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separator window, a logic 0 is assumed as the encoded
data. Accordingly, data signal 28 of FIG. 2 represents
encoded data 010110. Because transitions must occur
within the data separator window, it is imperative that
data signal 28 and the data separator windows 30 be
substantially synchronized so that decoder 20 can dis-
tinguish whether the incoming data is a logic 1 or a
logic 0. Should the data signal shift relative to the data
separator window or vice versa, this important timing
mechanism will be ineffective and erroneous data read-
back will occur.

Over a large number of data reads, of the order of
1010, a plot of the arrival time of the data transitions
relative to the center of the data separator window
typically will yield the plot as depicted in FIG. 3. The
horizontal axis of FIG. 3 represents the position of the
data transition relative to the center of the data separa-
tor window where Ons represents the transitions occur-
ring at the center of the window, —ns to the left of the
center of the data separator window indicates a data
transition prior to the center of the data separator win-
dow, and +ns to the right of the center of the data
separator window indicates a data transition following
the center of the data separator window. The vertical
axis represents the logarithmic probability of a data
transition occurring a given time distance before or
after the center of the data separator window. Most of
the data transitions will fall at the center of the data
separator window. Towards the edge of the data sepa-
rator window, there is a much lower probability that
the data transitions will occur in that region. The proba-
bility density of a data transition falling within the data
separator window is represented by distribution curve
38 depicted in FIG. 3. This distribution curve indicates
that while the majority of data transitions occur sub-
stantially towards the center of the data separator win-
dow, some will occur toward the edges of the data
separator window.

One measure of mass storage device with reliability
upon which both system designers and manufacturers
rely is a measurement of the leading and trailing por-
tions of the data separation window in which no flux
reversals are observed to occur for a specified number
of bits. With reference to distribution curve 38 of FIG.
3, an error rate may be determined for a given window
niargin. For example, to determine an error rate for a
leading edge window margin time Tme, the area under
distribution curve 38 from negative infinity to Tme is
calculated. This will yield the error rate for that given
leading edge window margin time. Similarly, to deter-
mine an error rate for the window margin late Tml, it is
necessary to calculate the area under distribution curve
38 in the region of Tml to infinity. If Tme and Tml are
varied and the logarithmic window margin error rates
are determined for each individual Tme and Tml, the
resulting curve is depicted in FIG. 4. From this curve,
it is possible to determine for a desired Tme or Tml the
logarithmic error rate.

In an ideal system, a data transition will occur sub-
stantially at the center of the data separator window;
however, a number of factors contribute to a phase
change between the data separator window and the
data transition. Factors that contribute to this phase
shift include noise at the read/write head, cross talk
from the read head, magnetic interaction between the
flux transitions on the magnetic media, jitter within the
PLL circuit, circuit component noise, and inherent
component delay. These factors may individually or
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cumulatively effect the phase difference between the
data transition and the data separator window. For the
waveforms depicted in FIG. 5, when the data signal 46
is shifted to the left of the center of the data separator
window 44, the data transition is said to occur early
relative to the center of the data separator window. It is
these phase changes between the data signal and the
data separator window which generates the probability
distribution function. Where data transition 48 is shifted
to the right of the center of data separator window 44,
the data transition is said to occur late relative to the
center of the data separator window.

This invention determines if there has been a phase
shift between the data separator window and the data
transition of the data signal by delaying the occurrence
of the data separator window to determine if the data
transition has occurred early relative to the center of
the data separator window while simultaneously the
occurrence of the data transition is delayed relative to
the occurrence of the data separator window. If after
delaying the occurrence of the data transition, it is de-
termined that the delayed data transition has occurred
outside of the data separator window, the data transi-
tion is said to have occurred late relative to the center of
the data separator window. Delaying the occurrence of
the data separator window relative to the data transition
and simultaneously delaying the occurrence of the data
transition relative to the data separator window enables
a determination whether the data transition has oc-
curred early or late relative to the center of the data
separator window. If in either of these cases it is deter-
mined that the data transition has occurred outside of
the data separator window or outside of the shifted or
delayed data separator window, the data transition is
not passed beyond decoder 20 causing the controller to
generate a cyclical redundancy error (CRC).

FIG. 6 depicts the waveforms that result when the
circuit disclosed in this invention checks for an early
data transition relative to the center of the data separa-
tor window. To determine if a data transition has oc-
curred early, the data separator window 54 is delayed
for a predetermined time interval to yield delayed data
separator 56. The leading edge 58 of delayed data sepa-
rator window 56 is compared by a timing comparator,
to be discussed with respect to FIGS. 8 and 9, to the
rising edge of the data transition 60. If leading edge 58
occurs before the rising edge of data transition 60, the
data transition is said to occur within the data separator
window. If the data transition 60 occurs before the
leading edge 58 of the delayed data separator window
56, the data transition is said to occur early with respect
to the data separator window 54, and a data transition
early error has occurred.

FIG. 7 depicts representative waveforms used to
determine if the data transition has shifted to the right
within the data separator window 64. To determine if
the data transition has shifted to the right of the data
separator window, the data separator window remains
fixed while the data transition is delayed for a predeter-
mined time interval. Data separator window 64 remains
fixed while data transition 66 is delayed to produce
delayed data transition 68. In this embodiment, because
it is the rising edge of data transition signal which indi-
cates that a data transition has occurred, if the rising
edge of the delayed data transition 68 occurs within the
bounds of the data separator window 64, no data transi-
tion late error has occurred. Conversely, if the delayed
data transition occurs outside of the delay data separa-
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tor window 64, it is determined that the data transition
66 has occurred late relative to the center of the data
separator window.

For determining early or late occurrences, because
the duration of the data separator window is known and
the delayed data separator window and the delayed
data transition delay times are predetermined and
known, if no data early or data transition late error has
occurred, the data transition has occurred within the
data separator window and also within a sub window
defined by the data separator window minus the prede-
termined time intervals for each delay period. Thus, this
circuit effectively determines how close the data transi-
tions occur to the edges of the data separator window.
The significance of this operation is that by controlling
the delay period of the data separator window and the
delay data transition, the error rate of the drive may be
artificially increased. The increased error rate allows
the drive to be tested in an expedited fashion because by
locating a minimal number of points, the remaining
curve may be extrapolated from those few data points.
More particularly, when the characteristics of a drive is
known, modifications to that drive and effect any error
rate may be measured quickly because the gaussian
distribution is well known.

Referring to FIG. 8, a block diagram of the window
margining circuit is depicted. Into programmed delay
element 74 is input the data transition and also a data
transition delay byte which is indicative of the desired
predetermined time interval to delay the data transition.
The output from program delay element 74 activates
toggle element 76 which indicates to timing comparator
78 that a delayed data transition has occurred. Also
input to the timing comparator 78 is a data separator
window which is compared to the output from toggle
element 74 to determine whether the data separator
window leading edge or the data transition leading edge
has occurred first. Program delay element 74, toggle
element 76, and timing comparator 78 effectuate the
waveforms depicted in FIG. 7. The output of timing
comparator 78 will indicate whether the data transition
has occurred within the data separator window or out-
side of the data separator window. For example, the
output of timing comparator 78 will assume logic 1 to
indicate that the data transition was within the data
separator window and assume logic 0 to indicate that
the data transition was not within the data separator
window. This signal is then fed to the pulse regenera-
tion circuit 80 which regenerates the data pulse if no
errors, early or late, have occurred.

Similarly, the data separator window is input to pro-
grammed delay element 82 as is a data separator win-
dow delay byte which is indicative of the desired prede-
termined time interval to delay the data separator win-
dow. The output from program delay element 82 is
input into timing comparator, as is the output from
toggle element 84 which indicates whether a data tran-
sition has occurred. Toggle element 84 functions as
described above with respect to toggle element 74 ex-
cept that it is triggered on the data transition, not the
delayed data transition. Program delay element 82,
toggle element 84, and timing comparator 86 effectuate
the function depicted in FIG. 6, and indicate whether a
data transition has occurred early within the data sepa-
rator window. If a data transition has occurred early
within the data separator window, an error is output by
timing comparator 86. The output from timing compar-
ator 86 assumes logic states similarly described with
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respect to timing comparator 78. The error signal from
timing comparator 86 is also input to pulse regeneration
circuit 80.

If the data transition has arrived within the delayed
data separator window and a delayed data transition has
arrived within the data separator window, no error has
occurred, and the pulse regeneration circuit 80 regener-
ates the input pulse at the center of the data separator
window which is also output by the window margin
circuit. If the data transition has not arrived within the
data separator window, whether the data transition was
early or late, pulse regeneration circuit 80 does not
regenerate the data transition. Typically, when the data
transition is not regenerated, a cyclic redundancy check
(CRC) is generated by the device control. This indi-
cates that an error has occurred in reading the data from
the magnetic media of the storage device.

FIG. 9 is a circuit diagram of the block diagram de-
scribed with respect to F1G. 8. The inputs to this circuit
are as described with respect to FIG. 8 and include a
data transition, a data separator window, and two eight
bit delay bytes which determine the predetermined
delay for the data transition and the data separator win-
dow, respectively. Programmed delay elements 74 and
76 are as described with respect to FIG. 8. It should also
be noted that with respect to the circuit diagram of
FIG. 9, all biasing and grounding connections of the
integrated circuit elements have been omitted for the
purposes of clarity, but are those used within the prior
art. At the start of every data separator window, the
rising edge of the data separator window clocks the
input D of delay flip-flop 90a through to its normal
output Q. As the input D and the normal output Q to
delay flip-flop 902 will be identical the output of exclu-
sive-OR gate 92a will be low. The data separator win-
dow is also input to programmed delay element 76
which delays the data separator window by a predeter-
mined amount corresponding to the value of the win-
dow delay byte labeled window delay. The output of
programmed delay element 76 which is a delay data
separator window clocks the input D of delay flip-flop
905 through to its normal output Q. Because the input D
and the normal output Q of delay flip-flop 905 will be
identical, the output of exclusive-OR gate 9256 will be
low.

The data transition is input into program delay ele-
ment 74 which delays the occurrence of that data transi-
tion by a predetermined amount corresponding to the
value of the eight bit delay byte labeled transition delay.
The positive edge of the delayed data transition clocks
the input D of delay flip-flop 94a through to its normal
output Q. Because the complemented output Q is fed
back into the input D of delay flip-flop 94¢, there is in
effect a toggle at the normal output Q of delay flip-flop
94¢ upon every rising edge pulse out of programmed
delay element 74. Thus, upon the occurrence of a rising
edge of a delayed data transition, the normal output Q
of delay flip-flop 94a will toggle between logic 0 and
logic 1. Upon toggling the output of delay flip-flop 94q,
the output of exclusive-OR gate 92a will rise to a logic
1 as the nornal output Q of delay flip-flop 90z and the
normal output Q of delay flip flop 94« are complements,
causing the output of exclusive-OR gate 92a to rise to
logic 1. Similarly, the rising undelayed data transition
triggers delay flip-flop 945 which functions as described
above with respect to delay flip-flop 94a. Upon the
toggling of the normal output Q of delay flip-flop 945
the output of exclusive-OR gate 925 will rise to logic 1.
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At the end of each data separator window (at the begin-
ning of the next data separator window), the outputs of
exclusive-OR gates 92a and 924 are clocked by the
rising edge of the next data separator window to the
normal outputs of delay flip-flops 96¢ and 965, respec-
tively. In this particular embodiment, if at the end of the
data separator window, the output of one of exclusive-
OR gates 92a or 92b is low, the data transition has oc-
curred either too early or too late relative to the prede-
termined time intervals used to shift either the data
transition or the data separator window.

The states of exclusive-OR gates 92a and 92b are
clocked respectively into delay flip-flops 96 and 965 at
the end of each data separator window as described
above. If the normal outputs Q from delay flip-flops 96a
and 965 are both high, the output of NAND gate 98 will
be logic 0. If the input from NAND gate 98 is low,
indicating that the data transition was neither early nor
late, the data pulse will be regenerated in the center of
the next data separator window. NAND gate 100 in-
" verts the data separator window signal so that a nega-
tive edge is inverted to a positive edge. This negative
edge represents the center of the data separator win-
dow. Upon the negative edge transition of the data
separator window, delay flip-flop 102 clocks the output
from NAND gate 98 through to the complemented
output Q of delay flip-flop 102. Because the input into
delay flip-flop 102 is a logic 0 if no error has occurred,
the complemented output Q of delay flip-flop 102 will
be a logic 1 and triggers pulse generator 104.

Pulse generator 104 is embodied herein as a2 monosta-
ble multivibrator that triggers upon a positive edge
transition at input B causing a positive going pulse at the
normal output Q. Pulse regeneration occurs when the
complemented output Q of delay flip-flop 102 rises to
logic 1. The duration of the pulse is determined accord-
ing to the values of R1 and C1 which may be varied to
change the pulse duration. Furthermore, the comple-
mented output Q of pulse generator 104 is input to the
set input of delay flip-flop 102 so that when pulse gener-
ator 104 is triggered, the complemented output Q drops
to logic 0 and sets delay flip-flop 102. Delay flip-flop
102 when set prevents the additional generation of
pulses until a no error condition has been determined
for the next data separator window. The circuit has thus
determined whether there has been a shift of the data
transition within the data separator window with a
minimum of alteration to the PLL signal and a mini-
mum addition to the test duration.

While the above description constitutes the preferred
embodiments of the present invention, it will be appre-
ciated that the invention is susceptible to modification,
variation, and change without departing from the
proper scope and fair meaning of the accompanying
claims.

I claim:

1. In a digital mass storage device of a medium from
which digital data is retrieved, and data retrieval occurs
by decoding one of a number of states which said me-
dium assumes and said states are decoded by examining
for transitions of a data signal defined as data transitions
occurring within a predetermined time interval defined
as a data separator window and said data transition
occurs within said data separator window, a window
margin circuit for determining a shift of said data transi-
tion relative to the center of said data separator window
comprising:
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means for delaying the occurrence of said data sepa-
rator window for a first predetermined interval to
define a delayed data separator window;

means for delaying the occurrence of said data transi-
tion for a second predetermined interval to define a
delayed data transition;

means for determining if said data transition occurs
within said delayed data separator windows where
a data transition not occurring within said delayed
data separator window indicates that said data
transition occurs early relative to the center of the
data separator window; and

means for determining if said delayed data transition
occurs within said data separator window where a
delayed data transition not occurring within said
data separator window indicates that said data
transition occurs late relative to the center of the
data separator window.

2. The circuit according to claim 1 wherein a late
window signal is generated if said delayed data transi-
tion occurs outside of said data separator window, and
an early window signal is generated if said data transi-
tion occurs outside of said delayed data separator win-
dow.

3. The circuit according to claim 2 wherein said cir-
cuit includes a means for regenerating said data transi-
tion and said data separator window with said data
transition occurring substantially within the center of
said data separator window if no early window and no
late window signals are generated.

4. The circuit according to claim 2 wherein said cir-
cuit includes a means for regenerating said data separa-
tor window and suppressing said data transition if a
window early signal is generated.

5. The circuit according to claim 2 wherein said cir-
cuit includes a means for regenerating said data separa-
tor window and suppressing said data transition if a
window late signal is generated.

6. The circuit according to claim 1 wherein:

said data separator window delay interval is pro-
grammable so that said delayed data separator win-
dow is varied; and

said data transition delay interval is programmable so
that said delayed data transition is varied.

7. The circuit according to claim 6 wherein the data
separator window delay interval and the data transition
delay interval are progressively increased in order to
determine a relative position of said data transition
within said data separator window.

8. The circuit according to claim 1 wherein said cir-
cuit includes:

a first programmable delay element for delaying the
occurrence of said data transition relative to said
data separator window;

a second programmable delay element for delaying
the occurrence of said data separator window;

a first toggle element including an output that as-
sumes one of two first alternate states and an input
comprising the delayed data transition wherein the
occurrence of a delayed data transition causes the
output of said first toggle element to assume a first
alternate state;
second toggle element including an output that
assumes one of two second alternate states and an
input comprising the data transition wherein the
occurrence of a data transition causes the output of
said second toggle element to assume a second
alternate state;
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a first timing comparator including an output that is
high if the delayed data transition occurs before the
trailing edge of said data separator window and an
output that is low if the data transition occurs after
the trailing edge of said data separator window
where a output low indicates a transition early
error;

a second timing comparator including an output that
is high if the data transition occurs before the trail-
ing edge of said delayed data separator window
and an output that is low if the data transition oc-
curs after the leading edge of said data separator
window where an output high indicates a transition
late error; and

a pulse regeneration means for regenerating the oc-
currence of said data transition substantially within
the data separator window when said first timing
comparator output is high and said second timing
comparator output is high.

9. In a digital mass storage device of a medium from
which digital data is retrieved, and data retrieval occurs
by decoding one of 2 number of states which said me-
dium assumes and said states are decoded by examining
for transitions of a data signal defined as data transitions
occurring within a predetermined time interval defined
as a data separator window and said data transition
occurs within said data separator window, a method for
determining a shift of said data transition relative to the
center of said data separator window which comprises
the steps of:

delaying the occurrence of said data separator win-
dow for a first predetermined interval to define a
delayed data separator window;

delaying the occurrence of said data transition for a
second predetermined interval to define a delayed
data transition;

determining if said data transition occurs within said
delayed data separator window where a data tran-
sition not occurring within said delayed data sepa-
rator window indicates that said data transition
occurs early relative to the center of the data sepa-
rator window; and

determining if said delayed data transition occurs
within said data separator window where a delayed
data transition not occurring within said data sepa-
rator window indicates that said data transition
occurs late relative to the center of the data separa-
tor window.

10. The method according to claim 9 which further
comprises the steps of generating a late window signal if
said delayed data transition occurs outside of said data
separator window, and generating an early window
signal if said data transition occurs outside of said de-
layed data separator window.

11. The method according to claim 16 which further
comprises the steps of regenerating said data transition
and said data separator window with said data transition
occurring substantially within the center of said data
separator window if no early window and no late win-
dow signals are generated.

12. The method according to claim 10 which further
comprises the steps of regenerating said data separator
window and suppressing said data transition if a win-
dow early signal is generated.

13. The method according to claim 10 which further
comprises the steps of regenerating said data separator
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window and suppressing said data transition if a win-
dow late signal is generated.

14. The method according to claim 9 wherein:

said step of delaying said data separator window is

carried out with a first programmable delay ele-
ment so that said delayed data separator window is
varied; and

said step of delaying said data trausition is carried out

with a second programmable delay element so that
said delayed data transition is varied.

15. The method according to claim 14 which further
comprises the steps of progressively increasing the data
separator window delay interval and the data transition
delay interval in order to determine a relative position
of said data transition within said data separator win-
dow.

16. The method according to claim 9 wherein:

said step of delaying said data separator window is

carried out with a first programmable delay ele-
ment for delaying the occurrence of said data tran-
sition relative to said data separator window;

said step of delaying said data transition is carried out

with a second programmable delay element for
delaying the occurrence of said data separator win-
dow;
said step of determining if said data transition occurs
within said data separator window is carried out
with a first toggle element including an ocutput that
assumes one of two first alternate states and an
input comprising the delayed data transition
wherein the occurrence of a delayed data transition
causes the output of said first toggle element to
assume a first alternate state;
said step of determining if said delayed data transition
occurs within said data separator window is car-
ried out with a second toggle element including an
output that assumes one of two second alternate
states and an input comprising the data transition
wherein the occurrence of a data transition causes
the output of said second toggle element to assume
a second alternate state;

said step of determining if said data transition occurs
within said data separator window is further car-
ried out with a first timing comparator including an
output that is high if the delayed data transition
accurs before the trailing edge of said data separa-
tor window and an output that is low if the data
transition occurs after the trailing edge of said data
separator window where a output low indicates a
transition early error;

said step of determining if said delayed data transition

occurs within said data separator window is further
carried out with a second timing comparator in-
cluding an output that is high if the data transition
occurs before the trailing edge of said delayed data
separator window and an output that is low if the
data transition occurs after the leading edge of said
data separator window where an output high indi-
cates a transition late error; and

said step of determining a shift of said data transition

relative to the center of said data separator further
includes the step of regenerating the occurrence of
said data transition substantially within the data
separator window when said first timing compara-
tor output is high and said second timing compara-
tor output is high.
&

* % Kk %k



