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[57] ABSTRACT

The present invention provides a method and system
for generating a position error signal from a signal pro-
duced by a read element detecting a track comprising
two harmonically unrelated patterns positioned parallel
to each other on a magnetic media. The apparatus of the
present invention produces a delayed signal from the
read signal produced by the read element. The read
signal is multiplied with the delayed signal to form a
product signal. The product signal is integrated to pro-
duce a position error signal, wherein changes in the
position error signal that are proportional to changes in-
position of the read ‘element over the two patterns posi-
tioned parallel to each other on the magnetic media.

37 Claims, 11 Drawing Sheets
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1

METHOD AND SYSTEM FOR POSITION ERROR
SIGNAL GENERATION USING AUTO
CORRELATION

BACKGROUND OF THE INVENTION

1. Technical Field

The present invention relates in general to a magnetic
media storage system and in particular, to a magnetic
tape storage system utilizing a servo system to position
a read/write head over parallel data tracks. Still more
particularly, the present invention relates to a method
and system for generating a position error signal for use
in paralle] track tape storage systems utilizing servo
systems to dynamically position a read/write head over
parallel data tracks.

2. Description of the Related Art

In high track density magnetic storage systems, man-
ufacturing tolerances, tape interchange, and thermal
and hygroscopic variations all cause track misalignment
of a multitrack tape format. Track densities on magnetic
tape are limited by the maximum possible track mis-
alignment between the magnetic tracks on the tape and
the transducer tracks in the read/write head. Reducing
the misalignment of the read/write head by using a
servo system to guide the read/write head relative to
the magnetic tracks allows the track width and guard-
bands to be decreased, thereby increasing recording
densities and resulting in better product performance.

Misalignment may be partially overcome utilizing an
indexing mechanism that performs initial alignment, but
does nothing to correct dynamic misalignments. A solu-
tion for dynamically correcting read/write head posi-
tion involves continuously sensing head-to-track posi-
tion as required for closed loop track following.

The current and prior art for obtaining servo infor-
mation from magnetic recording media fall into three
categories, which may be used singly or in concert to
correct misalignment between the data tracks and the
transducer elements:

(a) Isolated bursts of positioning information are stra-
tegically placed in the format of the storage medium to
allow correction of manufacturing tolerances and ma-
chine-to-machine variations (e.g., as taught in IBM
Technical Disclosure Bulletin, Vol. 31, No. 11, 04-89,
p-219, by Cannon).

(b) Periodic samples of positioning information may
be regularly interspersed with the recorded data (e.g.,
as cited in Research Disclosure n.328, 08-91), with the
positioning information consisting of any of several well
known recorded patterns, such as single frequency
bursts alternately displaced to either side of the desired
position, or multiple frequencies recorded on adjacent
tracks. Within the limitations imposed by the sampling
process, periodic and quasi-periodic alignment varia-
tions may be sensed and compensating corrections
made.

(c) Continuous tracks of positioning information may
be provided on the recording medium. This information
may be physically inscribed, included as a magnetic
sub-layer (both described in IBM Technical Disclosure
Bulletin, Vol. 23, No. 2, 07-80, pp.787-789, by Gruss &
Tietze), magnetically recorded in a formatting process a
priori use for data storage (e.g., IBM Technical Disclo-
sure Bulletin, Vol. 19, No. 3, 08-76, pp.810-813, by
Lewkowiez & Stephens), or recorded concurrently
with the recording of data (e.g., IBM Technical Disclo-
sure Bulletin, Vol. 25, No. 2, 07/82, pp.778-779, by T.
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A. Schwarz). Continuity of the position information
permits detection and correction of transient (non-peri-
odic, non-repeatable) misregistration conditions.

The positioning information is recorded in physically
(or logically) adjacent regions on the medium, and typi-
cally consists of magnetic patterns differing in fre-
quency, phase, encoded data, physical or time position.
A Position Error Signal is derived by detecting changes
in amplitude or phase from nominal; thus, noise occur-
ring as amplitude perturbations or as timing jitter cor-
rupts the detected positioning information. Satisfactory
performance of the servo systems in each category
depends on complicated and expensive servo writing
systems.

It would be desirable to have an improved method
and system, in a high track density tape storage system
utilizing a continuous track following servo head posi-
tioner, for generating a position error signal to correct
head/track misregistration requiring no precision servo
writer while minimizing noise induced errors.

SUMMARY OF THE INVENTION

It is therefore one object of the present invention to
provide a method and system for detecting the position
error between a read transducer and pre-recorded servo
tracks.

It is another objective of the present invention to
provide a method and system for detecting the position
error in parallel track storage systems utilizing servo
systems to position a read/write head over the data
tracks.

It is yet another objective of the present invention to
provide a method and system for generating a position
error signal for positioning a read/write head, con-
trolled by a servo system, over data tracks in a parallel
track storage system.

The foregoing objects are achieved as is now de-
scribed. The present invention provides a method and
system for generating a position error signal from a read
signal produced by a read element. The read signal is
generated in response to detecting a track with two
patterns positioned parallel and logically or physically
adjacent to each other on a magnetic medium. Changes
in the position error signal are proportional to changes
in position of the read element over the two patterns on
the magnetic media. The magnetic media may be of
various forms, including a magnetic tape utilized in tape
drive systems, and fixed or removable magnetic disks.

The system of the present invention produces a tri-
nary approximation of the read signal produced by the
read element. The trinary approximation is temporarily
stored for a predefined interval, then used to selectively
switch true and complement forms of the read signal
thus forming a product signal. Next, the product signal
is integrated to produce a position error signal, when
certain conditions are satisfied.

The Storage Delay, Taeisy, may be selected as fol-

lows:
m 4+ T
= |2

n
_'_T—vrdela)'="7-l =
m+ g

or
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-continued
1
fi m + e 1
%= s Tdeley = | m + 5~ Ty =nT

where m and n are selected positive integers, f) is fre-
quency of the first pattern on the magnetic media, 2 is
the frequency of the second pattern on the magnetic

media, T11/f1, T2=1/f3, and Taelay is the storage inter- 10

val. The two patterns are required to be harmonically
unrelated to each other.

The temporary storage in the present invention may
be a random access memory, wherein the trinary signal
is stored in the memory for a period of time set by the
delay before the signal is retrieved to produce the de-
layed signal. The analog read signal may be converted
to trinary digital form by simple comparators for stor-
age in the memory. An analog to digital (A/D) conver-
tor may be utilized to convert the analog signal into a
digital signal for storage in the memory.

The present invention also may have an address gen-
eration circuit such as a counter to provide addresses to
direct storage, delay, and retrieval of the digital signal
from the memory. A selection circuit may be utilized to
select the addresses generated, thereby selecting the
delay in the digitized read signal, and enabling alternate
choices for the integers m and n.

Two delays also may be utilized in accordance with a
preferred embodiment of the present invention. In a
dual delay system, another address generation circuit,

15

20

30

such as an adder, may be employed with the counter to .

provide a second set of addresses to produce a second
delay. The two delayed signals, produced by the two

delays, separately switch true and complement forms of 35

the read signal to produce two product signals. These
two product signals are subtracted from each other,
resulting in a differential signal that is then integrated
and averaged by the integration circuitry to produce a
position error signal. The order of subtraction is not
important in accordance with a preferred embodiment
of the present invention. Alternatively, the two product
signals each may be integrated and then the two inte-
grated signals are subtracted from each other to pro-
duce a position error signal.

The integration and averaging functions may be im-
plemented with a low-pass filter, such as a second order
low-pass filter. An automatic gain control circuit may
be added to normalize the read signal from the read
element, producing a normalized read signal for use by
the rest of the system. Additionally, a filter may be
interposed between the read element and the automatic
gain control circuit to prevent saturation effects in high
noise situations. :

When a read element in the tape head is at the center
of the servo track, equal portions of both patterns are
detected by the read element and are translated into a
read signal. In this situation, the resulting position error
signal will be zero. If the read element drifts away from
the center of the track, the proportion of the patterns
translated into a read signal will not be equal. Autocor-
relation of the signal will result in a positive or negative
position error signal, depending on which direction the
read element drifts from the servo track.

The above as well as additional objects, features, and
advantages of the present invention will become appar-
ent in the following detailed written description.
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BRIEF DESCRIPTION OF THE DRAWINGS

The novel features believed characteristic of the in-
vention are set forth in the appended claims. The inven-
tion itself however, as well as a preferred mode of use,
further objects and advantages thereof, will best be
understood by reference to the following detailed de-
scription of an illustrative embodiment when read in
conjunction with the accompanying drawings, wherein:

FIG. 1 is a graph of a sine function and an autocorre-
lation of the sine function;

FIG. 2 depicts a graph of a random signal and an of
the random signal; ’

FIG. 3 is a graph of a sine wave with additive noise
signal resulting from the autocorrelation of the sine
wave with additive noise;

FIG. 4 depicts a diagram of components in a parallel
track magnetic tape storage system in which a preferred
embodiment of the present invention may be imple-
mented;

FIG. § depicts a magnetic tape with data tracks and
servo tracks;

FIG. 6A shows a read element over a servo track;

FIG. 6B shows a read element over a servo track;

FIG. 6C shows a read element over a servo track;

FIG. 7 depicts transfer functions of two autocorrela-
tors different delays;

FIG. 8A is a simple block diagram of a position error
signal generation circuit using a dual delay in accor-
dance with a preferred embodiment of the present in-
vention;

FIG. 8B is a simple block diagram of a position error
signal generation circuit using a single delay in accor-
dance with a preferred embodiment of the present in-
vention;

FIG. 9A is a block diagram of the analog signal con-
ditioning portion of a position error signal generation
circuit common to both a dual delay and signal delay
signal processing method in accordance with a pre-
ferred embodiment of the present invention;

FIG. 9B is a portion of a block diagram of a position
error signal generation circuit using a dual delay in
accordance with a preferred embodiment of the present
invention;

FIG. 9C is a portion of a block diagram of a position
error signal generation circuit using a single delay in
accordance with a preferred embodiment of the present
invention;

FIG. 10 is a schematic diagram of a signal amplitude
check circuit 616 from FIG. 9A;

FIG. 11 is a schematic diagram of buffer 612, buffer,
614, FET 1-A, FET 1-B, FET 1-C, and FET 1-D from
FIG. 9B,

FIG. 12 is a graph of a transfer function of an auto-
correlator illustrating single delay embodiment; and

FIG. 13 is a schematic diagram of buffer 512, buffer
514, FET 1-A, and FET 1-C utilized for providing the
multiplication function for autocorrelation from FIG.
9C.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Autocorrelation is utilized in a preferred embodiment
of the present invention to provide a position error
signal. Generally, autocorrelation is a continuous pro-
cess that is applied to time-varying data to extract po-
tential cause-and-effect relationships between time-dis-
placed observations.
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The autocorrelation function describes the general
dependence of the values of data at one time on the
values of data at another time. The evaluation of the
time average of the integrated product of a time series
with itself delayed, by some interval, 7, will reach a
maximum for a delay period equal to an integral multi-
ple of periods of repetitive structures within the time
series. Conversely, if the period of one or more repeti-
tive signals suspected to be present within a time series
is known, the magnitudes of these signals may be com-
puted by examining the ratio of the autocorrelation
functions for the signals evaluated at the various corre-
sponding delay intervals. This computation assumes
that the differing signals are not related harmonically.

Consider a time series represented by X(t), and let:

X()=yof(O)+ynN(®

where f(t) is a repetitive periodic function with the DC
component, y, equal to zero, and unit amplitude; N(t) is
a random noise function of time, having a distribution,
say, uniform [—1,1}. The coefficients y,and yydescribe
the relative amplitudes and always sum to unity.

The autocorrelation function for X(t) may be written
as:

Iim 1

T
Rx(t) = T T j . XX + 7)dt

An estimate of R(7) may be obtained by averaging over
the observation interval T. The resulting average will
approach the exact function as the observation interval
becomes large (T— ).

The principal application of the autocorrelation func-
tion is in the analysis of the relationship of values of a
times series in one time frame to the values in another
time frame. The time separation or delay of the two
intervals is represented by 7 or Tgzeiay. Since a repetitive
deterministic function will have an autocorrelation
function that persists for all values of 7, as opposed to
nondeterministic functions with autocorrelations that
fall rapidly toward zero with increasing 7, autocorrela-
tion provides a tool for detecting periodic functions
with extremely low signal-to-noise ratios.

Now, consider the case where f(t) is sin(Qt) as illus-
trated by signal 307 in FIG. 1. Signal resulting from the
autocorrelation of sin(ft), swings from —0.5 to 0.5.
Signal 309 reaches extremes at the points where 7is a
multiple of half intervals and crosses zero at the quadra-
ture points. In this particular case, the integral becomes:

R(r) = ‘? [sin2(Qun)dr

R@n7) = -;.— (;— T+ sin2T)

and the maximum at T=2n7 is 0.5
Likewise, consider X(t)=rcos(Qit+86); Y(t)=acos
(Qt+ o). Then,

Rxx(7) = 522- cos(217)

and
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-continued

Ry7) = —;— racos(Q7 + & + o), ifffl; = Q3 = 0, otherwise

so that R(max)=0.5.

Referring now to FIG. 2, a graph of random signal
303 and autocorrelogram 305, which is the autocorrela-
tion of random signal 303, is illustrated. After an initial
maximum at 7=0 (all functions correlate with a zero
time difference), signal 305 decreases to nearly zero. In
FIG. 2, the noise being considered is random in magni-
tude, uniformly distributed from —1 to 1.

Next, FIG. 3 depicts a graph of a sine wave with
additive noise and a signal resulting from the autocorre-
lation of the sine wave. The sine wave with additive
noise is depicted by signal 311, while the autocorrela-
tion of signal 311 is shown by signal 313. The autocorre-
lation of the sine wave with additive noise, results in a
signal that is itself sinusoidal with a period equal to that
of the input sine wave.

This function is useful for detecting repetitive signals
within random fluctuations, such as noise. For example,
in the case of the detection of position error signals for
a closed-loop servo system, the period and the shape of
the desired signal are known a priori. As a result, auto-
correlation base methods may be implemented in accor-
dance with a preferred embodiment of the present in-
vention to produce a position error signal, wherein
patterns requiring a deterministic phase relationship
between each other are unnecessary.

FIG. 4 depicts a diagram of components in a parallel
track magnetic tape storage system in which a preferred
embodiment of the present invention may be imple-
mented. Tape storage system 8 includes tape 10 which is
moved between reel 12 and reel 14 along tape guides 16,
18, and 20. Reel 12 is mounted on spindle 13, and reel 14
is mounted on spindle 15. Reel 12 and reel 14 are driven
by motor 22 and motor 24 turning spindles 13 and 15.
Read/Write and servo head 26 is positioned over tape
10 by head position actuator 28. Read/write and servo
head 26 may be positioned utilizing signals generated by
a position error signal generation circuit in accordance
with a preferred embodiment of the present invention.
The position error signal generation circuit may be
contained within head position actuator 28 in accor-
dance with a preferred embodiment of the present in-
vention.

The method and system of the present invention may

‘be used with tape storage unit 8 having a head position-

ing servo system according to a variety of well-known
mechanisms. A position error signal for such system
represents the physical positioning of the head with
respect to a servo track on the tape. FIG. 5 illustrates a
magnetic tape 200 with data tracks 202 and servo tracks
204. As may be seen in FIGS. 6A, 6B and 6C, read
element 212 within a read head is positioned over vari-
ous regions of servo track 216. Optimally, read element
212 is over division 217 as illustrated in FIG. 6A in
servo track 216.

Servo track 216 is, in fact, comprised of two patterns
of somewhat different periods, in section 218 and sec-
tion 220, recorded side by side on magnetic tape 200 and
read concurrently by read element 212 to produce a
signal including some combination of both patterns.
The pattern in section 218 has one frequency, fi, while
pattern in section 220 has a second frequency, f3. Al-
though intended to be constant in frequency, these fre-



5,309,299

7

quencies are shifted as functions of non-uniform tape
speed.

In accordance with a preferred embodiment of the
present invention, two patterns or signals, each with a
different frequency, are located side by side on a mag-
netic tape for a servo track. These two patterns are not
related harmonically and are repetitive. The boundary
between the two patterns is the position where the read
element is correctly aligned along the servo track in
accordance with a preferred embodiment of the present
invention although other positions may be chosen by
redefinition of “correct alignment”.

10

While the read element is aligned, as shown in FIG. .

6A, the result of both patterns being processed using
autocorrelation results in a position error signal of zero.
In such a situation equal amounts of each pattern are
present in the signal generated by the read element in
accordance with a preferred embodiment of the present
invention. )

When the read element is positioned away from the
line or gap in the servo track to an extreme position, as
illustrated in FIGS. 6B and 6C, the position error signal
is plus or minus some voltage V, depending on which
way the read element has drifted in relation to the cen-
ter of the servo track. If the read element drifts to posi-
tions between the two extremes illustrated in FIGS. 6B
and 6C, the position error signal generated is a voltage
between plus or minus V. The position error signal
changes in proportion to the drift of the read element
over the servo track. The position error signal is pro-
portional to the distance that the read element drifts
from the center of the servo track. As a result, these
values may be utilized to produce a position error signal
to dynamically correct tape head alignment.

The frequencies of the two signals, f; and f2, and the
autocorrelation delay may be chosen such that the auto-
correlation of f] is at a maximum, while the autocorrela-
tion fa is at a null 301 as shown in FIG. 7. Conversely,
another autocorrelation delay may be chosen such that
the autocorrelation of f> is at a maximum while the
autocorrelation of fj is at a null 303.

As mentioned before, a trinary representation of the
read signal is delayed to produce one or two delayed
signals. In turn, the delayed signal or signals are “multi-
plied” by the read signal to produce a product signal or
signals, wherein “multiplication” is taken to mean true/-
complement switching as will be explained later.

In the case of a dual delay position error generator as
illustrated in FIG. 8A, the read signal is converted to
trinary by block 28 and sent into delay blocks 16 and 18
to produce two delayed signals. Delay block 16 Causes
a different delay from delay block 18. Each of the de-
layed signals is separately “multiplied” by the read
signal at blocks 20 and 22 to form two product signals.
Afterward, one of the product signals is subtracted from
the other product signal to generate a subtraction signal
at subtracter 24. The order of subtraction is not impor-
tant since the sign of the position error signal may be
correlated to the drift of the read element in one direc-
tion or the other. Integrator 26 integrates the subtrac-
tion signal to produce the position error signal in accor-
dance with a preferred embodiment of the present in-
vention.

FIG. 8B is a block diagram of a position error signal
generator using a single delay in accordance with a
preferred embodiment of the present invention. A read
signal, originating from a read element, is converted by
block 28 into a trinary form, and is delayed at delay
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8
block 10. The delayed signal is multiplied by the read
signal at multiplier 12 to form a product signal. After-
ward, the integrator 14 integrates the product signal to
generate a position error signal.

In accordance with a preferred embodiment of the
present invention, it is desirable to implement these
functions utilizing operational amplifiers. The function
for implementation in a dual delay system is:

Ra — Rb dr

PES = Ra 1 Rb

L
T
where position error signal is the resulting position
error signal, Ra represents the read signal “multiplied”
by a delayed read signal of a first period, and Rb repre-
sents the read signal “multiplied” by delayed read signal
of a second period.

The normalization function (1/{Ra+Rb]) may be
performed with a variable gain stage (VGA) to form an
automatic gain control (AGC) circuit. In accordance
with a preferred embodiment of the present invention,
the subtraction operation (Ra-Rb) may be preformed at
a difference amplifier, and the integration may be real-
ized in a low-pass filter.

The present invention assumes that the period of the
desired function is within defined bounds and approxi-
mately constant. If such is not the case, the output of the
autocorrelator may be modulated somewhat linearly for
a constant frequency offset, and at a second harmonic
rate for periodic and quasi-periodic excursions about
the nominal. Corrective action may be required in the
form of time base correction, which can be achieved by
treating 7 as a controlled parameter.

FIG. 9A shows a block diagram of the analog signal
conditioning portion of a position error signal genera-
tion circuit common to both a dual and single delay
processing system. FIG. 9B is a portion of a block dia-
gram for a position error signal generation circuit using
a dual delay, while FIG. 9C is a portion of a block
diagram of a position error signal generation circuit
using a single delay in accordance with a preferred
embodiment of the present invention. In FIG. 9A, read
element 600 detects patterns written on a servo track on
a magnetic tape or some other magnetic media. In re-
sponse to detecting these patterns, read element 600
sends an analog read signal to pre-amp 602, which is
utilized to condition the read signal for further process-
ing within the error signal generation circuit. The read
signal is then sent to multiplexer 604, which is utilized to
select read signals from alternative read elements that
may be connected to the position error generation cir-
cuit to effect multiple alternative registrations of the
read/write head. The selected read signal is sent to filter
606.

Filter 606 includes a multistage filter in accordance
with a preferred embodiment of the present invention.
Filter 606 is employed to remove extraneous signals or
noise from the read signal and may be a high-order
bandpass filter. The output from filter 606 is directed
into single to differential converter 608, which produces
a positive read signal and negative read signal. The
positive read signal is 180 degrees out of phase from the
negative read signal.

Next, these two read signals are directed to the input
of AGC 610. AGC 610 is an automatic gain control
circuit utilized to normalize the read signals to give
them a constant and consistent amplitude. This module
is employed to minimize drops in signals caused by
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debris and other defects on the tape. Two normalized
signals, +read and —read, originate from the output of
AGC 610 and are directed buffer 612 and buffer 614
respectively in FIG. 9B. :

Additionally in FIG. 9A, an output from AGC 610 is
connected to signal amplitude check circuit 616. A
valid signal (PES VALID) is the output from signal
amplitude check circuit 616 if the magnitude of the
signal from AGC 610 is greater than some preselected
value or threshold. Otherwise, PES VALID is not
output from signal amplitude check circuit 616.

Consequently, the output from this circuit may be
utilized to indicate whether the output from AGC 610 is
valid or usable by the rest of the position error signal
circuitry. For example, if read element 600 is over blank
tape the position error signal will indicate that position
error has not occurred. In reality, however, a valid read
signal is unavailable for the rest of the circuit to utilize.
Without signal amplitude check circuit 616, such a situ-
ation would not be detected.

In FIG. 9B, the output from buffer 612 and buffer 614
are connected to comparator 618, which converts the
true and complement read signals into digital signals
comprising + 1, 0, or —1 depending on the amplitude of
the signal. The digital representation is as follows:

10 signal is greater than upper threshold (+1)
00 signal is between upper and lower threshold (0)
01 signal is below lower threshold (—1)

not used or indicates error

Comparators may be employed in accordance with a
preferred embodiment of the present invention to set
the thresholds for this trinary representation of the
analog read signals.

A dual-threshold detector may be utilized to generate
the two-bit (trinary) representation of read signals. This
simple representation takes on values such as 41, 0, or
—1 that may be stored, delayed, and retrieved utilizing
a shift register or a memory.

Simple address arithmetic may be applied to the shift
register positions or memory cell addresses to produce
selected digital delay intervals for generating two de-
layed signals. The trinary signal is sent to the [2-bit wide
by X address long] RAM 620. The address space X is
greater than or equal to the maximum delay divided by
the memory cycle time. Ram 620 is employed to create
the delays needed for autocorrelation. A delay is cre-
ated by storing data in successive addresses in RAM 620
and retrieving the data from that memory after the
requisite time.

In accordance with a preferred embodiment of the
present invention, the address generator 631 includes an
eight bit counter for generating sequential addresses
utilized to create a first delay, which is a fixed delay. An
eight bit adder utilized to shift the addresses selected in
RAM 620 to generate a second set of addresses, creating
a second delay. The amount of the second delay is pro-
grammable through programmable delay function 632.

The address and timing generator is designed to pro-
vide Select, Write Enable, and Strobing signals as might
be required by the RAM 620. The values stored in the
addresses in RAM 620 are in digital form and are either
“107, “00”, or “01” corresponding to trinary +1,0, —1.
A dual 2 bit data register 638 is utilized to store data
retrieved from RAM 620.

“Multiplication” of the delayed digital signal by the
analog read signal is accomplished with a gating func-
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tion. The trinary values stored in the memories are
employed to send the read signal, a null value, or the
complement (inverted) read signal as an input to the
integrator, corresponding to the (41, 0, —1) values
stored in memory. “Multiplication” in this context is
therefore correspondingly defined as [read_signal *
+1], [read_signal *0], or [read_signal * —1]. The gat-
ing function may be implemented with a field effect
transistor (FET) as described below.

The multiplication portion of autocorrelation is per-
formed by the FET’s in accordance with a preferred
embodiment of the present invention. Dual 2 bit data
register 638 has one pair of outputs connected to FET
1-A and FET 1-C and the other pair of outputs con-
nected to FET 1-B and FET 1-D. FET 1-A and FET
1-B also have inputs connected to the output of buffer
614. FET 1-C and FET 1-D have inputs connected to
the output of buffer 612. The digital signals from dual 2
bit data register 638 are utilized to gate the true or com-
plement read signals through the FET’s. The outputs
from FET 1-A and FET 1-B are directed into difference
amplifier 642 to produce the correct sign for the signal.
Similarly, the outputs from FET 1-C and FET 1-D also
are directed into difference amplifier 642 to produce the
correct sign for the signal.

Next, the output from difference amplifier 642 is
coupled to the input of integrator 644 to integrate the
signal. Integrator 644 is a second order low-pass filter in
accordance with a preferred embodiment of the present
invention. Integrator 644 is utilized to implement the
integration function of autocorrelation in accordance
with a preferred embodiment of the present invention.
In conjunction with the multiplication function, a posi-
tion error signal is produced by integrating the signal.
The output frog integrator 644 is connected to the input
of buffer/driver 646, which drives the output position
error signal in accordance with a preferred embodiment
of the present invention. As a result, a read signal gener-
ated by read element 600 is autocorrelated to create a
position error signal.

FIG. 10 depicts a schematic diagram of signal ampli-
tude check circuit 616 in accordance with a preferred
embodiment of the present invention. AGC 610 in FIG.
9A has an output connected to the input terminal 742 of
comparator 744, which is utilized to determine whether
the magnitude of the signal produced by AGC 610 is
large enough to be utilized by the rest of the position
error generation circuitry.

With reference to FIG. 11, there is depicted a sche-
matic diagram buffer 612, buffer 614, FET 1-A, FET
1-B, FET 1-C, and FET 1-D from FIG. 9B utilized to
effect the multiplication function of autocorrelation.
Analog read signals are sent into operational amplifiers
970 and 974. These operational amplifiers along with
associated capacitors and resisters form buffer 612 and
buffer 614. The outputs from the buffers are directed to
discriminators 972 and 976 to generate the trinary repre-
sentation of the read signal, and into FET switch 978
and FET switch 980 in accordance with a preferred
embodiment of the present invention. FET switch 978
and FET switch 980 are dual FET’s providing the func-
tions performed by FET a-A, FET 1-B, FET 1-C and
FET 1-D in FIG. 9B. The output signal from FET 978
and FET 980 is the signal, —read or +read, multiplied
by the fixed delayed signal or by programmable delay
signal.
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In an alternative embodiment of the present invention
a single delay autocorrelator is utilized to produce the
desired position error signal directly, instead of employ-
ing two separate delays.

It is recognized that an autocorrelator will produce a 5
positive amplitude output signal at frequencies that are
integral multiples of the inverse of the time delay of the
autocorrelator, and a negative amplitude output signal
at frequencies which are integral-plus-half multiples of
the inverse of the time delay. By properly selecting the 10
autocorrelator’s time delay, both of the signal frequen-
cies, fi and f3, from the two patterns contained in the
servo track can produce an output in the autocorrelator,
one with positive amplitude and one with negative am-
plitude, as shown in FIG. 12. By superposition, the two
signals may be combined to yield the desired position
error signal.

Selection of Integers n and m

The read signal, generated by a read element, at the 20
input to the AGC has the following form:

SiGcin=Ajsin{wit)+ Azsin(w2t + 63) 25
Where 6, is introduced for the purpose of generality
and is arbitrary. The AGC is designed to maintain the
peaks of the incoming signal to a constant, C4Gc. As a
result, the read signal at the output of the AGC has the 5
same form as the atone equation for s4Gcin, but with the
following restriction:

A1+A2=CycCc 35

The output of the AGC may then be autocorrelated.
Delaying the read signal at the input by an amount
Taelay and then multiplying the delayed read signal by
the current read signal gives:

SMULTowr = [A1sin(w1?) + Azsin(wzt + 62)]*

(Arsin(w17 — w1Tdelay) + A2sin(w2r — 02T delay + 62)]

45
Expanding the above equation yields:

SMULTour = A12lsin{o1sin(o1! — @1 Taelg)] +

AyAafsin(o1nsin(war — @2 Tdelay + 62) +

50
sin(w1! — 1 Tdelapisin{wat + 62)] +
Ap?[sin(wa? + 62)sin(wa? — w2Tdelay + 62)]
Utilizing the identity, sin(x)sin(y) =1/2[cos(x-y)- 55
cos(x+Y)], the above equation may written as
= A2 Cos(‘-‘-’leelay) cos(2wyl — wleelay)
SMULTout = A] p) - ) + 60
A1A2[ cosf(w) — wa)t ;r @) Tgelay — 62)
65

cos[(w1 + @)t — w3 Tdelgy + 62} ]+
2

12

-continued

cos[(w) — @)t — w)Tdelay — 6
AIAZ[ [(w) 2 - 1T delay — 62]

cosl{wy + w)t — w1Tgelgy + 62] :|+
2

2[ cos(w) Tdelay) cosQuwat — w3Tdelay + 62) ]
5 -
2 2

Discarding components at and above the frequency
wi-w2, the output of the autocorrelation is the position
error signal:

P cos(w2 Teiay)

PES = A2 3

cos(w} Tgeiay)
2

In the preferred embodiment the unwanted high fre-
quency components are removed through use of a low
pas filter. A signal of this form becomes useful is ) and
w3 are chosen so that cos(wiTdeiay)= —c0s(w1Tdeiay)-
The autocorrelator output is then proportional to the
ratio of the difference in amplitudes of the two frequen-
cies in the signal at the AGC input divided by the sum
of the amplitudes:

cos(wi Tdelay)
2

cos(wi Tdelay)
= —2—8—0)—‘ CacdA4r — A2}

PES = 412 — 428

As shown above, an autocorrelator operating with a
signal delay can yield an output that is proportional to
the difference in the amplitude of the two frequencies
and also proportional to cos(w1Tdeiay)- As the tape ve-
locity changes, the frequency w; also changes. Conse-
quently, it is advantageous to choose a nominal value
for wi such that:

dcos(wi Tdelay)

Torl = 0, cos{(wi Tgelay) = —c08(w2Tdelay)

To meet the above criterion, one of the following
must be true:

@1 Tgelay = 2n7, w2Tdelay = @m + Dm
or

w1 Tdelay = (2m + D, w2Tgelay = 2nm

where m and n are positive integers. Letting @127, the
above becomes:

1
NTaelay = 1 f2Tdelay = m + 5
or

]
NiTdelay = m + =  J2Tdelay = 1

Now letting T;=f;~1, the following are obtained for
the selection of fi, f2 and Tgeiqy:
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bt e[t ]
or

A m % .

Ao » Tdelay = [m + T:'Tl =Ty

where m and n are selected positive integers, f; is the
frequency of the first pattern on the magnetic media, f
is the frequency of the second pattern on the magnetic
media, T1=1/fj, T2=1/f2, and Tgeiay is the delay. The
two patterns are required to be not related harmonically
to each other.

Single delay implementation with trinary representa-
tion of read signal: Analog conditioning of the read
signal for the single delay implementation is identical to
that described for the dual delay; (refer to FIG. 9A).

In FIG. 9C , the output from buffer 512 and buffer
514 are connected to comparator 518 which converts
the true and complement read signals into digital signals
comprised of +1, 0, or —1 depending on the amplitude
of the signal. Comparators may be employed in accor-
dance with a preferred embodiment of the present in-
vention to set the thresholds for a trinary representation
of data as described in the dual delay system. The digital
read signal is sent to RAM 520.

RAM 520 is employed to create the delays needed for
autocorrelation in accordance with a preferred embodi-
ment of the present invention. The delay is created by
storing data in sequential addresses in RAM 520 and
retrieving the data for use after a certain delay.

In FIG. 9C, the output from buffer 512 and buffer 514
are connected to comparator 518, which converts the
true and complement read signals into digital signals
comprising + 1, 0, or — 1 depending on the amplitude of
the signal. The digital representation is as follows:

1 0 signal is greater than upper threshold (+1)

0 0 signal is between upper and lower threshold (0)
0 1 signal is below lower threshold (—1)

1 1 not used or indicates error

Comparators may be employed in accordance with a
preferred embodiment of the present invention to set
the thresholds for this trinary representation of the
analog read signals.

A dual-threshold detector may be utilized to generate
the two-bit (trinary) representation of read signals. This
simple representation takes on values such as +1, 0, or
—1 that may be stored, delayed, and retrieved utilizing
a shift register or a memory.

Simple address arithmetic may be applied to the shift
register positions or memory cell addresses to produce
the digital delay interval for retrieving the delayed
signals. The trinary signal is sent to the [2-bit by X
address long] RAM 520. The address space X is greater
than or equal to the maximum delay divided by the
memory cycle time. Ram 520 is employed to create the
delay needed for autocorrelation. A delay is created by
storing data in successive addresses in RAM 520 and
retrieving the data from that memory after the requisite
time.

In accordance with a preferred embodiment of the
present invention, the address generator is an eight bit
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counter for generating sequential addresses utilized to
create a delay, which is a fixed delay.

Address and timing generator 531 is designed to pro-
vide Select, Write Enable, and Strobing signals as might
be required by the RAM 520 The values stored in the
addresses in RAM 520 are in digital form and are either
“10”, “00”, or “01” corresponding to trinary +1, —0,
—1. A 2 bit data register 538 is utilized to store data
retrieved from RAM 520.

“Multiplication” of the delayed digital signal by the
analog read signal is accomplished with a gating func-
tion. The trinary values stored in the memory are em-
ployed to send the read signal, a null value, or the com-
plement (inverted) read signal as an input to the integra-
tor, corresponding to the (+1, 0, —1) values stored in
memory. “Multiplication” in this context is therefore
correspondingly defined as [read_signal * +1], [read—.
signal *0], or [read_signal *—1]. The gating function
may be implemented with a field effect transistor (FET)
as described below.

The multiplication portion of autocorrelation is per-
formed by the FET’s in accordance with a preferred
embodiment of the present invention. 2 bit data register
538 is connected to FET 1-A and FET 1-C. FET 1-A
and FET 1-C also have inputs connected to the output
of buffer 514 and 512. The digital signals from 2 bit data
register 538 are utilized to gate the true or complement
read signals through the FET’s. The outputs from FET
1-A and FET 1-C are directed into difference amplifier
542 to produce the correct sign for the signal.

Next, the output from difference amplifier 542 is
directed into integrator 544 to integrate the signal. Inte-
grator 544 is a second order low-pass filter in accor-
dance with a preferred embodiment of the present in-
vention. Integrator 544 is utilized to employ the integra-
tion function of autocorrelation.

The output from integrator 544 is connected to the
input of buffer/driver 546, which drives the output
position error signal in accordance with a preferred
embodiment of the present invention. As a result the
autocorrelation function may be performed upon the
signal detected by read element 500.

Referring now to FIG. 13, there is depicted a sche-
matic diagram of buffer 512, buffer 514, FET 1-A and
FET 1-C from FIG. 9C utilized for providing the muiti-
plication function for autocorrelation. Analog read
signals are sent into operational amplifiers 990 and 994.
These operational amplifiers along with associated ca-
pacitors and resistors form buffers 512 and 514. The
outputs from the buffers are directed to discriminators
992 and 996 to generate a trinary representation of the
read signal, and into FET switch 998 in accordance
with a preferred embodiment of the present invention.
The output from FET switch 998 is a product of the
current input signal and the delayed signal.

One advantage of the single delay embodiment in-
volves velocity tolerance. The frequencies of the servo
track signals vary with tape velocity. The autocorrela-
tor transfer function has maximum frequency sensitivity
at transfer functions nulls. When a null is utilized to
suppress a signal, it is important that the frequency of

. the signal be well controlled or that the autocorrelator

function be dynamically adjusted to track frequency
variations. With a single delay system, signal frequen-
cies may be positioned away from nulls, and at transfer
function maxima where frequency sensitivity is zero.
This is illustrated in FIG. 12, where the signal frequen-
cies, f1 and f; are positioned as shown. The autocorrela-
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tor transfer function gain is nearly constant in the neigh-
borhoods of these frequencies.

An additional advantage of the depicted invention is
that a single delay system eliminates one set of multi-
plier and filters as well as simplifying the subtraction
circuit as compared to a dual delay system. The delay
generator is also simpler in a single delay system. These
advantages are realized at the cost of constraining selec-
tion of fj and f,.

The autocorrelation function may be implemented in
various ways other than the depicted embodiments. For
example, instead of employing a single difference ampli-
fier as shown in FIG. 9B, each set of FET’s may have
an integration circuit, such as integrator 644, with the
outputs from the integration circuit being connected to
a difference amplifier to subtract the two signals from
each other to produce a position error signal.

As a result, a position error signal may be generated
for use in maintaining a tape head in a selected position.

When the read element in tape head is at the center of 20

the servo track, equal portions of both patterns are
detected and translated into a read signal. The autocor-
relation function implemented in accordance with a
preferred embodiment of the present invention will
provide a position error signal of zero when there is no
position error. If the read element drifts away from the
center of the servo track, to one side or the other, the
proportion of the patterns translated into a read signal
will not be equal.

Autocorrelation in accordance with a preferred em-
bodiment of the present invention of the signal will
result in a voltage that may be positive or negative. The
magnitude of the voltage will change depending on
how far the read element drifts from the center of the
servo track.. The sign of the voltage will depend on
which direction the read element drifts away from the
center of the servo track. This voltage is proportional to
the amount of drift in the read element in relation to the
center of the servo track.

While the invention has been particularly shown and
described with reference to a preferred embodiment, it
will be understood by those skilled in the art that vari-
ous changes in form and detail may be made therein
without departing from the spirit and scope of the in-
vention.

What is claimed is:

1. An apparatus for generating a position error signal
from a read signal generated by a read element passing
over a track comprising two patterns positioned parallel
to each other on a magnetic media, the system compris-
ing:

first and second repetitive harmonically unrelated

patterns disposed parallel to each other on the
track;

digitizing means coupled to the read element for

producing a trinary representation of the read sig-
nal;
delay means coupled to the read element for produc-
ing a delayed signal from the read signal;

multiplication means coupled to the delay means for
multiplying the read signal with the delayed signal
to form a product signal; and

integration means coupled to the multiplication

means for integrating the product signal to produce
a position error signal, wherein changes in the
position error signal are proportional to changes in
position of the read element over the first and sec-
ond repetitive harmonically unrelated patterns
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positioned parallel to each other on the magnetic
media.

2. The apparatus of claim 1, wherein the integration
means comprises a low-pass filter.

3. The apparatus of claim 2, wherein the integration
means further includes means to normalize the product
signal.

4. The apparatus of claim 1, wherein the first pattern
has a first frequency and the second pattern has a sec-
ond frequency, and wherein the delay for the delay
means is selectable.

5. The apparatus of claim 4, wherein the selectable
delay is selected as follows:

g 1
== s Tdelay = nTy = | m+ == |2
2 ma 2

2

or

A mtT
1 2 1
E= = ,Tdela),=[m+7:|T1=nT2

where m and n are selected positive integers, f} is the
first frequency, f2 is the second frequency, T1=1/f1,
Ty=1/f;, and Tgelgy is the delay, wherein m and n are
chosen as follows:

1
SiTdetay = 1, foTdelay = m + 5

or
1
SiTdelay=m + 5 yJ2Tdelay = 1.

6. The apparatus of claim 4, wherein the delay means
includes a memory, wherein the read signal is stored in
the memory for a period of time set by the selectable
delay.

7. The apparatus of claim 6, wherein the memory 1s
structured as a shift register.

8. The apparatus of claim 6, wherein the memory is
structured as a random access storage device.

9. The apparatus of claim 1, wherein the magnetic
media is a magnetic tape utilized in a tape storage sys-
tem. ‘

10. An apparatus for generating a position error sig-
nal relative to a track from a read signal produced by a
read element passing over a magnetic media in response
to the read element detecting a track comprising two
patterns positioned parallel to each other on a magnetic
media, the system comprising:

first and second repetitive harmonically unrelated

patterns disposed parallel to each other on the
track;
delay means coupled to the read element for produc-
ing a first delayed signal and a second delayed
signal from the read signal generated by the read
element; '

multiplication means coupled to the delay means for
multiplying the read signal with the first delayed
signal to form a first product signal and for multi-
plying the read signal with the second delayed
signal to form second product signal;

subtraction means coupled to the multiplication

means for subtracting the first product signal from
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the second product signal to produce a differential
signal; and :

integration means coupled to the subtraction means
for integrating the differential signal to produce a
position error signal, wherein changes in the posi-
tion error signal are proportional to changes in
position of the read element over the first and sec-
ond repetitive harmonically unrelated patterns
positioned parallel to each other on the magnetic
media.

11. The apparatus of claim 10, wherein the integra-

tion means comprises a low-pass filter.

12. The apparatus of claim 10 further comprising an
automatic gain control circuit having an input coupled
to the read element, wherein output of the automatic
gain control circuit is coupled to the delay means to
provide the delay means a normalized read signal.

13. The apparatus of claim 12 further comprising a
comparator coupled to an output of the automatic gain
control signal to determine whether the signal gener-
ated by the read element is above a selected level,
wherein a signal above the selected level results in a
valid signal being generated to indicate that the signal is
usable for generating a position error signal.

14. The apparatus of claim 10, wherein the subtrac-
tion means comprises a difference amplifier circuit.

15. The apparatus of claim 10, wherein the delay
means comprises a memory, wherein the first delayed
signal is created by storing the read signal in the mem-
ory for a first period of time before retrieving the read
signal from the memory and the second delayed signal
is created by storing the read signal in the memory for
a second period of time before retrieving the read signal
from the memory.

16. The apparatus of claim 15, wherein the delay
means further comprises an address generation means
coupled to the memory for creating a first and second
number of addresses utilized in storing, delaying, and
retrieving the digitized read signal from the memory,
the first delayed signal being generated when the digi-
tized read signal is retrieved from the first number of
addresses in the memory after a first delay and the sec-
ond delayed signal being generated when the read digi-
tized signal is retrieved from the second number of
addresses in the memory after a second delay.

17. The apparatus of claim 16, wherein the address
generation means comprises a counter and an adder
coupled to the memory.

18. An apparatus for generating a position error sig-
nal from a read signal generated by a read element
passing over a track, the apparatus comprising:

a first pattern having a first frequency parallel to a
second pattern having a second frequency on a
magnetic media, wherein the first and second pat-
terns are located on the track are repetitive and
harmonically unrelated;

delay means for producing a delayed signal from the
read signal;

multiplication means for multiplying the read signal
with the delayed signal to form a product signal,
and

integration means for integrating the product signal
to produce a position error signal, wherein changes
in the position error signal are proportional to
changes in position of the read element over the
first pattern and the second pattern.

19. The apparatus of claim 18, wherein the delay is

selectable.
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20. The apparatus of claim 19, wherein the selectable
delay is selected as follows:

N 1
f—= 1 s Tdelgy = nTh = m+ 35 T
> m+
or
1
hH o mET 1
%= » Tdeloy = | m + 4~ |71 = nT2

where m and n are selected positive integers, f; is the
first frequency, f2 is the second frequency, Ti=1/fj,
Ta=1/f2, and Tdelqy is the delay, wherein m and n are
chosen as follows:

1
SiTdelay = 1. faTdelay = m + T

or
1
N Tgelay = m + 5 ;fZTdeIay =n

21. The apparatus of claim 18, wherein the delay
means comprises storing the read signal in a memory for
a selected period of time equal to the delay before re-
trieving the signal to generate the delayed signal.

22. The apparatus of claim 18, wherein the integra-
tion means comprises a low-pass filter.

23. The apparatus of claim 22, wherein the low-pass
filter is a second order low-pass filter.

24. The apparatus of claim 18 further comprising an
automatic gain control circuit coupled to the read ele-
ment, wherein output of the automatic gain control
circuit is coupled to the delay means to provide the
delay means with a normalized read signal.

25. The apparatus of claim 23 further comprising a
comparator coupled to the output of the automatic gain
control circuit to determine whether the normalized
read signal generated by the automatic gain control
circuit is above a selected level, wherein a normalized
read signal above the selected level results in a valid
signal being generated to indicate that the signal is us-
able for generating a position error signal.

26. A method for generating a position error signal
from a read signal generated by a read element passing
over a track having two patterns disposed parallel to
each other on a magnetic media, the method compris-

“ing:

generating a delayed signal from the read signal pro-
duced by the read element passing over two repeti-
tive harmonically unrelated patterns positioned
parallel to each other on the track;

multiplying the read signal with the delayed signal to

form a product signal; and

integrating the product signal to produce a position

error signal, wherein changes in the position error
signal is proportional to changes in position of the
read element over the two repetitive harmonically
unrelated patterns positioned parallel to each other
on the magnetic media.

27. A method for generating a position error signal
from a read signal generated by a read element passing
over a track having two patterns disposed parallel to
each other on a magnetic media, the method compris-
ing:
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generating a first and second delayed signal from the
read signal produced by the read element passing
over the two repetitive harmonically unrelated
patterns positioned parallel to each other on the
track;

multiplying the read signal with the first delayed
signal to form a first product signal;

multiplying the read signal with the second delayed
signal to form a second product signal;

subtracting the first product signal from the second
product signal to produce a subtracted signal; and

integrating the subtracted signal to produce a position
error signal, wherein changes in the position error
signal are proportional to changes in the position of
the unrelated patterns positioned parallel to each
other on the magnetic media.

28. A data storage system comprising:

a read element for producing a read signal upon de-
tection of a servo track, wherein the servo track
includes two repetitive patterns positioned parallel
to each other on the servo track, the two patterns
being harmonically unrelated to each other;

delay means responsive to the read signal for produc-
ing a delayed read signal;

multiplication means for multiplying the delayed read
signal with the read signal to form a product signal;
and

integration means for integrating the product signal
to produce a position error signal proportional to
changes in contribution to the read signal by first
and second repetitive and harmonically unrelated
patterns in the read signal, produced by the read
element.

29. The data storage system of claim 28, further com-
prising an actuator responsive to the position error
signal for adjusting a relative position of the read ele-
ment and the servo track.

30. The data storage system of claim 29, wherein said
actuator means adjusts the read element relative to the
servo track.

31. The data storage system of claim 30, wherein the
servo track is located on a magnetic media.

32. An apparatus for generating a position error sig-
nal from a read signal generated by a read element
passing over a track comprising two patterns positioned
parallel to each other on a magnetic media, the system
comprising:

first and second repetitive harmonically unrelated
patterns disposed parallel to each other on the
track;

digitizing means coupled to the read element for
producing a trinary representation of the read sig-
nal;

delay means coupled to the digitizing means for pro-
ducing a delayed signal from the read signal;

multiplication means coupled to the delay means for
multiplying the read signal with the delayed signal
to form a product signal; and

integration means coupled to the multiplication
means for integrating the product signal to produce
a position error signal, wherein changes in the
position error signal are proportional to changes in
position of the read element over the first and sec-
ond repetitive harmonically unrelated patterns
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positioned parallel to each other on the magnetic
media.

33. The apparatus of claim 32, wherein the read signal
includes a true component and a complement compo-
nent and wherein the multiplication means includes
digital switching of the true component and the comple-
ment component.

34. The apparatus of claim 33, wherein the multiplica-
tion means includes degating the read signal when the
delayed signal is represented by digital encoding de-
fined as zero.

35. The apparatus of claim 34, wherein multiplication
is defined for the weightings +1, 0, and —1.

36. The apparatus of claim 1, wherein the first and
second harmonically unrelated patterns position paral-
lel to each other on a magnetic media are related to each
other by:

A__»
R LT
or

L
£l__m—+~2
H T n

where fi is the frequency of the first pattern, f3 is the
frequency of the second pattern, n is a positive integer,
and m is a positive integer, wherein m and n are chosen
as follows:

1
JiTdetay = 1 2T delay = m + 3

or
1
SiTdelay = m + 5 , 2T detay = 1.

where Rgelay is 2 delay.

37. The apparatus of claim 18, wherein the first and
second harmonically unrelated patterns position paral-
lel to each other on a magnetic media are related to each
other by:

i
S "+ =
or

L
h_mt3
fH - n

where f] is the frequency of the first pattern, f2 is the
frequency of ht second pattern, n is a positive integer,
and m is a positive integer, wherein m and n are chosen
as follows:

S1Tdetay = 1 f2Tdelay = m + %

or

1
fiTdelay = m + 7 -fZTdelay =n

where Ty is a delay.
. * * X % %



