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SYNCHRONIZATION FIELD PATTERN
SELECTION

FIELD OF THE INVENTION

The present invention relates to a pattern detection, and
more particularly, to pattern detection of a pattern on a
magnetic surface.

BACKGROUND OF THE INVENTION

Once data has been written on a disk it is usually
necessary to read that data at a later time. When this data has
been written on a recording medium, for example, a hard
disk drive, it is often necessary to correctly and accurately
detect where this information is located. In part, this is
accomplished by specifying the track number as part of the
servo information. The track number alone is insufficient to
completely specify the exact location of the data. In order to
more closely identify the location of the data, additional
servo information, which provides track center location
information, is recorded on the surface of the recording
medium.

FIG. 2 illustrates a portion of data sector 100 that has
previously been recorded on a recording medium, for
example, a hard disk drive. The data sector may include a
synchronization field (sync field) 110 and a preamble 120
and user information or sector ID information 105. The
synchronization field 110 may immediately follow the pre-
amble 120 at the beginning of each data sector on a
recording medium. The preamble 120 may be written with
a 1/4T, squarewave of write current, where T, is the sample
period. The preamble 120 may be read back as a high SNR
sine wave, with inter-symbol interference (ISI), with phase-
locked loop (PLL) and automatic gain control (AGC) cir-
cuitry to be used for timing and gain acquisition, respec-
tively. The synchronization field 110, or sync field, indicates
the beginning of the data for example, the user data or sector
ID information.

The sync field pattern in the sync field 110 may be
selected to minimize the probabilities of false alarm (false
detection) of the sync field pattern and missed detection of
the sync field pattern for the particular architecture of the
sync field detector. For a given architecture, these probabili-
ties may be determined by an operating bit error rate (BER)
in the region around the sync field, the threshold of the
number of comparison errors which will be accepted, and
the Hamming distance of the sync field pattern from the
preamble, from the sync field pattern itself and from data.

Sector Header Layout

FIG. 1 illustrates the layout of a typical sector as servo
information 110 followed by a data sector 120. The data
sector may include a data field 130 and an ID field 140. User
data may be split across servo sectors. The components of
the servo information may include a servo preamble which
provides a pattern for PLL and/or AGC acquisition. The
address mark follows the preamble. Peak detection circuitry
determines the address mark, which functions like the sync
field to indicate that the track number is to be read. Four
servo bursts (additional or fewer servo bursts may be
present) are evaluated and provide for calculating track
position adjustments. This implies that during the header
sections shown in FIG. 1, which may include preamble and
sync field, the reading element may still be settling on track.
The head’s position off of the track’s centerline will reduce
the effective SNR and hence increase the BER in these
fields.

The data field 130 of the data sector is shown in FIG. 2.
The data preamble pattern may be shown as element 135, for
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2

example, a 1/4T, write current waveform, where T, is the
sampling period of the pattern. This pattern, when read,
provides a signal similar to a sinusoid with good SNR and
well controlled ISI. The pattern may be used for PLL and/or
AGC acquisition. The preamble may be up to 15 bytes long
with each byte that may be 9 bits, although 8-bit bytes may
be used. This preamble is followed by the sync field 137
typically consisting of fewer bits than the preamble, for
example 18 bits long. Following the sync field there may be
the user data plus Error Correction Coding (ECC) 139 which
may include, for example 512K user bytes. These bits are
constrained typically by the requirements of RLL (Run-
Length Limited) encoding, for example 8/9 (0,4,4).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a portion of a typical track including
servo sectors and data sector;

FIG. 2 illustrates the data field of a typical data sector;

FIG. 3a illustrates a 18-bit, single-bit comparison sync
field detector architecture;

FIG. 3b illustrates the operation of the detector;

FIG. 4a illustrates a grouping of odd and even sub-
sequences in a 3 bit block comparison sync field detector
architecture;

FIG. 4b illustrates the same as FIG. 3b.

FIG. § illustrates a division of probability space for sync
field decisions;

FIG. 6 illustrates the probability of missed detections for
a 9-bit sync field in a single-bit comparison sync detector
architecture;

FIG. 7 illustrates sub-divisions of hypotheses H, and H;;

FIG. 8 illustrates the probability of false alarm for a 9-bit
and an 18-bit sync field in a single-bit comparison sync field
detector architecture;

FIG. 9q illustrates the comparison of achievable prob-
abilities of missed detection and false alarm;

FIG. 9b illustrates the block error rate as a function of the
BER for various values of bits/blocks;

FIG. 10 illustrates the probability of missed detection
(3-bit block comparisons);

FIG. 11 illustrates the probability of a false alarm (3-bit
block comparisons);

FIG. 12 illustrates the approximation of 3-bit sync com-
parisons vs. single-bit comparisons;

FIG. 13 illustrates a minimum distance error event for one
leg of a de-interleaved Partial Response Class IV (PR4)
trellis;

FIG. 14 illustrates the Hamming distance in various
regions for a particular pattern;

FIG. 15 illustrates the spectra of the seven candidate 9-bit
sync patterns and the ideal PR4 response;

FIG. 16 illustrates the spectra of the two surviving 18-bit
sync patterns and the ideal PR4 response;

FIG. 17 illustrates a flow chart of the present invention;

FIG. 18 illustrates equalized, minimum bandwidth, read
back signal for two surviving N=9 bit sync patterns;

FIG. 19 illustrates the minimum bandwidth, read back
signal for the surviving N=18 bit sync pattern; and, the effect
on the Read Back Signal of an extra one in the preamble

FIG. 20 illustrates a circuit diagram of the present inven-
tion.

DETAILED DESCRIPTION OF THE
INVENTION

A detection device 300 reads and compares the read
pattern to identify the sync field. The 18-bit sync field may
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be detected by 18 consecutive single-bit comparators.
Although other detection devices may be employed, FIG. 3
shows elements for a detection device 300. This detection
device may include a memory 320 to store the sync field
pattern, the 18 single-bit comparators 305, a decision metric
circuit or CPU 310 and a time-out circuit 340.

When a signal to begin searching for the sync field pattern
is received by the detection device 300, the first block of 18
bits as read by the read head 200 is compared to the sync
field pattern which is permanently or temporarily stored in
some form on chip. The number of bit errors from this
comparison are summed and the result is compared to a
threshold, T, of maximum acceptable bit errors. That is, if
less than T bits are in error, the current sequence of bits is
accepted as the sync field pattern. This condition implies that
the very next bit in the sequence (for example, the “19th bit”
in this example) is the beginning of the ID information in the
ID field, or the data in the data field. If more than T errors
are found. This indicates that the sync field has not been
found, this process continues by reading the next sequence
of bits until the sync field pattern is detected or the length of
time allowed for sync field detection is exceeded as illus-
trated in FIG. 3b.

In order to achieve the speed requirements of some
applications, for example, 140 Mb/s, the comparator device
could be used constructed with, for example, adjacent indi-
vidual devices of the same construction by having the each
adjacent device read a different set of bits and run at a lower
clock speed. For example, a device may be positioned such
that it receives 18 new bits for comparison every ninth bit.
This construction results in each 18-bit section running at %
the clock speed, allowing power savings over the circuitry
required to run at the full speed of the data. Another
implementation of sync field detection circuit may reduce
power and die size. Instead of single-bit comparators, this
detection circuit 300 may include six 3-bit comparators to
make comparisons to accept or reject the 18-bit sync field as
illustrated in FIG. 4. These 3-bit blocks of comparators may
save die area because the total area occupied by the com-
parators can be made smaller. However, single-bit compari-
sons are illustrated to provide better performance, in terms
of probabilities of misdetection and false alarm, than group-
ing bits together. The poorer performance is achieved
because decisions are then based on the number of 3-bit
blocks which are detected in error. For example, a single bit
in error removes the discrimination capability of the two
other bits in the block since the entire block would be
detected in error. A detector device 300 using a 3-bit
comparison or any number of comparisons other than 1 is
sub-optimal in this sense, but required performance levels
for the probabilities of missed detection and false alarm can
be achieved by employing additional techniques.

The three-bit comparisons are implemented advanta-
geously to increase the likelihood that Viterbi algorithm
(VA) error events affect the same block of three bits. For
example, if the sequence of sampled data is split into even
and odd sub-sequences, a two state, 1-D' (where D'=the
duration of two delays in the 1-D* channel) VA is provided
for each sub-sequence. Error events occur in either of the
even or odd VA when paths through the trellis diverge and
then converge incorrectly. The data decisions at the diverg-
ing and converging trellis branches constitute a pair of bit
errors. Under a variety of noise conditions over 90% of the
time, the length of an error event in a sub-sequence is two
or three. (D-) The data from the recording medium is
therefore rearranged as shown by the arrows. For example,
the second bit of the sync field is moved to first bit position
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of the second comparator, as shown in FIG. 4, into 3-bit
blocks for comparison to increase the likelihood that pairs of
errors in the odd or even sequences of the are compared
together, thus resulting in only one 3-bit block to be in error
rather than two. The implications of error pairing are dis-
cussed in detail in the Pair Error Rate sub-section below.

Probability Calculations

By using probabilities, the identification of the sync field
can be improved. The probability space of sync field detec-
tion may be divided as shown in FIG. 5. There are two
possible conditions for the bits in the sync field detector’s
comparator which are represented by the following hypoth-
esis:

Let H, represent the hypothesis that the sequence in the

comparator is not the sync field;

Let H, represent the hypothesis that the sequence in the
comparator is the sync field.

Two decisions are also possible based on the number of
errors detected by the comparator:

Let D, represent the decision that the sequence in the
comparator is not the sync field;

Let D, represent the decision that the sequence in the

comparator is the sync field.

Therefore, the blocks 501, 503 of FIG. 5 indicate correct
decisions. That is, deciding that the sync field is not present,
when the sequence in the comparator is not the sync field
(Dg, Hy); and deciding that the sync field is present, when
the sequence in the comparator is, in fact, the sync field (D,
H,).

These definitions provide definitions for the probabilities.
Specifically:

P(D,|H,)=Probability of false alarm, and

P(D|H,)=Probability of missed detection.

In other words, P(D,[H,) is the probability of incorrectly
deciding the sync field is present in the detector’s
comparators, while the sync field, in fact, is not present.
Similarly, P(Do[H,) is the probability of incorrectly deciding
the sync field is not present in the detector’s comparators,
while the sync field, in fact, is present. Because decisions are
based on whether the detected number of errors exceeds the
threshold T, the following are equivalent definitions:

P(=T errors|H)=P(D,|H,)=Probability of false alarm,

P(>T errors|H,)=P(Dy|H,)=Probability of missed detec-

tion and, obviously,

P(ET errors|H,)=P(D,|H,)=1-P(D,|H,)=Probability of

correctly detecting the sync field, while it is present.

First the probability of missed detection is derived. This
is the condition in which the sync field is in the sync field
detector, but more than T errors are detected in the bits. This
causes the true sync field to be rejected by the detection
device. Let t represent the number of bits in error. Let N
represent the number of bits in the sync field. Presuming
independent bit errors, the probability of missed detection
may be calculated by multiplying the probability of t bits
being in error by the probability that N-t bits are correct,
multiplied by the number of ways t bits can be uniquely
arranged among N bits (“N choose t” given by the binomial
coefficient). The total probability, P(Dy|H,), is the sum of
this product for te[T+1, NJ. In equation form,

oy
P(DolHy) =

z (BER)' (1 - BER)™-0),
+1y ¢

It will be more convenient in subsequent analysis to
rewrite (1) as
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P(Do|H))=1-P(DyH)=1- = (BER)' (1 - BER)¥-D,
t

A plot of the probability of missed detection as a function
of BER and T for N=9 and 18 is shown in FIG. 6. Clearly,
higher thresholds provide better (lower) probabilities of
missed detection. This is because more bits are allowed to be
in error before the true sync pattern is rejected. This prob-
ability is almost completely pattern independent. P(Dg|H,) is
affected by the length of the sync field in that longer length
allows a higher threshold of errors to be accepted. The
relationship between length and threshold is explained when
P(D,|H,) is examined below. Note also that H, occurs only
one time during the sync field detection process (zero times
if the preamble, or preamble and some of the sync field, is
falsely detected as the sync field).

FIG. 6 illustrates the probability of missed detections. For
illustration, suppose it is desired that P(D[H,)=107° at an
SNR of 13 dB. This low SNR condition reflects that the head
may still be settling onto the track and the absence of ECC
during the sync field. For some application, 13 dB corre-
sponds to a BER of about 2*107°. Because error events in
the PR4 VA are actually pairs of errors, the pair error rate
(PER) is PER=BER/2=107°. In the analyses discussed
below, the results will be interpreted in light of this corre-
lation of errors (pairing). However, at this point for purposes
of explaining, independent bit errors are assumed, and the
convenient coordinates of BER=10"° and P(D[H,)=10"*°
are selected.

If no errors are allowed (T=0), the probability of missed
detection is P(Dy|H,)=(1-(1-BER)")=(1-(1-10"%)'%)=
1.8%107*, as seen in FIG. 6. If the threshold is raised to T=2,
then 0, 1 or 2 errors are allowed. In this case,

18 18
P(D0|H1)=(1—(0 )(1—BER 18-( ) )(1—BER 7.

(BER)! - ( 18 ) (1 - BER)'S - (BER)? ) P(DolHy) = 8.2+1013,

To achieve the performance target, FIG. 6 shows that T must
be set to at least two for the N=9 bit case. Note that P(D,|H;)
is dominated by the term (BER)”.

Next, the probability of false alarm, P(D,|H,), is deter-
mined. The hypothesis H, may be explained by dividing the
preamble, sync field and data into several regions R,—Rs
(701-705). These regions are shown in FIG. 7 and represent
the area that the detection device 300 is searching for the
sync field. Region R, 704 corresponds to H;, and Ho=U ;...
R,. The search for the sync field typically begins in Region
R, 701. If the sync field is not correctly detected in region
R, 704, and a false alarm has not already occurred, region
R will be entered. Region Ry 705 ends with a time-out, if
no sync field is detected. Note that if the sync field is
detected in any region other than R,, the ECC will likely
send up a flag for excessive errors and trigger a retry on the
next revolution assuming the magnetic medium is a hard
disk drive. A retry on the next revolution will also occur if
time-out is reached.

Next, a discussion follows of the error conditions which
will cause the preamble, which is an all 1’s pattern before
1/(1D?) pre-coding, to be mistaken for the sync field. For
a sync field of N bits, and a threshold of T=0 bits in error,
the preamble which may be all ones (1’s) may be mistaken
for the sync field if every preamble bit in the sync detector
which corresponds to Os in the sync field are detected in
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error, that is as 0’s. This also requires that all of the other bits
be detected correctly. The probability of this is given by
(BER)“*(1-BER)“W*; there is exactly one combination
of errors which yields this mistake. Here, dH is the number
of places in which the sync field pattern differs from the
pattern in the sync field detector. In the case of the all 1°s
pattern, dH is equal to the number of zeros in the sync field
pattern. This parameter, dH, is known as the Hamming
distance between binary code words.

If T bits are in error for sync field acceptance, the analysis
is as follows. Specifically, only dH-T errors, in a particular
order, are needed to mistake a pattern for the sync field.
Therefore, the P(D,|H,) is given by

T ©)
P(Di|Ho)= =
=0\ (dH-1)

Equation (3) is plotted in FIG. 8 as a function of BER and
T for N=9 and 18, with dH of 5 and 10, respectively. The
value of increased Hamming distance for N=18 is illustrated.
Further, a larger value of T can be selected in order to reduce
P(D,[H,). From FIGS. 6 and 8, in order to achieve prob-
abilities of missed detection and false alarm of 107'° at
BER=10"°, assuming independent bit errors, the operating
conditions must be T=2 for N=9, dH=5; and Te[2, 5 (or 6)]
for N=18, dH=10.

Just as P(Dg|H,) is dominated by the term (BER)”,
P(D,|H,) is dominated by the term (BER)“#D. This sug-
gests a formalization for the trade off between missed
detection and false alarm probabilities. Specifically, Ham-
ming distance dH should be maximized, in order to allow for
the largest possible T. This is limited by dH-T, therefore,
ideally, dH-T=T. This implies the rule of thumb “set T=dH/
2.7 It is at this point that the importance of long sync field
length becomes apparent. The longer the sync field, the
greater the Hamming distance that is possible. These points
are illustrated in FIG. 94 by the intersection of P(D[H,) and
P(D,|H,), at about dH/T=0.5, for both values of N.

As different bits enter the comparators, the Hamming
distance of the sync pattern from the bits in the comparator
will change. A sync pattern should be selected which main-
tains a minimum Hamming distance from all possible shifts
of the all 1’s preamble and the sync field pattern itself. These
are regions R, 701 through R, 703. Ideally, this minimum
distance should be maintained over the data until the time
out, but because the data is completely unconstrained,
except for the RLL encoding, such as 8/9 (0,4,4). No
minimum distance can be guaranteed in Rs.

Another consideration is that R, may span on the order of
100 bits. That is, the probability of false alarm may be
increased by a factor of about 100 if the beginning of R, is
not carefully timed by the detection device. With such care
in timing, this multiplicative factor can be reduced to the
order of 10. This implies that the target P(D,|H,) should be
about 107! to achieve the probability goals stated above.

The effect of the implementation of six 3-bit comparison
blocks, for example, are examined. For the sync field not to
be detected, more than T blocks must be in error. This is a
larger percentage of the sync field than 3 bits, because a total
of only 6 blocks are available. The probability of a block
error, assuming independent bit errors, is given by (1-(1-
BER)?), that is one minus the probability that all three bits
in the block are detected correctly. FIG. 9b is a plot of the
probability of a block error vs BER as a function of block
size. This plot shows that about a half of an order of
magnitude in error rate is lost because of the 3-bit block
comparisons. This is equivalent to a few tenths of a dB loss
in SNR.

(1 = BER)N~H-0)( BER) -,
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The probability of missed detection, as a function of
threshold, is determined by the probability that more than T
blocks are detected in error, when in region R, 704 (H,).
There are “6 choose T~ (the binomial coefficient) ways for
the blocks in error to be arranged. The formula is:

T “4)
P(DJH) =1~ 3

( 6 ) ((1 - BER)®® - (1 - (1 - BERY.
t

FIG. 10 shows the probability of missed detection for
three and six 3-bit block sync field detectors. These prob-
abilities are slightly lower (better) than the corresponding
probabilities for the single-bit detectors. These probabilities
are lower, because more errors can be tolerated (in the same
block) before rejecting the sync field pattern. Slightly lower,
because the probability associated with the additional within
block errors is on the order of BER*+BER>.

The calculation to determine the probability of false alarm
is complicated because each 3-bit block has its own Ham-
ming distance. Therefore, when permutations of blocks in
error are made, the correct probabilities of block error, based
on that block’s dH, should be used. This has been calculated
for threshold values from O to 3 blocks in error, for a user
specified dH for each block of [2 1 2 ] for the dH=5 case and
[21221 2] for dH=10 as examples. FIG. 11 shows the
results of these calculations for P(D,|H,) for three and six
3-bit blocks, with Hamming distances of 5 and 10 respec-
tively.

As an approximation, the Hamming distance may be
averaged over the blocks. That is, for the case of six 3-bit
blocks, each block is given an “average” Hamming distance
of dH/6. This implies that the block must have dH/6 bit
errors and 3-dH/6 correct bits to be mistaken for a correct
sync field block. Thresholds, of course, refer to block errors
in this context. Using this approximation, comparison
between the performance of six 3-bit comparison blocks
with single-bit comparison blocks can be made. This is
shown in FIG. 12. Again, for independent bit errors, there
are small differences in performance between the nine
single-bit comparison blocks and the 3-bit comparison
blocks. In the sub-section on Pair Error Rate below, it is
shown that the difference between nine single-bit compari-
sons as compared with six 3-bit block comparisons is even
smaller.

Pair Error Rate (PER)

The analyses above assumed independent bit errors. In the
PR4 VA, the most likely error events are independent pairs
of errors which span 2 to 3 trellis branches. That is, pair
errors are independent, but bit errors are not independent.
Therefore, after the first bit error is made, the next bit error
is very likely to occur one or two bits later, in the same odd
or even data sequence. These two error events are shown in
FIG. 13. The following analyses assumes that the error event
lengths of two and three are equally likely. For convenience,
define PER2 as the probability of an error event of length
two beginning at a particular bit, and define PER3 as the
probability of an error event of length three beginning at a
particular bit. Note that a pair error=2 bit errors; and
PER=BER/2. Hence, PER2=PER3=0.5*PER=0.25*BER.

For single-bit comparisons, the analysis is, once again
straightforward. Here, however, approximations are used
because comparisons are clearer when the same approxima-
tions are used for each sync detection architecture.
Specifically, for the single-bit comparison cases, the prob-
ability that a particular bit is in error is PER (the probability
that a pair error begins at this bit)+PER3 (the probability that
a pair error began two bits ago and that its length is
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three)+PER?2 (the probability that a pair error began one bit
previous and that its length is two)=2*PER. Therefore, the
probability of detecting all N bits without error (T=0) is
approximated by (1-2*PER)".

FIG. 13 illustrates the most likely error events in each
de-interleaved (odd and even) sub-sequence of the PR4
Viterbi trellis. Error event of length 2 and error event of
length 3 are shown with the dashed line. The heavy line
indicates the merged path of previous decisions.

The probabilities of missed detection and false alarm are
dominated by the error terms (and affected to a much lesser
degree by the correct bits ~(1-2*PER)). Therefore, the
solution to determining probabilities of missed detection and
false alarm concentrate on the error terms. For the probabil-
ity that one or more bits are detected in error, one error is not
likely to happen, but a pair of errors will occur with
probability ~PER. Three or more errors will occur with
probability ~PER?. However, four or more errors will occur
with probability ~PER? as well. Similarly, five or more
errors and six or more errors each are dominated by the
terms containing PER?>.

The six 3-bit comparison blocks include the grouping of
bits in the sync field detector to ensure that the probability
of an error event (pair error) of length 2 beginning and
ending within the same 3-bit comparator is 2/3. The prob-
ability that an error event of length 3 begins and ends within
the same 3-bit comparator is 1/3. Without the grouping, error
events of length three would result in two different 3-bit
comparators with probability 1. Again, assuming that the
probability of an error event of length two or three is equally
likely, the probability that a pair error will affect one 3-bit
block is 0.5%2/3+0.5*1/3=0.5. Similarly, the probability that
a pair error will affect two 3-bit blocks is also 0.5, and next,
PER, (=0.5*PER) is defined as the probability that a pair
error affects exactly one 3-bit comparator. PER, (=0.5*PER)
is defined as the probability that a pair error affects exactly
two 3-bit comparators. These definitions are independent of
the error event length (provided the length is two or three).

Using the six 3-bit block comparisons, the probability that
no blocks are detected in error is approximately ((1-PER -
PER,)?)°=(1-PER)*®. The probability of one or more blocks
in error may be dominated by ~PER;+PER,,. The probability
of two or more blocks in error may be dominated by ~PER,,.
The probability of three or more blocks in error may be
dominated by ~PER,*PER, +PER,>. The probability of four
or more blocks in error may be dominated by ~PER,>.

The probability of false alarm for single-bit comparisons
can be derived as above, except that the number of errors
which must be made to accept the current bits as the sync
pattern is dH-T. By using the six 3-bit block comparisons,
false alarms are examined in more detail. For false alarms,
the error probability is dominated by the 6-T blocks with the
smallest Hamming distances (dH of each block €[0,3]).
These 6-T blocks should have exactly the correct errors to
make their 3*(6-T) bits look exactly like the corresponding
bits of the sync pattern. To make the analysis more general,
assume an average Hamming distance of 10/6=1 2/3 per
block. It is, of course, not possible for a block to have a
non-integer Hamming distance. In this analysis, rounding is
used. For T=1 block, the number of bit errors needed to
make the remaining 5 blocks, each of average Hamming
distance 1 2/3, look exactly like the remaining 15 bits of the
sync pattern is ROUND(5*(1 2/3))=8. The probability of 8
bit errors may be dominated by ~PER*. For T=2, ROUND
(4*(1 2/3))=7 bits must be in error. This may be dominated
by ~PER". For T=3, ROUND(3*(1 2/3))=5 bits must be in
error. This may be dominated by ~PER?. For T=4, ROUND
(2*(1 2/3))=3 bits must be in error. This may be dominated
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by ~PERZ. Table 1 lists the approximate probabilities of
error for each type of detector over a range of threshold
settings. When comparing the probability of error over T=2,
3 and 4 blocks in error, these may be approximately PER®.
The case of T=3 blocks gives slightly better performance.

Table 1 approximates dominant error probability for each
detector architecture, assuming independent pair errors. The
number in parentheses indicates bit errors required to accept
the current pattern as the sync field pattern. Settings for the
best over-all error rate may be in the dashed boxes.

10
dominated by the selection of dH and T (T/dH), for a given
N and BER (PER). A larger N allows a larger dH which
allows a larger T. Because of these relationships, for any
BER (PER) and N, the largest dH possible is desired. Table
1 above then indicates the proper value of T.

First, the effect of Hamming distance, dH, is determined.
The Hamming distance in region R, 704 is 0. The goal,
therefore, is to have dH be as large as possible for all shifts
of the sync field detector over R, 701 to R; 703 and in Ry
705 (data). FIG. 14 shows the Hamming distance of two

TABLE 1
Approximate
Dominant Error
Probability for
Detector T P(Dy|Hp) P(Dy|H)) PER = 10-5
18 single-bit 2 bits (8) ~ PER* ~PER? 10710
Al = 10 3bis_____(D-PER* ______-~PERZ ___________lo°%°
min = "4 bits (6)~ PER? ~PER? 10757
Labits_____ (-~PER* _______~PER} ____________] 10725,
6 bits (4) ~ PER? ~PER* 1010
6 3-bit blocks 1 block (8)~PER* - ~PER;+PER; 10-
dHypin = 10 . 2blocks () ~PER*|  ~PER,*PER; + (PER,)? | 0.5%10-10
() = ROUND((6-T) 3 blocks (5)~PER®! _ ~(PERj? | 0.25%10-10
(12/3) 4blocks ()~ PER? ! (PERJP*PER; + (PERs)’ 10-10
9 single-bit Abit @~PER? _______ -PER ____________ 105
dHyin= S 12bits _ _ _ _ (3)~PER2__ ______ ~PER?2___ _________._ 1079,
3 bits (2) ~ PER ~ PER? 10

Determining The Sync Field Patterns

For a sync field of length N and a binary alphabet, there
are 2V possible unique sync field patterns. Therefore, N=9
yields 512 unique patterns and N=18 yields 262,144 unique
patterns. One of the best patterns among these 2% patterns is
the one that minimizes jointly P(Dy|H,) and P(D,|H,). From
the analyses above, important factors in this minimization
are N, dH, BER (PER) and T. Another important fact is the
position of the sync field with in the sync detection internal;
that is, how soon the sync field is encountered after begin-
ning the sync pattern detection process. This has a direct
effect on tradeoffs between patterns and condition which
minimize P(Dg|H,) at the expense of P(D;|H,) and vice
versa.

(Both sync pattern lengths of interest, N=9 and 18, are
examined. P(Dy|H,) should be dominated by the selection of
T, for a given N and BER (PER). P(D,|H,) should be
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particular 18 bit sync field patterns for all shifts over the
range of R, 701 to R, 704. R4 is point 0; R; 703 is points
-1to -17; R, 702 is point —18 (-N); 18 points of R, 701 are
shown from -19 to -36. In order to determine the sync
pattern, a series of screens is employed to eliminate unac-
ceptable sync patterns. These screens are applied serially.
The first screen for sync field patterns is that the minimum
dH over all shifts of the detector from R, to R; must be at
least dH,,,;,. When the preamble is an all 1s pattern, a first
screen speeds up the search for the sync pattern by rejecting
any pattern that has less than dH,,;, Os. Table 2 shows the
number of N-bit patterns that have a Hamming distance of
atleast dH,,,,, over all shifts in R, 701 to R; 703. Table 3 lists
the specific patterns of interest. The patterns shown in FIG.
14 are the 18-bit patterns 2 and 3 in Table 3.

Table 2 illustrates number of N-bit sync field patterns with
dH=d

min®

TABLE 2
N  dHg, =4 dHy,=5 dHy,=6 dhyy=9 dhy, =10 dHg, =11
9 119 7 0
18 2215 4 0
TABLE 3
Candidate Sync Field Patterns.
N Pattern After Pre-coder (1/(16D?) dH, ;0
9 1% 000010110 000010010 5
2 000011010 000011101
3 000100101 000101110
4% 000101001 000100001
5% 000101101 000100100
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TABLE 3-continued

12

Candidate Sync Field Patterns.

N Pattern After Pre-coder (1/(16D?) 515
6 000110010 000111101
7 010000110 010101101

8 1 000001100110101001 10
2 000011001001010111 000011110100010011
3 000100010110100111 000101000111010011
4 000100011101001011

This first screen for Hamming distance greatly reduces the
number of patterns which must be considered in order to
obtain the sync screen. Selection of one of the patterns
which represent the dH,,,,, in Table 3 increases the probabil-
ity of correct sync field detection and the probability that the
detection device will not enter region Ry 705.

The BER (PER) during the sync pattern is also an
important factor, but it affects all implementations and
patterns similarly. BER (PER) is linked to SNR, so one
would like to select a pattern which maximizes SNR during
synchronization. Hence, the spectral content of each surviv-
ing candidate sync pattern from the previous screens is
compared with that of the ideal or predetermined PR4
response for example. Sync patterns whose energy is con-
centrated in the center of the PR4 response are favored
because they are expected to have a higher SNR compared
to other candidate patterns.

FIG. 15 shows the spectra of the seven 9-bit patterns.
Patterns 1, 4 and 5 are preferred because their energy is
concentrated more closely in the center of the PR4 spectrum.
The remaining patterns can be disregarded.

FIG. 16 shows the spectra of the two surviving 18-bit
candidates to be evaluated. Neither pattern is clearly the
preferred; number 2 may be slightly favored. Because its
energy appears to be more concentrated in the center of the
PR4 spectrum. These sspectra were calculated by taking the
FFT of a waveform constructed using sinc functions to
achieve the ideal band-limited PR4 impulse response of
+10-1.

Returning to the concept of Hamming distance for a
moment, if the sync field detector does pass the sync field,
then it is desirable to have a very low probability of false
alarm in the data field until time-out. To do this, it is
desirable to guarantee a minimum dH as the data pattern
shifts into the sync field detector. However, encoded user
data can be any sequence that is legal in the RLL code.
Therefore, it is possible that the first N bits of encoded user
data may be exactly the sync pattern. The probability of this
is on the order of 1/2V, since not all 2¥ combinations of N
bits are possible with the 8/9(0,4,4) code, for example.
However, the probability that a data pattern will be much
less than the distance dH,,,, away from the sync pattern is
much greater.

Because it is not possible to guarantee that the data pattern
will have at least a predetermined dH over all shifts, it is
reasonable to select from the sync field patterns in Table 3
those which are not acceptable patterns in 8/9(0,4,4) encod-
ing or in general m/n(d,k,i) encoding. This is another screen
to reduce the number of patterns or a secondary screen.
Further, as few n-bit sub-sequences of the sync pattern as
possible should be valid code words, this will improve the
probability that dH is not O in any region except R, 704.

The 18-bit sync patterns in Table 3 which are made up of
two concatenated 9-bit bytes that are not acceptable code
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words are numbers 2 and 3. Further, of the ten possible
sequential 9-bit bytes in sync pattern 2, only five of them are
valid code words. Similarly, only four 9-bit sub-patterns in
number 3 are valid codewords; six in number 4. Sync pattern
number 1 violates the constraint that there can be no more
than four consecutive zeros. This run of zeros provides
fewer PLL updates than is desirable. At this point, sync
patterns 2 and 3 are the surviving candidate patterns that
may be valid. None of the 9-bit sync patterns in Table 3 is
a valid code word. None violates the run-length constraint
on zeros. Therefore, they all are surviving possible sync
patterns for a 9-bit implementation.

At this point, any of the surviving patterns should yield
similar performance. However, additional screens can be
considered in order to limit the choice. These are the tertiary
screens. One such screen acknowledges that transitions on
the disk which are spaced most closely together may expe-
rience non-linear shifts in their position. This is typically
compensated for by pre-compensating the write current
waveform in such a way as to position the closest transitions
farther apart. All things being equal, a sync field pattern
which is not so magnetically challenging is preferred
because the pre-compensation process may not be perfect in
all cases. This serves to slightly improve SNR by removing
this source of non-linear transition shift. This could be a
more important screen, however, the Hamming distance
screen typically passes patterns which include the minimum
transition spacing.

This aspect may be determined by pre-coding the surviv-
ing candidate sync patterns with the 1/(16D?) function for
the PR4 system example. The results of this operation are
included in Table 3 for the survivors of the sync patterns.
The pre-coding assumed that the previous two pre-coded
bits were 00. This implies that the preamble is made up of
an integer multiple of the 1111 pattern, for example, the
sequence 1111 1111 . . . pre-codes to: (00) 1100 1100 . . .
Each new (pre-coded) sequence then NRZ (Non-return-to-
zero) modulates the write current waveform. This means that
Os are negative values of write current and 1s are positive
values. The transitions on the magnetic media correspond to
changes in write current from positive to negative and vice
versa. For example, sub-sequences of 010 or 101 correspond
to the closest magnetic transition spacing. Unfortunately, all
of the surviving candidate sync patterns in these examples
have this challenging magnetic transition spacing, so this is
not a useful screen for N=9 or 18.

Other tertiary screens are possible with the present inven-
tion. Such as selecting that pattern which has the largest sum
of dH for all shifts over the regions R; to R; (701 to 703).
The sums are listed in Table 4. N shifts into R, 701 are
included in the sum to reflect the increased ability of
codewords with a higher number of zeros to reject the all 1s
preamble, relative to codewords with fewer zeros. In all
cases, of course, the number of zeros must be at least dH,,,;,,.
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An additional consideration for sync field patterns as they
shift into data, R 7085, is that their beginning is the opposite
of their end for as many bits as possible, i.e. they are as
anti-symetric as possible.

TABLE 4

14

in parallel, however, these may be applied in series, although
the specific sequence may be in any order.

All such screens considered, for the surviving candidate
patterns in Table 3. It may be argued that the 9-bit pattern §

Sum of dH over all shifts for surviving candidate sync field patterns.

N Pattern After Pre-coder (1/(16D?) ZdH
9 1 000010110 000010010 108
4 000101001 000100001 110

5 000101101 000100100 101

8 2 000011001001010111 000011110100010011 378
3 000100010110100111 000101000111010011 379

FIG. 17 summarizes the possible screens in a flow dia-
gram. As illustrated in FIG. 17, the operation of the present
invention is illustrated. In block 402, for a particular sync
detector architecture, the length of the sync pattern is set
equal to N and dH,,,,, the minimum Hamming distance, is
set. In block 403, the total number (2¥) of sync patterns are
generated. Note, large number of patterns may be shipped
(not generated), for example, patterns that begin with less
than dH,,;, zeros.

In decision block 404, it is determined if the number of
zeros in the pattern is greater than or equal to the numeric
Hamming distance. If no, the sync pattern is rejected in
block 406.

In block 408, the minimum Hamming distance is deter-
mined over all shifts of the read pattern starting with the
beginning of the preamble and shifting to the sync pattern.
In block 410, the pattern is rejected if the minimum Ham-
ming distance is not maintained. This completes the first
primary screen.

In block 412, using the second primary screen, the pat-
terns whose spectral energy is most concentrated within a
predetermined PR4, for example, spectrum is determined. In
block 413, the BER (PER), T and dH,;, are determined. T
may be adjusted to reflect the expected position of the sync
field in the sync detection interval. For example, if the sync
field is toward the end of the sync detection interval, T
should be adjusted low to decrease P(D;|H,). In block 414,
the probability of a synchronization error may be deter-
mined.

In block 416, the secondary screens are applied to select
patterns with the fewest 9-bit sub-sequences which are valid
code words. The valid code words have been predetermined.
Patterns that are not valid code words or which have the
fewest n-bit sub sequences which are not valid code words
are preferred. In block 418, 420 and 422 the tertiary screens
are applied. In block 418, the patterns that are most anti-
symmetric are selected. The remainder is rejected. In block
420, the maximum 2 dH,,,,,, is determined over all shifts. In
block 422, the patterns with closest transaction spacings are
rejected FIG. 17 shows that the tertiary screens are applied
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and 18-bit pattern 2 are preferred. Pattern 5 may be slightly
preferable because it maintains a higher Hamming distance
over a longer period than 1 and 4 as it shifts over itself into
the data field. Alternatively, Pattern 2 may be slightly
preferable because of its concentration of spectral energy
around 1/4T..

As an additional consideration, FIGS. 18 and 19 show the
expected read back waveform for the selected 9- and 18-bit
sync patterns. This uses equalized transition responses (sinc
functions). The difference in the read back waveforms
caused by an even or odd number of 1s in the preamble is
a condition. In order to eliminate this condition, that the 0’s
of a sync pattern are caused by the tightest transition
spacings, the preamble can be constrained to always be an
even number of 9-bit bytes of 1’s.

FIG. 18 illustrates equalized, minimum bandwidth, read
back signal for the surviving N=9 bit sync pattern. The effect
of ending the preamble with an odd or even number of 0’s
is illustrated.

FIG. 19 illustrates equalized, minimum bandwidth, read
back signal for the surviving N=18 bit sync pattern. The
effect of ending the preamble with an odd or even number
of 0’s is illustrated.

Using the algorithms described in the preceding section
and the methods for determining threshold based on Ham-
ming distance, the operating conditions listed in Table 5
achieve good results. The approximate probability of error
reflects the observation that errors from a PR4 Viterbi
algorithm occur in independent pairs, with equal probability
of being of length 2 or 3. Note, one implementation may
write the sync pattern stored in its on-chip registers when the
first non-zero bit is sent to its NRZ port. This implies that the
input sequence from the controller will not be exactly the
sync pattern, because all of the candidate sync patterns begin
with zeros. Further, note that the sync pattern written to the
disk is typically write pre-compensated.

Table 5. Recommended Sync Field Patterns and Thresh-
olds for PR4 systems using N=9& N=18 bit sync field
patterns. Approximate probabilities of error are based on
Table 1, using PER=BER/2=10"" at an SNR of 13 dB.

TABLE 5
Sync Field Approximate
Detector Threshold Sync Field Pattern dH.;, Probability of Error
9 single-bit 2 bits 000101101 5 107

comparisons



5,856,986

TABLE 5-continued
Sync Field Approximate
Detector Threshold Sync Field Pattern dH,;,  Probability of Error
18 single-bit 5 bits 000011001001010111 10 107
comparisons
63-bit blocks 3 blocks 000011001001010111 10 0.25%1071°

The following Appendix is code for one implementation
of the present invention.
Other Embodiments

Although the present invention and its advantages have
been described in detail, it should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention
as defined by the appended claims.

I claim:

1. Adevice for providing byte synchronization with a data
stream by detecting a sync pattern where the data stream
includes a preamble section followed by a sync pattern
followed by a data section, comprising:

a reading device for reading a sample pattern of bits of
said data stream;

a testing device for testing said sample pattern to deter-
mine a byte synchronization condition to identify the
first bit of data in said data section, wherein said testing
device determines byte synchronization by finding a
correlation between said sync pattern and said sample
pattern based on a predetermined criteria; and wherein
said sync pattern has a minimum hamming distance
over shifts of itself, a minimum hamming distance over
shifts of the sync pattern and the data pattern used in the
preamble section; and

an output device to provide a signal to indicate detection
of said byte synchronization condition.

2. A device for providing byte synchronization as in claim
1, wherein said sync pattern is a valid codeword for data in
said data section.

3. Adevice for providing byte synchronization as in claim
1, wherein said sync pattern has spectral energy most
concentrated within the ideal spectrum of the system.

4. A device for providing byte synchronization as in claim
1, wherein said sync pattern is additionally based on a
pattern that is most anti-symmetric.

10
5. A device for providing byte synchronization as in claim
1, wherein said sync pattern lacks close transition spacing.
6. A device for providing byte synchronization with a data
stream by detecting a sync pattern where the data stream
15 includes a preamble section followed by a sync pattern
followed by a data section, comprising:

a reading device for reading a sample pattern of bits of
said data stream;

a testing device for testing said sample pattern to deter-
mine a byte synchronization condition to identify the
first bit of data in said data section, wherein said testing
device determines byte synchronization by finding a
correlation between said sync pattern and said sample
pattern based on a predetermined criteria; and wherein

20

25
said sync pattern has a minimum hamming distance
over shifts of itself, a minimum hamming distance over
shifts of the sync pattern and the data pattern used in the
preamble section and wherein said sync pattern is a
30

valid codeword for data in said data section; and

an output device to provide a signal to indicate detection

of said byte synchronization condition.

7. A device for providing byte synchronization as in claim
3, wherein said sync pattern has spectral energy most
concentrated within the ideal spectrum of the system.

8. A device for providing byte synchronization as in claim
3, wherein said sync pattern is additionally based on a
pattern that is most anti-symmetric, meaning the valid
pattern maintains a minimum hamming distance from itself
as it shifts past an exact copy of itself into unknown user data
in said data stream.

9. A device for providing byte synchronization as in claim
3, wherein said sync pattern lacks close transition spacing.
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