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. 1 ,
DATA RECOVERY CIRCUIT

BACKGROUND OF THE INVENTION

The present invention relates to magnetic disc re-
cording, and more particularly, to the electronic cir-
cuitry for decoding data stored on: the magnetic disc
surface and for providing system timing signals.

Typical magnetic disc recording systems such as the
IBM Model 3330 or the Memorex Model 3670 include
‘a computer driven controller, a disc drive system, a plu-
rality of magnetic recording discs, called a disc pack,
and at least one magnetic disc surface having recorded
thereon servo or timing signals.

Except during a “read” operation, the timing signals

S

recorded on the servo disc surface are sensed, and a .

variable frequency oscillator (VFO) is phased-locked
through appropriaté means such as a phase lock oscilla-
tor circtit to the servo signals for supplying clock sig-
nals to the controller for write and space cournt opera-
tions. For more details of the operation of such a servo
‘disc system, reference is made to U.S. ‘Pat. No.
3,534,344 by George Santana.

The variable frequency oscillator is locked to the

servo data by means of a phase-locked loop/oscillator .

(PLO): However, during a ‘““read” operation, the VFO
is disconnected from the PLO, and the variable fre-
quency oscillator is locked directly to the raw data
which i$ picked up by a magnetic recording head trans-
ducer from a selected magnetic recording disc surface.

"By raw data, it is mearit that the signals comprise

both-actual data information signals and, depending
upon the particular type of recording code used, timing
information signals as well. The nature, frequency, and
number of data and timing signals depend upon the
type of coding used in the system. ‘

"But, regardless of the type of code used in the system,
it is the function of the VFO.and related circuitry dur-
ing a “‘read” operation to decode the incoming raw dig-
ital data by separating the data piilses from the clock
pulses. Additionally, the separated data pulses can be

relocated. in tinie to remove the effects of bit shift and .

jitter before being passed to the controller.

A-circuit for performing these functions is déscribed
in U.S. Pat. No. 3,614,635 to Anthony N. LaPine and
Julian E. Vaughn. There, the variable frequency oscil-
lator is made to decode the input data and individual
incoming data pulses are relocated in time to corre-
spond with the time slots defined by the oscillator out-
put pulses. This is accomiplished by a VFO feedback
control loop containing a phase comparator and, in ad-
dition, a data standardizer: The phase comparator con-
trols the frequency of the VFO and the data standard-
izer relocates the data pulses to the time slots of the os-
cillator.

Depending upon the sign and the magnitude of the
phase differenice between the outpit of the VFO and
the incoming raw digital data signials, the phase com-
parator providés a-currént pulse of the proper polarity
to the input of the VFO through a filter or integrator
which corresponds to the time difference between the
.raw data pulse and the output of the VFO. The integra-
tor producés a DC error voltage which is apphed toa

voltage controlled oscillator (VCO) for either increas-

mg or décreasing the output frequency of the VFO.
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Though minimized to a high-degree, there always ex-
ists unavoidable misalignment between the servo disc

surface and the servo- disc' transducer head. Conse-

quently, when the VFO is disconnected from the PLO
and the raw data from the disc park is provided to the
VFO during a “read” operation, there will invariably
be discrepancies between the phase of the PLO output
and the raw data sigrials. A certain amount of time is
required to lock the VFO to the raw data. The amount
of time required is determined by the band-width of the -
VFO feedback control loop, which is largely a function
of the time constant of the integrator or filter circuit.

During the transition of locking the VFO to the raw
data signals, no data can be accurately read. That is,
until the VFO is locked to the raw data signals, it is im-
possible to decode the data and clock signals. There-
fore, it is imperative that this transition time be mini-
mized and the VFO be rapidly locked to the raw data
signals.

The usual approach to decrease this transition time
is to alter the characteristics of the feedback control
loop of theé VFO so that the feedback loop itself oper-
ates to more quickly lock the VFO to the raw data sig-
nals, such as by increasing the band-width of the feed-
back loop during the switchover period. This can be ac-
complished, for example, by decreasing the time con-
stant of the integrator or filter and by increasing the
current to the current sources during this period.

This approach to minimizing the switchover time has
several sngmﬁcant disadvantages. First, even with the
increase in band-width, a comparatively long period of
time is required to lock onto the raw data signals. Se-
condly, with an increase in band-width, there is also an
increase in VFO phase jitter, which is undesirable dus-
ing the actual “‘read” operations and which requires re-
turning during the actual ‘‘read” operations and which
requires returning to the normal mode. Third, phase
offsets and jitter are iritroduced dué to the increased
currents in the phase detector and because of transients
resulting from changing the integrator time constant.
This can jeopardize correct data separation.

Prior art data decoding circuits utilize a ramp oscilla-
tor VFO. This type of oscillator typically includes a
fixed capacitor and a charging current source. A
threshold detector triggers, for example, a flyback tran-
sistor when the capacitor voltage reaches a predeter-
mined value. The oscillator frequency is changed by
the DC error voltage from the phase detector and filter
(or integrator circuits which is the same thing) by mod-
ifying the capacitor charging rate through the vanable
current source.

This type of oscillator is often unstable in a high noise
environment. A noise pulse created when the raw data
pulse arrives may-terminate the oscillator cycle at the
wrong time by interfering with the operation of the
threshold detector. This creates an instantaneous step
change in the oscillator phase which produces a corre-
sponding error in the data séparation windows. The
phase detector will tend to correct the oscillator phase,
but a subsequent raw data pulse can throw the phase
off in either direction depending upon the new phase
telationship between the raw data and the oscillator
pulse. This can lead to a limit-cycle oscillation in the
feedback control loop, or otherwise reduce the ability
of the circuit to correctly decode the mcommg raw
data. .
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Prior art phase comparator circuits used in data re-
covery systems, such as the phase comparator circuit
described in U.S. Pat. No. 3,614,635 referred to above
are not always satisfactory since a linear relationship
between the phase difference and the output from the
current sources is not maintained.

In particular, when there is a zero or low phase error,
current pulses from a positive and a negative current
source are summed to provide the input to the integra-
tor. At larger errors, however, the current to the inte-
grator is from either the positive or the negative current
source, but not both. At the point where the current to
the integrator is from only one of the current sources,
and not the summed total of both the positive and nega-
tive current sources, a break in the circuit transfer
function exists. This break introduces instabilities into
the data recovery circuit, which can contribute to
steady state error in the system.

The phase-locked loop can also enter a false lock
condition where the VFO frequency does not equal the
frequency of the incoming clock pulses. The frequency
difference causes the phase detector to deliver alter-
nately increasing, then decreasing current pulses into
the filter, which integrates the pulses to produce an av-
erage DC error voltage sufficient to keep the loop in a
stable lock. Once in this mode, the loop can never re-
cover by itself.

There are several tradeoffs which have been made in
loop and circuit design, such as providing a bleed resis-
tor across the filter to return the DC error voltage to
some nominal value when the circuit is not in use, or
by adjusting the loop parameters to increase the chance
that any false mode condition will occur inside the loop
band-width limits so that loop dynamics will eventually
result in capture to the correct mode. These tradeoffs
do not necessarily guarantee capture, and they all re-
sult in performance degradation.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to
provide an improved data decoding system. Another
object of the invention is to provide circuitry to de-
crease the transition period wherein a magnetic disc
file storage system is switched to a “‘read” operation.

Another object of the invention is to provide electric
circuitry to decrease the time required to phase lock a
variable frequency oscillator to a source of raw data
pulse signals.

Another object of the invention is to provide novel
apparatus to injection lock a variable frequency oscilla-
tor to the source of raw data pulse signals with switch-
ing means to minimize the introduction of transient sig-
nals. It is also an object of the invention to guarantee
that the variable frequency oscillator feedback control
loop will always bring the variable frequency oscillator
to the correct operating frequency prior to a read oper-
ation. ‘

In accordance with the present invention, means are
provided for disconnecting the variable frequency os-
cillator feedback loop when it is desired to read-out
data from a magnetic recording disc, and to provide the
raw data directly to the variable frequency oscillator,
e.g. to injection lock the oscillator. Thus, the feedback
loop circuit, including the phase comparator, current
source and integrator or filter are entirely bypassed
during the switchover period.
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When the VFO is injection locked directly to the in-
coming digital data signals, the VFO no longer remains
a free-running oscillator; rather, in effect, it becomes a
ringing amplifier. Once the variable frequency oscilla-
tor is “locked” to the raw digital data, the feedback
control loop is re-established and the raw data is no
longer fed directly to the VFO.

With the use of the present invention, the time re-
quired to switch the VFO between the PLO and the raw
data signals from the disc pack is reduced considerably.
The phase error (offset) caused by increasing the cur-
rent to the current sources is eliminated because, a for-
tiori, the current is not increased. A novel switching
scheme is utilized so that transients are minimized dur-
ing switching from the injection locking mode to the
normal opening mode.

In accordance with the present invention, an im-
proved oscillator design is utilized in the data decoding
circuits of the present invention. In particular, an LC-
type oscillator replaces the usual ramp-type oscillator.

There are many advantages of the LC-type oscillator
in a data recovery circuit. First, an LC oscillator pro-
vides excellent stability when used in a high-noise envi-
ronment, such as in data decoding applications. The
energy associated with the oscillations in an LC circuit
provide a “flywheel” effect which tends to maintain the
VFO running in the phase which existed during the pre-
vious cycles, despite small perturbations caused by
transient noise.

Secondly, an LC oscillator lends itself to a simpler
design in order to control the output frequency of the
VFO. Thus, voltage control of the frequency can be ac-
complished by a simple voltage-variable capacitor
(varicap) instead of by complicated variable current
sources that are required with ramp-type oscillators.
Further, since the varicap is operated as a reverse-
biased diode, the leakage current is extremely low. This
helps to eliminate phase errors with unavoidable
changes in operating frequency.

Finally, LC oscillators are capable of performing at
much higher frequencies than the conventional ramp
oscillator, a very desirable feature in future data stor-
age systems.

In accordance with another aspect of the present in-
vention, an improved phase comparator circuit is pro-
vided wherein there is always a linear relationship be-
tween the phase error and the current to the integrator
or filter. This is accomplished by insuring that both the
positive and negative current sources are triggered on
during each cycle whether there is zero, small or large
phase differences. In particular, each current source is
turned on at least for a minimum, fixed period of time
by the use of a fixed delay in the reset of the positive
and negative current latches.

The phase detector of the present invention operates
by comparing the time difference between two posi-
tive-going transitions. Hence, unlike prior art compara-
tors, the output is independent of the frequency of the
variable frequency oscillator. Thus, small variations in
frequency caused by disc speed variations do not
change the phase reference of the VFO, and the incom-
ing raw data pulses remain centered in the data separa-
tion windows. | :

In accordance with another aspect of the invention,
the VFO phase lock loop is designed to have a narrow
band-width, which enhances data recovery. The im-
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proved circuit design insures that the VFO locks to the
correct frequency, even with the narrow band-width of
the loop.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block schematic diagram of a data recov-
ery circuit incorporating the present invention.

FIGS. 2A and 2B are detailed schematlc diagrams of
the circuit of FIG. 1.

FIGS. 3 and 4 are graphical 1l|ustratxons of various
51gnal waveforms generated during the operation of the
circuit of FIGS. 1, 2A and 2B and of the timing rela-
‘tionships between them.

" DESCRIPTION OF THE PREFERRED
EMBODIMENT

The operation of the present invention will now be
described in greater detail. Reference is made, in par-
ticular, to FIG. 1, which is a block diagram illustrating
the overall operation of one embodiment of a data re-
covery circuit 10 of a magnetic disc storage system in-
corporating the present invention. Reference is addi-
tionally made to FIGS. 2A and 2B which are detailed
schematic diagrams:of the circuit of FIG. 1. Addition-
ally, reference should be made to FIG. 3 which graphi-
cally illustrates important signal waveforms and their
timing sequence during the operation of the circuit of
FIGS. 1 and 2A and 2B. .

Data recovery circuit 10 consists. of several sub-
circuits including "a variable frequency oscillator
(VFO) 12, a VFO feedback control loop 14, data sepa-
ration circuit 16, and start logic circuitry 18.

The output frequency of the VFO is made to be twice
that of the incoming raw data signals. Hence the output
from the VFO is referred to as VFO 2F. See FIG. 3C.
The purpose of the VFO 12 and the feedback control
loop 14 is to center the incoming raw data pulses from
the magnetic disc track in appropriate separation *‘win-
dows”. By providing “windows”;
determine whether an incoming raw data signal is a
data or a clock pulse. That is, if a pulse occurs during
a data window, then the system accordingly decodes
the pulse as a data pulse. Similarly, if a pulse occurs
during a clock window, the system accordmgly decodes
the pulse as a clock pulse.

“Since, for various reasons, signals from the magnetxc
disc track are subject to jitter and other time and phase
relocations, it is desirable to provide a window which
is ““centered” relative. to incoming raw data signals. By
centering it, it is meant that the middle of the window
occurs at the same point in time as the occurrence as
an ‘‘average’ raw data signal. By centering, the possi-
bility of an error in data separation is minimized.

The feedback control loop 14 consists of a phase de-
tector 20, current sources 21a and 21b, and filter or in-
tegrator 22. The purpose of the feedback control loop
is to maintain the VFO locked to the raw data signals
during a read operation and, during write and space
count operations, to signals derived from a servo disc
as explained earlier. The latter signal is referred to in
FIGS. 1 and 2 as PLO 2F, which also has a frequency
of twice that of the raw data signals. The usual practice
to obtain the PLO 2F signal is to provide a phase-
locked oscillator of any suitable type which is driven by
the pre-recorded servo disc information.

Both the PLO 2F and the raw data signals are pro-
vided to a line receiver and input switch (LRIS) 23.

it is then possible to |
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6

This circuit is responsible for switching between the
PLO 2F and raw data signals. -

In order to lock VFO 12 to the incoming raw data or
PLO 2F signals the phase detector 20 provides either
a plus or minus signal to the appropriate current source
21a and 21b which delivers a current pulse to the filter
22, with its polarity and duration determined by the
time difference between the incoming raw data or PLO
2F signal and the VFO 12 output signals, VFO 2F,
which is provided via line 25.

Filter 22 produces a DC error voltage (FIG. 3j)

‘which corresponds to the average value of the error

samples. A change in the average error changes the fre-
quency of VFO 12 in a direction needed to correct any
VFO 12 error. A change in the VFO output frequency
in turn produces a gradual change and the feedback
loop 14 eventually settles on the condition that mini-
mizes the average phase error. When the phase error is
reduced to zero, the time difference between the in-
coming raw data or PLO 2F signals and the VFO out-
put signal is reduced to zero. See FIGS. 3a(1) and (4)
and 3d.

The basic configuration of the phase detector 20 in-
cludes two D-type flip-flops 24 and 26 with feedback
to restore both to the initial state after both have been
clocked. A delay 28 in the feedback path 30 establishes
the minimum time that either flip-flop is in the clocked -
state, thus establishing a minimum time that current
sources 21a and 21b are switched on. Delay 28 is se-
lected to insure that both current sources 21a and 21b

. are first turned fully on before they are turned off. This

feature is necessary to eliminate dead-band whereby
the phase detector 20 does not respond properly to
small phase errors (or time differences) between the
two input signals to the phase detector 20.

As explained, the output of current sources 21a and
21b is a current pulse of a predetermined magnitude
and width corresponding to the time difference be-

-tween the two input signals. See FIGS. 3g, 34 and 3i.

The polarity of the current pulse is determined by the
arrival time of the raw data pulse with respect to the
positive-going transition- of the VFO 2F signal. Addi-
tionally, see FIGS 3a and 3c under conditions (2) and
(3). If the raw data pulse arrives first, condition (3) a
positive current pulse is provided. If the raw data pulse
arrives later, condition (2) a negative current pulse is-
provided.

Current pulses to the filter 22 are mtegrated to pro-
duce a DC error voltage which is applied to the variable
frequency oscillator 12 (see FIG. 3j). The filter time -
constants, determined by circuit components C1, C2
and R1 are chosen to provide optimum phase tracking
in the presence of random bit shift and jitter in the in-
coming raw data signals.

Details of VFO 12 are shown in FIG. 2A. The,ele-
ments C3, voltage-variable capacitor (varicap) CR1,
and L1 comprise a parallel-resonant. LC circuit 29
which is driven by a switchable current source 27 con-
sisting of transistors Q1 and Q2. The current source 27
is driven by either of two input signals; either output 32
of tapped delay line 31, or by an internal feedback sig-
nal on-line 35 obtained from a limiter 34 which-is
driven by a portion of the signal developed across the
resonant LC circuit 29. As a ringing amplifier, the input
pulses to the oscillator 12 excite the damped LC circuit
29 which produces a sinusoidal waveform at resonance.
As an oscillator, the output of limiter 34 is returned:to
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switchable current source 27 with the polarity needed
to sustain oscillations. The sinusoid is converted into a
square wave in the limiter 34 which is the VFO 2F sig-
nal. _

Thus, variable frequency oscillator 12 can be con-
nected either as a self-controlled free-running oscilla-
tor while frequency is determined by resonant LC cir-
cuit 29, or it may be connected as a ringing amplifier
to deliver suitably delayed raw data pulses directly to
the LC circuit 29 as will be explained in greater detail
subsequently.

When the variable frequency oscillator 12 is con-
nected as an oscillator during the normal steady state

" operation, frequency control is accomplished by means
of the varicap, CR1, which changes the resonant fre-
quency according to the DC error voltage from filter
22. A small amount of DC offset voltage may be ap-
plied to the limiter 34 by means of resistors R2, R3 and
R4 which can be used to adjust the asymmetry of the
VFO 2F square wave over a limited range. This feature
is used in conjunction with the tap 44 of delay line 31
to exactly center the raw data pulses in their respective
windows.

The operation of phase detector 20 to center clock
and data pulses within their respective windows will
now be explained. For a proper understanding of this
operation, particular reference is made to FIG. 3. Note
that the waveforms shown in FIG. 3b and 3f are actu-
ally combined in the phase detector, but are shown sep-
arately here for clarity.

When VFO 12 is locked to the servo disc, which is
always the case except during a read data operation,
the PLO 2F signal derived from a phase lock loop cir-
cuit (not shown) and driven by the servo disc timing
signals is fed directly to the VFO phase detector 20
through tap 48 of delay line 31. The phase detector
data gate 50 is continually disabled allowing the phase
detector to operate continually. The phase detector
data gate 50 is inhibited by a signal, VFO gate (FIG.
4a), from disc drive controller (not shown).

When the VFO 12 is locked to read data, the data
gate 50 operates to inhibit the phase detector 20 during
the interval between raw data pulses. The purpose of
inhibiting the phase detector 20 between raw data
pulses is to prevent a false output from the phase detec-
tor 20 during the interval between raw data pulses.

Phase detector data gate 50 is connected to tap 54 of
tapped delay line 31. This delay permits the detector
data gate 50 to provide a phase detector enable pulse
(FIG. 3b) to the phase detector 20 which is approxi-
mately centered over the leading edge of raw data pulse
provided from tap 48 to phase detector 20 (FIGS. 3a
and 3b). The enable pulse allows the phase detector to
compare the time difference between the two input sig-
nals. _

When the raw data pulse arrives on time, FIG. 3, con-
ditions (1) and (4), both latches are clocked simulta-
neously, turning on both current sources 21a and 21b
simultaneously, whereupon the NAND-gate 58 applies
a set pulse to the 8 ns delay line 28. When the pulse
passes through the delay line 28, it restores both latches
24 and 26 to the initial state simultaneously, which also
simultaneously turns off both the current sources. The
net result is that there is no current into filter 22 and
hence no change in the DC error voltage.

In the case of a late data pulse, FIG. 3, condition (2),
the positive transition of the VFO 2F clocks the —phase
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latch 24 and turns on the —current source 215. When
a late data pulse arrives at the phase detector 20, condi-
tion (2), the (+) phase latch 26 is clocked, turning on
the (+) current source 21a and terminating the current
pulse (FIG. 3i) into the filter 22. At this point, the
phase detector restore NAND-gate 58 finds that both
the (+) phase latch 26 and the (—) phase latch 24 have
been clocked and supplies a set pulse (FIG. 3f) to the
8ns delay line 28. This restores both latches 24 and 26
to the “‘set” state and turns both current sources 21a
and 215 off.

The signals from the current sources 21a and 215
(FIGS. 3g and 34) are summed at 37 prior to the filter
22. The summed current waveform is shown in FIG. 3i.
The net current from current sources 21a and 215 into
the filter 22 through line 37 is a pulse whose width is
equal to the time difference between the positive tran-
sitions of the VFO 2F signal and the late data pulse. See
FIG. 3i. The change in the DC error voltage (FIG. 3j)
is of the direction necessary to reduce the frequency of
the VFO 12.

The same process is repeated for an early pulse, con-
dition (3) in FIG. 3. However, since the clock pulse ar-
rives sooner than the corresponding positive transition
of the VFO 2F signal, the net current into the filter is
a pulse whose width is equal to the time difference be-
tween the positive transitions of the VFO 2F signal and
the early clock pulse, but the polarity of the current is
opposite to that produced by a late pulse. The change
in the DC error voltage is in the direction necessary to
increase the frequency of the variable frequency oscil-
lator 12.

The data separation circuit 16 decodes the incoming
digital information by separating the data pulses from
the clock pulses. The data separation circuit 16 in-
cludes a window generator 36, a data separator circuit
38 and a data register 40. Window generator 36, com-
prising a binary trigger 60 is clocked on each negative
transition of the (+) VFO 2F signal to provide the VFO
trigger signal. See FIGS. 3¢ and 3q.

The output of the window generator 36 is a square
wave centered on the (+) VFO 2F transition. One po-
larity of the square wave is arbitrarily assigned as the
data window; the other becomes the clock window
(FIGS. 3c, 3k and 3!).

The data separator 38 includes a latch circuit 61. Its
purpose is to prevent the data or clock window from
changing state while a raw data pulse is present at the
data separator 38. This prevents the trailing edge of a
late pulse from appearing in the adjoining window. See
FIGS. 3k, 3/, condition (2).

Depending upon the state of the window, the raw
data pulse is allowed to pass through either gate 56 and
58. Thus, a raw data pulse appearing in the data win-
dow will appear at the separated data output (FIG. 3n),
while a raw data pulse appearing in the clock window
will appear at the separated clock output (FIG. 3m).

The separated clock pulses are not used in the pres-
ent invention. The separated data pulses are applied to
data register 40 which comprises a two-stage shift regis-
ter which is clocked at the transition from a clock win-
dow to a data window. The first stage 68 stores the sep-
arated data pulse until the next transition from a clock
to data window, whereupon the separated data pulse is
transferred to the second stage 70 in the normal action
of a shift register. Since the separated data pulse termi-
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nates before this transition, the first stage 68 of the shift
register returns to its original state.
The output of the data register 40 is a series of pulses
corresponding to the sequerce of data pulses in the raw
data, but with bit shift and jitter removed. See-FIG. 3p.

_ Since the data output can only change state at times de-

“termined by the variable frequency oscillator 12, the
decoded output is said tobe standardized. .

The start logic circuitry 18 consists of a start latch 52,

a bistable single shot 72, an oscillator phase synchroni-

zation circuit 74, and a data synchronization circuit 76.

The purpose of the start logic circuitry 18 is to control

the sequence of operations which synchronize or lock

the VFO 12 to the raw data during the beginning of a

" fead operation, and re-synchronize the VFQO to the

PLO (not shown) at the completion of the read opera--

tion. In particular, the start logic circuitry 18 is utilized
to provide injection-locking of the VFO 12 during the
initial transition to a read data sequence. _

The utilization of injection locking is part of the gen-
eral process of synchronization. Synchronization is
used herein to refer to locking the VFO 12 and the en-
tire data separation circuit 16 to the i mcommg raw data
signals. .

The object of synchronization at the begmnmg of a
read operation is threefold:

First, while the VFO 12 is locked to the servo disc,
the phase detector 20 is allowed to operate continu-
ously; that is, the phase detector data gate 50 is held in-
operative. During the synchronizing interval while the
VFO 12 is being locked to raw data, the phase detector
20 is inhibited by oscillator syne latch 74 to prevent the
generation of unwanted current pulses to the filter 22
which may change the otherwise correct DC error volt-
age. This effectively disconnects the feedback control
loop 14 during this period of time, At the end of the
synchronizing interval, the phase detector 20 is allowed
to operate by means of the phase detector data gate 50.

Second, due to the random phase Hifference which
may exist between the phase of the variable frequency

oscillator 12 ‘and the phase of incoming raw data.

pulses, it is necessary to synchronize the oscillator 12
to the phase of the raw data pulses. This is accom-
plished by breaking or opening the osc:llator feedback
loop 14 for a sufficient length of time to allow the origi-
nal oscillations to decay and at the same time directly
injecting properly-timed raw data ‘pulses into. the oscil-
lator '12 current switch 27. It is to be noted that the
feedback line 35 is internal to the VFO 12 and is not
to be confused with the VFO feedback control loop 14
which is external to the VFO 12.

Since the DC error voltage stored in the filter 22 is
the correct value required to tune the variable fre-
quency oscillator 12 to the disc speed (by virtue of the
action of the PLO), the LC circuit 29 in the VFO 12
is tuned to resonance with the injected raw data pulses.
After a sufficient lapse ‘of time, the ‘oscillations pro-
duced in the LC circuit 29 bear a fixed relationship to

the phase of the injected raw data pulses from tap 32

of delay line 31 and the object of synchronizing the os-
cillator to the incoming raw data is accomplished.
Since the oscillator normally operates at twice the
frequency of the incoming raw data, the amplitude of
the oscillation produced during injection locking would
normally be one-half the amplitude maintained while
the oscillator line 35 is closed. In order to minimize the

10

tnme required by the oscillaior 12 to stabilize to the
proper amplitude, the amount of current delivered to
the oscillator current switch 27 during injection locking
is doubled by means of elements R5, CR2, CR3 and
transistor Q3.

Third, the VFO.12'is always constrained to begm syn-
chronization to read data in an area on the disc track
where it is known that clock pulses have been pre-
recorded. Thus, if during synchronization the data and
clock windows happen to become inverted (that is, in-
terchanged), a known clock pulse will be separated

_ into.the separated data output and be stored in the first
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stage 68 of the 2-stage shift register comprising data
register 40.

When this occurs, the data synchronizing cnrcunt 76
operates to invert the data and clock windows by delet-
ing one transition of the VPO 2F signal while the win-

dow generator is generating a clock window. The tim-

-ing is arranged so that when the window generator be-

gins operating again, it will correctly decode the incom-
ing raw data pulses into ‘the clock window.

This operation will repeat as long as the VFO is being
synchronized since the process of synchronization may
cause the windows to become inverted more than once.

In addition, reference is made to FIG. 4 during the
following sequence of events at the beginning of a read
operation. During synchronization, it is not possible to
illustrate all of the possible waveforms that may be ob-
served due to the random nature of the initial phase
error between the VFO and the incoming raw data: In
any event, a description of all of these possible wave-
forms is not required for an understanding of the pres-
ent invention. An initial phase error approaching 180
degrees has been selected to illustrate the process of
injection-locking.. While different initial errors may
produce significantly different waveforms, the end re-
sult is the same; namely, that the oscillator 12 phase is
quickly brought into a predetermined phase relation-
ship with that of the incoming raw data, and the oscilla-
tor 12 amplitude quickly reaches the normal value.

Initially, the VFO 12 is phase-locked to the PLO 2F .
signal as previously explained The charge stored in ca-
pacitor C1 in the filter 22 is inherently of the correct

value to maintain the VFO 12 frequency correlated

with the disc speed, which permits the oscillator LC cir--
cuit 29 to resonate with the incoming raw data pulses.

- At the beginning of a read sequence, when it is neces-

sary to lock the VFO 12 to the raw data, the controller
changes the VFO gate signal to a logic zero level. See
FIG. 4a. This releases the start latch 52 and allows it to
respond to the next raw data pulse from the LRIS 23.
This is done to prevent initiation of the synchronizing
interval during a disc defect when no raw data pulses
are available for synchronization.

The first raw data pulse clocks the start latch 52
which triggers the bistable single shot 72 and switches
the LRIS 23 to allow the raw data pulses (FIG. 4b) to
pass to the tapped delay line 31 instead of the PLO 2F
pulse signals.

The output of the bistable single shot 72 (FIG. 4f) is
applied to the set iriput of the oscillator sync latch 82
of oscillator phase sync circuit 74. This operates to in-
hibit the phase detector 20 by means of the (+) VFO
reset signal (FIG. 4e) and switches the variable fre-
quency oscillator 12 to the injection-locked or synchro-
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nization mode. This is done by simultaneously (1)
breaking the VFO 12 feedback line 35 by means of a
logic one level applied to input 88 of gate 90, (2) by al-
lowing resistor RS to supply more current to the oscilla-
tor current switch 27 by cutting off transistor Q3, and
(3) by enabling gate 92 to apply raw data pulses from
tap 32 of delay line 31 to the oscillator injection-
locking input 96. Also, the data sync circuit 76 is al-
lowed to function by means of the —VFO reset signal
(FIG. 4f).

With the feedback loop broken and no other input to
the LC circuit 29, the energy contained in the LC cir-
cuit 29 would naturally decay due to losses inherent in
any practical LC circuit. In the example chosen, this
process is aided by the phase of the first three raw data
pulses 98, 100 and 102 (FIG. 4b) which occur out of
phase with the oscillation prior to the beginning of the
read operation. See FIG. 4h. This quickly reduces the
amplitude of oscillation to near-zero, and accomplishes
the necessary phase reversal. See FIG. 4e. Pulses 104,
106, 108, 110 and 112 reinforce the amplitude of the
oscillation and bring it to the normal steady state value.
During the synchronization interval, the data sync cir-
cuit 76 operates to invert the data/clock window until
the incoming raw data pulses are decoded as clock
pulses as previously explained. :

After a predetermined interval set by the bistable sin-
gle shot 72 (FIG. 4d), the oscillator sync latch 82 of the
oscillator phase sync circuit 74 is released and allowed
to clock on the next raw data pulse 120 from tap 32 of
the delay line 31. When this happens, the signal on line
35 from the limiter 34 in the variable frequency oscilla-
tor 12 is in phase with the incoming raw data pulse at
tap 32. Hence the signals in lines 35 and 96 are in phase
with one another at this instant. This permits switching
the oscillator 12 from the injection-locking signal on
line 96 to its own internal signal on line 35 without dis-
rupting the phase or amplitude of the oscillations which
have built up in the LC circuit 29.

In particular, when the oscillator sync latch 82 is
clocked by a subsequent raw data pulse 120, the fol-
lowing operations are performed:

1. A logic zero level signal, +VFO reset, (FIG. 4e),
is applied from “Q” of latch 82 to the oscillator
feedback gate 90 which restores the variable fre-
quency oscillator internal feedback signal, VFO 2F
on line 35 (FIG. 4i) from limiter 34.

2. This same logic zero level signal, +VFO reset, is
applied to the phase detector 20 to allow it to re-
spond to the enable pulse from the phase detector
data gate.

3. A logic one level signal, —VFO reset, (FIG. 4f)
from Q of latch 82, is applied to the phase detector
data gate latch 124 which is thereby clocked. The
Q output of latch 124 applies a logic zero level sig-
nal, —data gate enable (FIG. 4j) to gate 126 of the
phase detector data gate 50. This gate responds by
applying a logic one level signal, phase detector en-
able (FIG. 4k) to the phase detector 20 to keep it
inhibited, and to the data gate latch 128 which pre-
pares the phase detector data gate 50 to begin op-
erating on the next raw data pulse.

4. The logic one level signal, —VFO reset (FIG. 4f)
from the oscillator sync latch 82.is applied to gate
130 which in turn applies a logic one level signal
(FIG. 4g) to the variable frequency oscillator injec-
tion locking input gate 92 and to the clock input of

5

10

15

20

25

30

35

40

55

65

12

the oscillator sync latch 82. This terminates the in-
jection locking pulses to the variable frequency os-
cillator 12.

5. The logic one level from Q of the oscillator sync
latch 82 (FIG. 4f) is applied to gate 132 turning on
transistor Q3. This shunts the extra current sup-
plied by resistor RS to ground and restores the cur-
rent supplied to the oscillator switch 27 to the nor-
mal value.

6. The logic one voltage from the oscillator sync latch
82 (FIG. 4f) is applied through gate 132 to the data
sync circuit 76, and terminates the operation of the
data sync circuit 76.

The timing relationship between various signals in
the system is controlled by selecting appropriate tap
positions on delay line 31. Referring particularly to
FIG. 2A, the input 136 to output 54 of the tapped delay
line, a fixed delay of approximately 80 nanoseconds
(ns), is provided which is nearly equal to the period of
the VFO 2F oscillator signal. These two signals control
the phase detector gate 50 as explained previously.

Tap output 48 is located at approximately 40 nano-
seconds or halfway down the delay line 31. This tap
drives the phase detector 20 which provides the center-
ing action to keep the incoming raw data pulses cen-
tered in the data separation windows, and is chosen in
conjunction with the output of the phase detector data
gate 50 to ensure cotrect output from the phase detec-
tor 20 for pulses greatly displaced from their true posi-
tions.

Tap output 32 is located slightly ahead of tap 48 and
is used to injection-lock the oscillator 12 to the phase
of the incoming raw data pulses. The amount of ad-
vance is selected so as to be equal to the propagation
delay through the oscillator phase synchronization cir-
cuit 74 so that when the oscillator 12 is switched from
the injection lock made to the normal mode, the time
difference between the VFO 2F signal and the leading
edge of the raw data signal at tap output 48 is as close
to zero as possible.

Tap output 44 is slightly delayed from tap 48 to ac-
count for propagation delays through the data sync cir-
cuit 76 and window generator 36. By virtue of the ac-
tion of the phase-locked loop to align the positive tran-
sition of the VFO 2F signal with the average phase of
the incoming raw data signals, the signal on tap 44 is
properly centered in the separation windows.

I claim: -

1. A circuit for decoding stored data information sig-
nals, said data information signlals including data sig-
nals and clocking signals, utilizing a plurality of mag-
netic recording discs as the storage medium, and in-
cluding at least one magnetic disc surface having servo
information signals recorded thereon, comprising:

a. a variable frequency oscillator for providing sys-

tem timing signals;

b. a feedback control system for receiving input sig-
nals to said variable frequency oscillator and for
controlling the output frequency of said variable
frequency oscillator;

c. means for locking said variable frequency oscilla-
tor to said servo information signals;

d. means for disconnecting said feedback control sys-
tem from said servo information signals when it is
desired to read out stored data information signals
from said plurality of magnetic discs;
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e. means for injecting said variable frequency oscilla-
tor directly with said data information signals dur-
ing the transition of locking said viriable frequency
oscillator to said data information signals; and

f. means for re-connecting said variable frequency
feedback control loop after the output of said vari-
able frequency oscillator is in phase, within prede-
termined limits, with said stored data signals, said

variable ‘frequency oscillator - thereafter being.

locked to said. stored data information signals for

separating said data signals and clocking signals,
and for providing system timing signals.

2. A data decoding circuit as in claim 1 wherein said

feedback system includes positive and negative current

sources, a phase detector for comparing the phase rela--

tionship between the variable frequency oscillator and
incoming data information signals and including means

-for switching on said positive' and negative current
sources, means for summing the outputs of said positive
and negative current sources, a filter connected be-
tween said summed output and said variable frequency
oscillator, and including means for switching both said
positive and negative current sources on for a minimum
fixed period of time during each phase companson cy-
cle.

3. A data decoding circuit as in claim 2 wherein said
switching means comprises a first latch for activating
said positive current source in response to a data infor-
mation signal and-a second latch for activating said
negative currént source in response to a variable fre-
quency oscillator pulse, and means for resetting said
first and second latches to thereby de-activate said cur-
rent sources a predetermined period of time after both
said positive and negative current sources have been
activated.

4. A data decoding circuit as in claim 3 wherein said
first and second latches are activated by the leading
edges of said data information signals and said variable
frequency oscillator pulses respectively.

5. A data decoding circuit as in claim 4 wherein said
first and second latches remain activated, despite sub-
sequent data information and variable frequency oscil-
lator pulses, respectively, unless the same are de-
activated prior to such subsequent data information
and variable frequency oscillator pulses -

6. A data decoding circuit as in claim 2 mcludmg
means for inhibiting said phase detector during the in-
tervals between data information signals.

7. A data decoding circuit as in claim 4 including
means for inhibiting said phase ‘detector during the in-
tervals between data information signals.

8. A data decoding circuit as in claim 7 wherein said
variable frequency oscillator comprises an LC oscilla-
tor circuit.

9. A data decoding circuit as in claim 8 wherein said
means for disconnecting said feedback control system
and injecting said variable frequency oscillator directly
with said data information signals includes means for
operating said L.C oscillator circuit as a ringing ampli-
fier.

10. A data decoding circuit as in claim 1 wherein said
variable frequency oscillator comprises an LC oscilla-
tor circuit.

11. A data decoding circuit as in claim 10 wherein
said means for disconnécting said feedback control sys-
tem and injecting said variable frequency oscillator di-
rectly with said data information signals includes means
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for operatmg sald LC osc1llator circuit as a ringing am-
plifier.

12.In a data recovery system mcludmg a variable fre-
quency oscillator and a variable frequency oscillator
feedback control loop therefore which receives the
variable frequency oscillator input signals, improved
means for locking said variable frequency oscillator to
a stream of stored data signals comprising data and
clocking bits, where said variable frequency oscillator
has previously been locked to a reference signal source -
whose frequency is related to the speed of said data
stream comprising:

a.. means for disconnecting said feedback control

loop from said variable frequency oscillator;

b. means for injecting the stored data signals directly
to the input of said variable frequency oscillator;
and S

¢. means for re-connecting said variable frequency
feedback control loop after the outputs of the vari-

- able frequency oscillator is in phase, within prede-
termined limits, with said stored data signals.

13. A data recovery system as in claim 12 wherein
said variable frequency oscillator comprises an LC os-
cillator circuit.

14. A data recocery system as in claim 13 wherein
said means for providing said stored data directly to the
input of said variable frequency oscillator includes
means for operating said LC oscillator circuit as a ring-
ing amplifier.

15. A circuit for decoding stored data information
signals, said data information signals including data sig-
nals and clocking signals, utilizing a plurality of mag-
netic recording discs as the storage medium, and means
for providing a reference signal source related to the
speed of said magnetic discs, comprising:

a. a variable frequency oscillator for providing sys-

tem timing signals; '

b. a feedback control system for receiving input sig-
nals to said variable frequency oscillator and for
controlling the output frequency of sald variable
frequency oscillator; :

c. means for locking said variable frequency oscilla-
tor to said data information signals when it is de-
sired to read-out said data information signals from
said plurality of magnetic recording discs, and at all
other times locking said oscillator to said reference
signal source means, and

d. wherein said variable frequency oscillator com-
prises an LC oscillator circuit:

16. A circuit for decoding stored data signals com-

prising:

a. a variable frequency oscillator for providing sys-
tem timing signals;

b. a feedback control system for receiving input sig-
nals to said variable frequency oscillator and for
controlling the output frequency of said variable
frequency oscillator, wherein said feedback control
system includes
i. positive and negative current sources,

ii. a phase detector for comparing the phase rela-
tionships between the variable frequency oscilla-
tor and incoming data signals and ‘including
means for switching on said positive and-negative
current sources,

iii. means for summing the outputs of said ‘positive -
and negative current sources, and
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iv. a filter connected between said summed output
and said variable frequency oscillator; and

c. means for switching both said positive and negative

current sources on for a minimum fixed period of
time during each phase comparison cycle.

17. A data decoding circuit as in claim 16 wherein
said switching means comprises a first latch for activat-
ing said positive current source in response to a data
information signal and a second latch for activating
said negative current source in response to a variable
frequency oscillator pulse, and means for resetting said
first and second latches to thereby de-activate said cur-
rent sources a predetermined period of time after both
said positive and negative current sources have been
activated.

18. A data decoding circuit as in claim 17 wherein
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said first and second latches are activated by the lead-
ing edges of said data information signals and said vari-
able frequency oscillator pulses respectively.

19. A data decoding circuit as in claim 18 wherein
said first and second latches remain activated, despite
subsequent data information and variable frequency
oscillator pulses, respectively, unless the same are de-
activated prior to such subsequent data information
and variable frequency oscillator pulses.

20. A data decoding circuit as in claim 18 including
means for inhibiting said phase detector during the in-
tervals between data information signals.

21. A data decoding circuit as in claim 16 including
means for inhibiting said phase detector during the in-

tervals between data information signals.
* * * * *



