq is

initiated. The low and high cornef frequencies are _
respéctively calibrated 184, 186.iﬁ a manner described
in greater defail hereinbelow, thé completion of which
indicates the completion 188 of the corner frequency
calibration procedure..

'~ Returning again to Fig. #j.the signal which
the WVCO 63 provides via the sequeécer 107 is
preferably an ECL signal, which iséreceived and
filtered by an ECL-to-sine wave coﬂverter circuit (not
shown) provided in or coupled to VGA 76. The ECL-to-
sine wave converter circuit converts.the-EcL sighal to
a sinusoidal sighal by band pass filtering the input
signal using a selected bank of capacitors; This
sighal has élready been divided down in the sequencer
107 to the proper frequency before it reaches the VGA
76. |

The ECL-to—sine.wave converter circuit acts as an
alternate input to the VGA 76 while the VGA input

switches are open. This signal then travels through

the VGA 76 and CTF 78 and is digitjzed by the ADC 101,

which is sampling using the servo ﬂalf rate clock
provided by the sequencer 107 v1a line 108. .The
signal is gain adjusted in the VGA 76 to achieve the
proper signal level, which is then;detected by the

digital peak detector circuit .in tﬂe control logic

- cixrcuit 90 after the_taw.ADC samples are captured in

the ADC capture logic 103.

Once the appropriate gain is determined, the
control logic circuit 90 bumps or increases the VGA
gain code by the user—specified'amount. This is the
point in the procedure in which the actual calibrate

bits which control the CTF corner frequency are
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manipulated. The calibrate bits are adjusted until

the same threshold used to determine the gain set-up
is reached. This effectively moves the corner of the
CTF to 3 dB below the pass band.

This sequence of events occurs four times in
the case in which the channel calibrates a. data low,
data high, servo low, and servo high, preferably in
that .order. As was discussed pfeviously, the user
initially sets up the required six inputs discussed
with respect to Figure 7 and then the calibration of
all four corners in the above-specﬂfied order occurs
without any further set-up or user;ihtervention.. |

Turning now to Figure 8, there is
iliustrated-various steps involving a 1ow corner
frequency calibration set-up procedure in accordance
with an embodiment of.the present invention. Upon

initiation 200 of the low corner frequency calibration

set-up proceduré, a desired low corner fréquency cut-.

off is selected 202.- For example, a desired date'lcw
corner frequency may -be set at 96.5 MHz. Varioue'WVCO
frequency parameters are then selected 204 In -
partlcular, the proper N Value w1th Divider for the
desired corner frequency is determlned

By way of example, and assuming a desired
_low corner frequency of 96.5 MHz ig selected and a
valid WVCO frequency of 386 MHz is selected, the
Divider parameter is computed by 386 MHz = De96.5 MHZzZ,
from which D is calculated to be 4. Generally, the
Divider parameter, D, is a whole number which is
arrived_at'bylmodifying the WVCO freguency within a
valid range of frequencies after havihg established

the desired low corner frequency.
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‘The value of the Divider paramqter, D, may

26

be computed using the following formula: Valid VCO
Frequency = DividerOCo;ner Frequency. The N Value
parameter may be computed using the follgwing formula:
N Value = Valid VCO Frequencye32/Crystal Frequendy.
Given the parameters above, the N V%lue is computed as :
386 MHz#32/60 MHz = 206. |

In general, the N Value and Divider
parameters are computed by adjusting the WVCO
frequency within a valid range of_frequencies. If 206
the WVCO freqﬁency does not provide the desired values
for N Value and Divider, the WVCO ffequency or.
frequency parameters are adjusted 508 appropriately.
Thé N Value and Divider parameters'associated with the
l@w corner frequency parameters are stored 210 for
laterﬂuée during the low corner freéuency calibfation
procedﬁre, _ -

Additional low corner frééuency ca;ibration_‘
set-up steps involve providing correct settings for
the ECL Divider and input translator filter. 1In one
émbodiment, a high, mid, and low frequency range are -
considered valid choices. A hlgh frequency range
setting varies between 300-712 MHz_w1th no division.

A valid . mid frequency range setting'véries betwéen 70~
300 MHz.Qith divide by 2 or 4. A Jalid low frequency
range setting varies between 30-70 MH; with divide by

8. Having completed the low'frequency calibration

-. set-up procedure, ‘the low corner frequency calibration

pr0cedure may .be initiated 212.
Figure 9 illustrates various steps involving
a high corner frequency calibration set-up procedure

according to an embodiment of the presenﬁ‘invention.

After initiating the high corner ffequency calibration
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set-up procedure 220, a desired high corner frequency

27

cut—off is selected 222. By way of example, a desired

high corner frequency cut-off may be set at 427.5 MHz.

' WVCO frequency parameters are then selected 224,

The WVCO N Value and Divider parameters may,
for example, be established using the_formula provided
above (i.e., Valid WVCO Frequency = DividereCorner
Frequency). In one illuetrative exemple, the Divider
parameter hay be.set at 1, thereby prov1d1ng a-valid -
WVCO frequency of 427.5 MHz. The N Value may be

computed by the previously discussed formula (i.e., N

Value = Valid WVCO Frequency032/Crys£ei Frequency) .

According to this example, the N Value may be computed
as 427.5 MHze32/60 MHz = 228.
The WVCO frequency is adjusted 226, 228

during the WVCO frequency parameter selection or

" computation process as needed. The WVCO~high corner |

frequency parameters are stored 230 for subsequent use

‘during the actual high corner freqﬁency calibration

procedure, which may then be initi%ted'232.
| Figure 10 illustrates vaﬁious steps

invol#ing a low corner frequency calibration procedure
according to an embodiment of the present invention.
The low corner frequency calibration procedure
depicted in Fig. 10 advantageously . occurs .
automatically, without requirement of user or
processor interrupfion, after the low corner frequency
calibration set—up procedure of Fig. 8 hae been
completed. |

. With reference to Figs.'ﬁo and 3, after
initiating 240 the.low corner freq%ency caiibration
set-up procedure, the WVCO 63 is tuned 242 to the

appropriate frequency using the previously stored low
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corner frequency parameters (e.g., N Value) .

fllter band of the CTF 78 is set 244 to minimum. The
low ffequency cutoff'adjust bits (CAL bits) input to
CTF 78 via input 91 are set 246 to max1mum, and the
high frequency CAL bits input to CTF 78 via 1nput 93
are set 248 to a mid-level setting.:

The digitel gain'is adjusted 250 by the
control logic circuit 90 in coeperaﬁion with the
digital gain control converter 80 until the ADC codes
exceed the pre-established ADC threéhold. The digital

gain is increased incrementally 252, 254 in accordance

‘with the gain adjustment resolution of the VGA 76

until the digital gain is- 1ncreased from the pre--

'establlshed ADC threshold by 3 dB. * In one embodlment,

the VGA gain has a 0.1 dB granularlty per code step.
The desired 3 dB gain 1ncrease is achleved by bumping
the digital galn by 30 code steps (1 e., 0.1
dB/code®30 codes = 3 dB). :

When .the digital gain is increased from the
pre-established ADC threshold by 3 dB, the digital
gain is held 256 at this level, and the low frequency
CAL bits are adjusted 258, 260 unt11 the ADC codes

_reach the pre-established ADC' threshold. When the ADC

codes reach the pre-established ADC threshold, the low

corner frequency has been calibrated 262 to the

desired frequency.

Figure 11 illustrates various steps
ihvolving a high corner frequency calibration

!
procedure according to an embodiment of the present .

-invention;"The_high corner frequency calibration

‘procedure depicted in Fig. 11 advantageopsly occurs

automatically, without requirement‘of user or

processor interruption, after the high corner
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- frequency calibration set-up procedure of Fig. 9 has

been completed.

. With reference to Figs. 11 and 3, after
initia;ing 270 the high corner freqﬁehcy calibration
set-up procedure, the WVCO 63 is t@ned 21§ to the
appropriate frequency using the préviously stored high

corner frequency parameters (e.g., N Value). The

.filter band -of the CTF 78 is set 274 to maximum. The

high frequency CAL bits input to CTF 78 via.input'91
are set 276 to maximum. .; ,
The digital gain is adjusted 278 by the
control logic circuit 90 in copperatioﬁ with the
digital gain control converter 80 until the ADC codes

exceed the pre-established ADC threshold. The digital'

'gain is increased incrementally 280, 282 in accordance

with the gain adjustment resolution of the VGA 76
until the digital gain is increased from the pre-
established ADC threshold by 3 dB. . |

‘When the digital'gain is increased from the
pre-established ADC threshold by 3 dB, the digital
gain is held 284 at this level, and the hlgh frequency

CAL bits are adjusted 286, 288 until the ADC codes

reach the pre-established ADC threshold. When the ADC
codes reach the pre-established ADC threshold, the
high corner frequency has been calibrated 290 to the
desired frequency

It is understood that the low and hlgh
cutoff frequency calibration procedures discussed
above may'éach be implemented individually for
calibrating a respective low or high cutoff frequency.
The low and high cutoff frequency ealibretioﬁ
procedures may also be implemented 'in combination for

calibrating respecﬁive low and high cutoff frequencies
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of'a range of cutoff frequencies aegdciated with a
tunable filter. | :

The forego;ng descrlptlon of the various
embodlments of the invention has been presented for
the purposes of 1llustrat10n and description. It is
not intended to be exhaustive or to limit the
invention to the precise form disclosed. .Many
modifications and variations are pegsible in light of
the above teachiné. It is intended that the ecope of
the invention be limited not by this detailed

description, but rather by the claims appended hereto.
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What is claimed is:
1. A method of calibrating a corner frequency

of a tunable filter coupled to a read channel of a

data storage system'to a desired frequeﬁcy,'the method
comprising: '
| generating a signal having a frequency

substantially equal to the desired corner frequency;

adjusting a gain of the sgignal to a gain
threshold; :_ .
increasing the gain of the signal from the
gain threshold by a:pre-established amouht; and

shifting the corner frequency of the signal
until the gain of the signal is subétantially equal to
the gain threshold, at which point the corner
frequency of the tunable filter is calibrated to the

desired frequency.

2. The method of claim 1, wherein generating
the signal comprises generating a peak-detectable

signal.

3. The method of claim 1, wﬁerein.the-pre-

established amount is about 3 dB.

4. The method of claim 1, wﬁerein shifting the
corner frequency of the signal comﬁrises*shifting the

corner freéuency of the signal downward in freguency.
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5. The method of claim 1, further comprising

converting the signal from analog form to digital form
to produce a digital signal,.wherein adjﬁsting the
gain of the signal comprises digitally adjusting the
gain of the digital signal to a digital gain
threshold. ' '

6. The method of claim 5,'wherein increasing
the gain of the digital signal comprises incrementally

increasing the digital sigﬁallgain.

7. - The method of claim 1, wherein ehifting the

. corner-frequency of the signal comprises shifting the

corner frequency of the signal while the gain of the
signal is held at the gain threshold plus the pre-

established amount.

8.  The method of claim 1, iﬂcreasing the gain
comprises increasing the signal gain by the pre-
established amount of about 3 dB.

9. . The method of claim 1, whereln ‘the corner
frequency of a tunable fllter is a low or high corner

frequency approprlate for fllterlng a data signal.

10. The method of claim 1, wﬁerein'the corner
frequency of a tunable filter is a low or high corner

frequency appropriate for fiitering a servo signal.
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11. A circuit for calibrating' a cutoff frequency

33 § I

of a filter to a desired frequency,%comprising:
' a tunable filter;

a variable gain amplifier;coupled to the
filter and a signal source, the siéhal source
generating a signal having a frequehcy.substantially
equal to the desired frequency; ; .

_ an analog-to-digital conv?rter (ADC) coupled
to the filter, the ADC producing a aigitiﬁed signal in
response to receiving the signal from the filter; aﬁd

a control circuit coupled. to the filter,
amplifier, signal source, and ADC, @he control circuit
adjusting a gain of the digitized signal to a gain
thfeshold, increasing the gain of the digitized signal
from the gain threshold by a pre-established amount,
and shifting the corner freqﬁency of the digitized
signal until the gain of the digitized signal is
substantially equal to the gain threshold; at which
point the corner frequenc& of the filterxr is calibrated

to the desired frequency.

12. The circuit of claim 11, whergin the signal
source comprises a signal translator, the signal:
translator communiqating a peak-detectable signal

generated by the signal source to the amplifier. -

13. The circuit of claim 12, wherein the signal’
source further compr1ses a sequencer coupled to the
31gnal translator, the sequencer having servo inputs
coupled to a servo voltage controlled oscillator and

data inputs coupled to a tunable write voltage

" controlled oscillator.
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14, The circuit of claim 11, whereln the control

34
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c1rcu1t communicates control 91gnals to the signal
source to set the signal source to a frequency to be

divided 1nto the desired corner frequency

15. The circuit.of claim 11, wherein the control
circuit comprises a digital peak detector circuit that
digitally peak detects the gain of the digitized

signal received from the ADC.

16. The circuit of claim 11, wherein the control
circuit communicates a control signal to the ADC to

set a sampling frequency of the ADC.

17. The circuit of claim 11, '*further comprising
ADC capture logic coupled between the. ADC and the

control circuit.

18. The circuit of claim 11, further comprising
a digital gain controller ceupled between the control
circuit and the amplifier, the digital gain controller
previding amplifier control signals to the amplifier
in response to control signals received from the

control circuit.

19. The circuit of claim 11, wherein the filter

comprises a tunable lowpass filter.

20. The circuit of claim 11, wherein the circuit
is implemented in-situ a read channel of a disk drive '

system.
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21. A_data'storing system, comprising:

a data storage disk;

a data transfer head including a read

transducer coupled to a read channel;

an actuator for providingfrelative movement
between the head and the disk; and
a circuit coupled to the read channel for
calibrating a cutoff’frequenéy of a&filter to a
desired frequency, the circuit comprising:
' a tunable filter; :

a variable gain amplifier coupled to

"the filter and a signal source, the signal source

generating assignal;

an analog-to-digital converter (ADC)

coupled to .the filter, the ADC producing a digitizéd

'signal in response to receiving the.signal from the

filter; and

a control circuit coupled to the
filter, amplifier, signal source, and ADC, the control
circuit adjusting a gain of the digitized signal to a
gain threshold, increasing the gain.of the digitized '
signal froﬁ the gain threshold by a pré-established

amount, and shifting the corner frequency of the

' digitized signal until the gain of the digitized -

signal is substantially equal to the gain threshold,
at which point the corner frequency of the filter is

calibrated to.the'desired!frequgncy.

22. The system of claim 21, wherein the signal
source compiises a signal translator, the signal
translator communicating a peak-detectable signal

génerated by the signél source to the amplifier.

.
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23. The system of claim 22, wherein- the signal

source further'éomprises a sequencer coupled to the
signei translator, the sequencer having servo inputs
coupled to a servb.voltage controlled oscillator and
data inputs coupled to a tunable write voltage

controlled oscillator.

24, The system of claim 21, wherein the control
circuit communicates control signals to the signal

source to set the signal source to a frequency to be

divided into the desired corner frequency.

25, The system 6f claim 21, wherein the control
circuit comprises a digital peak detector circuit that
digitélly peak detects the gain of the digitized

signal received from the ADC.

26. The system of claim 21, wherein. the control
circuit communicates a control eignal to the AUC to .

set a sampling frequency of the ADC.

27. The system of claim 21, further comprising
ADC capture logic coupled between the ADC and the
: A

control circuit.

28. The system of claim 21, further comprising a
digital gain controller coupled between the control
circuit and -the ampllfler, the dlgltal gain controller
prov1d1ng amplifier control 51gnals to the ampllfler
in response to control signals rece;ved from the

control circuit.
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29. The system of claim 21, wherein the filter

37

comprises a tunable lowpass filter.

30. The system of claim 21, wherein the circuit

5 is implemented in-situ the read channel.
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