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(57) Abstract: Methods and apparatus are provided for detecting L-bit sync words occurring at N-bit intervals in PPM-encoded
servo pattern read signals read from magnetic tape (3) in tape drives (1). A soft output detector (11) processes the PPM-encoded
servo pattern read signal to produce a series of soft output samples corresponding to respective bits encoded in the servo pattern.
A sync word detector (12) then produces block correlation values for respective positions of a sliding L-sample block in the soft
output sample series. The block correlation values are produced by calculating, at each block position, bit correlation values indi-
cating correlation between respective samples and corresponding bits of the sync word, and summing each bit correlation value
minus a predetermined function of the corresponding sample value. The sync word detector (12) then detects a sync word at the
block position with the maximum block correlation value in an (N+L-1)-sample sequence of the soft output sample series.
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WORD SYNCHRONIZATION FOR SERVO READ SIGNALS IN TAPE DRIVES.

This invention relates generally to word synchronization for servo read signals in tape
storage systems. More particularly, methods and apparatus are provided for detecting sync
words in pulse-position-modulation (PPM) encoded servo pattern read signals read from
magnetic tape in tape drives.

In general, synchronous digital communication receivers include various types of
synchronization subsystems such symbol synchronization and word synchronization (also
known as frame synchronization) subsystems. Assuming symbol synchronization has already
been achieved, the task of word synchronization consists of determining the position of the
sync word within the received data stream. Various techniques for word synchronization have
been described in “Frame synchronization techniques,” R. A. Scholtz, IEEE Trans. on
Commun., vol. 28, August 1980, pp. 1204-1213. In early work on word synchronization, the
concept of the correlation decision rule was introduced (see R. H. Barker, “Group
synchronization of binary digital systems,” in Communication Theory, W. Jackson, Ed.
London. Butterworth, 1953, pp. 273-287). According to this rule, bits in the received data
stream are correlated with respective sync word bits and a sync word detected at the position
of maximum correlation. US Patent No. 5,073,906 employs a correlation technique for soft
output samples in a mobile satellite communications receiver wherein samples are correlated
with the sync word bits to produce a cross-correlation value which is compared with a
threshold dependent on mean power for sync word detection. An optimum word
synchronization algorithm specifically for antipodal binary signals that are received in the
presence of additive white Gaussian noise was proposed in “Optimum frame
synchronization,” J. L. Massey, IEEE Trans. on Commun., vol. 20, April 1972, pp. 115-119,
(see also the Scholtz reference above). Specifically, the correlation decision rule for the
optimum word synchronization algorithm for antipodal binary signals turns out to be the
correlation decision rule modified by an additive correction term that depends on the signal-
to-noise ratio (SNR). High-SNR and low-SNR approximations of the optimum word
synchronization algorithm were also presented. Simulation results have demonstrated that the
high-SNR approximation of the optimum word synchronization algorithm for antipodal
binary signals performs almost as well as the optimum word synchronization algorithm (see
“Some optimum and suboptimum frame synchronizers for binary data in Gaussian noise,” P.
T. Nielsen, IEEE Trans. on Commun., vol. 21, June 1973, pp. 770-772). In “Frame

synchronization for Gaussian channels,” G. L. Lui and H. H. Tan, IEEE Trans. on Commun.,
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vol. 35, August 1987, pp. 818-829, the optimum word synchronization algorithm for
antipodal binary signals in vector space was extended to both coherent and non-coherent
phase demodulation on Gaussian channels assuming a maximum-likelihood one-shot receiver
structure (see “Principles of Communication Engineering”, J. M. Wozencraft and 1. M.
Jacobs, John Wiley & Sons, 1965).

In tape storage systems, timing-based servo (TBS) technology is employed for
recording servo information in dedicated servo tracks extending longitudinally of the tape
adjacent the data tracks. The LTO (Linear Tape Open) consortium adopted the TBS approach
and standardized a robust, scalable, dedicated servo pattern for LTO tape drives which
provides backward compatibility and remains unchanged in the follow-on LTO standards
with higher track density. The TBS servo pattern is detailed in Standard ECMA-319, “Data
interchange on 12.7 mm 384-track magnetic tape cartridges — Ultrium-1 format,” June 2001,
pp- 48 to 56. The servo pattern, described in more detail below, consists of magnetic
transitions defining a series of stripes with two different azimuthal slopes. The transversal
position of the head can be derived from the relative timing of pulses generated by a narrow
servo head reading the stripe pattern. TBS patterns also allow the encoding of additional
longitudinal position (LPOS) information without affecting generation of the transversal
position error signal (PES). The LPOS information is encoded by shifting transitions (stripes)
in the servo pattern from their nominal pattern position in the longitudinal direction of the
tape. LPOS information is recorded in 36-bit words over 36 frames of the servo pattern, each
LPOS word indicating a specific, absolute longitudinal position on the tape. Each servo frame
thus encodes one bit of LPOS information, the bit value being indicated by the particular shift
in the servo pattern stripes. The first 8 bits of a 36-bit LPOS word constitute a known
synchronization word. Since the LPOS bits are recorded by shifting the longitudinal position
of servo frame stripes, the resulting servo head read signal is a PPM-encoded signal in which
the sync words must be identified for recovery of the position data.

The conventional word synchronization system in LTO drives applies the correlation
decision rule to hard output bits derived from the PPM-encoded servo pattern read signal.
The hard output bits are detected using a matched filter approach following interpolation of
servo read signal samples as detailed in our US patent no. 7,245,450 and “Synchronous Servo
Channel Design for Tape Drive Systems,” Cherubini et al., Proc. 17th Annual ASME
Information Storage and Processing Systems Conf. ISPS 2007, Santa Clara University, CA,
June 18-19, 2007, pp. 160-162. The sync word detector is illustrated in Figure 1 of the
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accompanying drawings. The stream of hard output bits I;k , of value +1 or -1, is clocked

through a series of seven delay elements D whose inputs/outputs supply a sliding block of

A

eight bits I;k , I;k_l , ---» b,_, to respective multipliers. The known sync word bits po, p1, ..., p7
(where p, =1 and p, =-1 for i =1,...,7) are supplied to the other inputs of the multipliers as

shown. The resulting bit correlation values are summed to produce a block correlation value
Cy at each position of the sliding 8-bit block in the output bit-stream. The block correlation
values are supplied to a detector which outputs a word sync indicator when Cy = 8, indicating
a match between the current block and the expected sync word.

The robustness of the word synchronization operation in the presence of disturbances
and noise is of course important for reliable operation of tape drives. Errors in reading back
LPOS information and in the synchronization of LPOS words can generate false position
information during normal drive servo operation. An improved word sync system for tape
drives would therefore be desirable.

One aspect of the present invention provides word synchronization apparatus for
detecting L-bit sync words occurring at N-bit intervals in a PPM-encoded servo pattern read
signal read from magnetic tape in a tape drive. The apparatus comprises:

a soft output detector for processing the PPM-encoded servo pattern read signal to
produce a series of soft output samples corresponding to respective bits encoded in the servo
pattern; and

a sync word detector for producing block correlation values for respective positions of
a sliding L.-sample block in the soft output sample series by calculating, at each block
position, bit correlation values indicating correlation between respective samples and
corresponding bits of the sync word, and summing each bit correlation value minus a
predetermined function of the corresponding sample value;

wherein the sync word detector is adapted to detect a sync word at the block position
with the maximum block correlation value in an (N+L-1)-sample sequence of the soft output
sample series.

The conventional LL'TO system described above performs hard-decision word
synchronization whereby sync words are detected from hard output bits (having values that
have been decided as one of two possible values). The present invention departs from this
convention, providing a soft-decision word synchronization system based on soft output
samples (having values not yet resolved to one of two possible bit-values). A soft output

detector is provided to generate the soft output samples from the PPM-encoded servo pattern
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read signal. A sync word detector then performs a sliding-block correlation operation,
correlating an L-sample block of soft output samples with the corresponding bits of the
known L-bit sync word. However, rather than simply summing the bit correlation values, the
sync word detector is adapted to subtract a function of the soft output sample value from the
bit correlation value for each sample before summing the resulting values to produce a block
correlation value. A sync word is then identified at the block position which maximizes the
block correlation value in an (N+L-1)-sample sequence from the soft output detector (i.e. for
N sequential positions of the L-sample block), where N is the sync word period in the PPM-
encoded bit pattern. Embodiments of the invention offer significant improvements in error-
rate performance compared to the conventional system described above. This leads to
improved operating efficiency and will be especially advantageous at the high track densities
that are envisaged to support multi-terabyte tape cartridges. Furthermore, current LTO tape
head assemblies span a data band and two servo bands running either side of the data band.
Thus, information from two separate servo heads is usually available to laterally position the
data heads. If one of the servo heads is smeared or shorted, however, only one servo channel
is available. Word sync systems embodying the present invention offer considerably
improved performance in this circumstance. Overall, embodiments of the invention provide
efficient and robust word synchronization systems which significantly outperform the legacy
approach.

Particular forms of the predetermined function which can be used in calculating the
block correlation values will be detailed below. In addition, preferred embodiments offering
especially efficient implementations will be described. In particular, the construction of
preferred soft output detectors generating particular forms of soft output for such systems will
be described in detail below.

A second aspect of the invention provides a tape drive comprising:

a read/write head for reading and writing data on magnetic tape;

a servo reader associated with the read/write head for reading a PPM-encoded servo
pattern on the magnetic tape to produce a servo pattern read signal; and

servo controller for processing the servo pattern read signal to produce positional
information for controlling relative positioning of the tape and read/write head;

wherein the servo controller includes word synchronization apparatus according to the

first aspect of the invention.
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A third aspect of the invention provides a method for detecting L-bit sync words
occurring at N-bit intervals in a PPM-encoded servo pattern read signal read from magnetic
tape in a tape drive. The method comprises:

processing the PPM-encoded servo pattern read signal to produce a series of soft
output samples corresponding to respective bits encoded in the servo pattern;

producing block correlation values for respective positions of a sliding L-sample
block in the soft output sample series by calculating, at each block position, bit correlation
values indicating correlation between respective samples and corresponding bits of the sync
word, and summing each bit correlation value minus a predetermined function of the
corresponding sample value; and

detecting a sync word at the block position with the maximum block correlation value
in an (N+L-1)-sample sequence of the soft output sample series.

In general, where features are described herein with reference to an embodiment of
one aspect of the invention, corresponding features may be provided in embodiments of
another aspect of the invention.

Preferred embodiments of the invention will now be described, by way of example,
with reference to the accompanying drawings in which:

Figure 1 shows the hard-decision sync word detector employed in conventional LTO
tape drives;

Figure 2 is a schematic illustration of a tape drive in which word sync systems
embodying the invention can be employed;

Figure 3 illustrates the LTO specification of servo bursts forming a servo frame in
which LPOS information can be encoded;

Figure 4 shows how LPOS bits are encoded in the LTO servo frame;

Figure 5 is a schematic block diagram of word synchronization apparatus in the tape
drive of Figure 2;

Figure 6 shows one embodiment of a soft output detector of the Figure 5 apparatus;

Figure 7 shows another embodiment of a soft output detector of the Figure 5
apparatus;

Figure 8§ shows one embodiment of a sync word detector of the Figure 5 apparatus;

Figure 9 shows another embodiment of a sync word detector of the Figure 5
apparatus; and

Figures 10 and 11 are graphs comparing simulation results for the conventional word

sync system and a preferred embodiment of the invention.
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Figure 2 is a simplified schematic of a tape drive illustrating the key elements relevant
to word synchronization systems embodying the invention. The tape drive 1 has a read/write
head 2 for reading and writing data on magnetic tape 3. Specifically, the head 2 has a
plurality of read/write elements (not shown) for reading and writing data in respective data
tracks 4 as the tape 3 is conveyed past the head by a tape transport mechanism (not shown). A
servo reader 5 is mounted on the head 2 for reading a servo pattern recorded in a dedicated
servo band 6 adjacent the data tracks. In operation, the servo reader 5 outputs a servo pattern
read signal  to a servo controller 8. (In practice, more than one servo reader may be provided
on the head 2 reading respective servo bands 6 and providing read signals to servo controller
8. This offers increased robustness in provisioning the servo control functions (if the output
of one of the servo readers is not reliable, it is possible to switch to the output of the other),
but the operation of servo controller § can be understood by considering a single servo read
signal r as illustrated). The servo controller 8 processes the read signal r to derive various
information for use in controlling relative movement of the tape 3 and head 2. In particular,
an estimate of the tape velocity v is produced for use in the tape transport control system. The
transversal position of the head 2 is estimated from the relative timing of pulses in the read
signal, and a positional error signal (PES) is output to a positional control mechanism 9. This
controls the transversal position of the head as indicated by the dotted line in the figure. In
addition, longitudinal position (LPOS) information encoded in the servo pattern is extracted
by servo controller 8 to determine the absolute position of the head 2 along the tape. The
LPOS information is recorded in accordance with the LTO servo pattern specification as will
now be explained with reference to Figures 3 and 4.

Figure 3 depicts an LTO servo frame which corresponds to one 200-pum period of the
LTO servo pattern. The LTO servo frame consists of four servo bursts labeled A, B, C and D.
The A and B bursts have 5 servo stripes whereas the C and D bursts have 4 stripes. The servo
stripes consist of two transitions in magnetization that are 2.1 um apart and are written at an
azimuth angle of + n/30 radians (6 degrees). The servo stripes within a servo burst are spaced
at a distance of 5 um from each other. The positions of the second and the fourth servo stripes
within the A and B bursts of a servo frame are modulated in order to encode one bit of LPOS
information within a servo frame. The shift of the servo stripe position is + 0.25 um. Figure 4
shows the encoding of one LPOS bit within an LTO servo frame consisting of subframe 1,
which contains the A and B bursts, and subframe 2 which contains the C and D bursts. The
upper section of the figure shows encoding of a “1” by shifting the second and fourth servo

stripes outwardly from the centre stripe in each of the A and B bursts. The lower section of
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the figure shows encoding of a “0” by shifting the second and fourth servo stripes inwardly

towards the centre stripe in the A and B bursts. The readback signals for these servo frames
are thus PPM-encoded signals s'(¢) and s°(¢) representing the two LPOS bit values.

In LTO, the LPOS information is contained within an LPOS word which consists of
36 servo frames corresponding to a tape length of 7.2 mm. Each 36-bit LPOS word starts
with a fixed 8-bit sync word followed by 24 bits of LPOS information and 4 bits of a
manufacturing symbol. The LPOS information specifies an absolute longitudinal address on
the tape. The fixed 8-bit sync word pattern is 10000000, where the symbol ‘1’ is written first.
Thus, sync words in the LTO servo band are periodically embedded into the LPOS data
stream, the 8-bit sync word being repeated every 7.2 mm corresponding to the tape length of
a 36-bit LPOS word. The LPOS values of two consecutive LPOS words differ by one.
Therefore, an LTO tape drive 1 can position the read/write head 2 down tape 3 to a given
LPOS with a longitudinal resolution of 7.2 mm. To do so, however, the LPOS information
must first be extracted from the servo pattern read signal by servo controller 8. This requires
word synchronization to detect the §-bit LPOS sync words in the PPM-encoded read signal r.
Servo controller 8 thus includes word synchronization apparatus for sync word detection,
preferred embodiments of which will be described hereinafter. These embodiments perform
word synchronization based on soft output detection of the PPM-encoded LPOS bits. Before
describing the preferred embodiments in detail, it is useful to consider the following
theoretical analysis on which the preferred embodiments are based.

A procedure for generating soft outputs (soft decisions) for binary modulated signals

in the presence of additive white Gaussian noise (AWGN) is described first. Consider the two
signals s°(f) and s'(¢), representing the LPOS bit values 0 and 1 respectively, whose pulse

positions are modulated as described above depending on the LPOS bit value. It is assumed
that both signals are nonzero for a time interval equal to at most 7 seconds in the interval

(0,T) and have the same energy

E,=[1s"0Fdi = [s"OFdr

The LLPOS symbol stream can be represented by

g(t) = i[aksl(t—kT+T)+(1—ak)s0(t—kT+T)]

k=—c0
where a, is a stream of binary data bits taking values 0 or 1 that are independent and

identically distributed. In the following the bipolar .LPOS symbols are denoted by
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b, =2a, —1 and the additive white Gaussian noise model is used to characterize the
reproduced signal by
(1) =q(t)+n(r)
where the one-sided spectral density of the additive noise process n(f) is flat and is given by
N,.

The detector for the received binary modulated signals is assumed to be a linear filter

characterized by the impulse response g(¢), 0<r<T, followed by a sampler providing

samples every T seconds. This type of a detector will be referred to as a type-1 detector. The

soft output for the type-1 detector, i.e., the sampled value at ¢ = kT, can be characterized by
T T T
x, = x(kT) = jo g(DrkT —7)dt = jo g(D)qUT —7)dT+ jo ¢(OnkT -7)dr
where
x0)=[ g@re-ndr=[ gt-0r@)de
0 -1 '

As n(t) is a Gaussian process, x, is a Gaussian random variable. In the following x; denotes
the sample value when s°(¢) is recorded during the bit interval and x, denotes the sample
value when s'(t) is recorded during the bit interval. The mean values of the samples x; and
x, are given by

0 0 T 0
m’ = E[x’] = jo ¢(D)s"T —1)dr

1 1 T 1
m =E[x.] = jo ¢(D)s' (T —1)dr

where E is the expectation operator. The standard deviation of the sample x, at the output of

the detector filter, which does not depend on what signal was recorded, is given by
= N = 2gp = | No (7 2
o= \/7 [ el —\/ [, & war

where G(f)is the Fourier transform of g(f) and Parseval’s theorem has been used to express

the standard variation ¢ as a function of the impulse response g(f).
Assuming the bits a, are equally likely and m, > m, , the decision rule of a maximum

likelihood detector (as discussed in “Principles of Communication Engineering” referenced
above) is

0 1
m +m

2

x, < = 4,=0
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0 1
m +m

2

X, > = a,=1

where @, is the hard decision at the detector output obtained by maximum-likelihood

estimation of the recorded bit. The maximum-likelihood detector, which performs a threshold
test to determine the value of the recorded bit, minimizes the average error rate of detected

bits. In fact, the average bit error rate P, at the output of the maximum-likelihood detector is

_of =
F,=Q g

where

—u?/2
“du .

1 o
Q(x) =—f e
N2 %
The average bit error rate F, at the output of the maximum-likelihood detector is
minimized if the parameter ‘mo - ml‘/ 20 is maximized. Using the Schwartz inequality
[m° —m'|1 20 is maximized if

g0y =c(s'T-n-s"T-n) 0<i<T,
where ¢ is an arbitrary constant.

In the following, ¢ =1/4/2E (1—¢) is assumed where
L O()s (H)dt
Q= £ L s (s .

In this case,

m' =-m° = Es—l_q)
2

and

O=4N,/2.

The soft output from the detector in the absence of noise can then be expressed as

m, =E[x, |b,]1=0,4/E,(1-¢)/2 . Furthermore, the detection threshold is zero, i.e.,

(m’ +m')/2 =0, and the average LPOS bit error rate P, at the output of the maximum-

likelihood detector becomes

_ao [U=-9E
]
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The soft output of an alternative, type-2 detector for the received binary modulated

signals can be characterized by
T

Ve = y(kT) = %j (r&r =)= @ -] ~(rit 1) -5 @ ) |z
0

where

(1) = %j[( rt—1)-s"T-7)) —( r(t—f)—sl(T—T))z]df

t

=3 Jrwr=5" e ==10f ~(r@)=s'e = =1 Jar

=T

It can readily be shown that type-1 and type-2 detectors have the same soft output, i.e., the
type-1 soft output x, is identical with the type-2 soft output y, for all &.

The foregoing analysis considers soft-output detection of binary modulated signals in
the presence of additive white Gaussian noise. Optimum soft-decision LPOS word
synchronization using the generated soft outputs is addressed in the following.

Consider a block of N soft outputs (x,,x,,...,xy_,) obtained from a detector

described in the previous section. From the analysis in the previous section, the soft outputs

can be represented as the sum of a signal term and a noise term, i.e., x, =m, +n, where

m, =b,E.(1—@)/2 on the data pattern or m, = p,+JE,(1—@)/2 on the sync pattern where

p, are bipolar sync symbols assuming the values +1 or -1, and n, are independent Gaussian

noise samples with standard deviation ¢ =./N,/2 . The detected soft-output block
corresponds to L sync word bits and (N — L) random binary data bits. In L.TO as described
above, N =36 and L =8, and the LPOS sync word is defined by p, =1 and p, =-1 for
i =1,...,7 . Furthermore, the 28-bit binary data sequence in an LPOS word consists of seven
14-ary symbols where each 14-ary symbol is encoded into four bits using a specified one-to-
one mapping. Here the sequence of LPOS data bits is modeled as a sequence of independent
and identically distributed binary numbers with equal probabilities. This assumption allows
the derivation of a simple optimum LPOS word synchronization algorithm and is justified
because the 14-ary LPOS symbols are initially unknown.

Based on the approach described in the J. L. Massey reference above which is in turn
based on the mixed Bayes’ rule, an optimum LPOS word synchronization algorithm is
derived that maximizes the probability of correctly locating the LPOS sync word which is

periodically imbedded into the LPOS data stream in the servo channel. For a detected block

10
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of soft outputs (x;,X;,>.... X0 ) Of length N + L —1=43 samples, the algorithm that

estimates the best LPOS sync word location selects the LPOS sync word location [ to be the

value of n, 0<n <36, which maximizes the statistic

7 7
Z Pi Xitivn _Z h(xk+i+n)
i=0 i=0

h(x) = —“ES(l_(p)/zlnicoshLSN—R xn
SNR JE.(I-9)/2

and the signal-to-noise ratio SNR 1is given by

E(1-9)

0

SNR =

The above word synchronization algorithm is of sliding-block type, as the best LPOS
sync word location [ is selected as the result of a sliding-block operation in conjunction with
maximization of a well-defined statistic. This statistic can be described as the sum of a soft-
correlation term and a second term that represents the effect of random data into which the 8-
bit LLPOS sync word is periodically imbedded. Note that this statistic depends on the SNR for

LLPOS detection in the servo channel. However, for large SNR the function /4(x) can be

approximated by |x , which does not depend on SNR. This approximation allows much

simpler implementation of the statistic for selecting the best LPOS sync word. The rule for
determining the best LPOS sync word location simplifies in this case to maximizing the

statistic

7 7
Z Pi Xirivn _Z|xk+i+n
i=0 i=0

where the last summation is over the set of indices N={il0<i<7and p,x,,,, <0}.In

== 2Z|xk+i+n

ieN

other words, the rule for determining the best LPOS sync word location simplifies to
minimizing the sum of negatively correlated terms, i.e.,

2 e = 2

ieN ieN

LT e(Dr((k+i+m)T —7)d1|.

In the derivation of the optimum soft-decision LPOS word synchronization algorithms

discussed so far it was assumed that the signals s°(¢) and s'(f) are nonzero during at most T

11
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seconds in the time interval (0,7"). In longitudinal recording, these signals can be modeled as
the superposition of several narrow pulses. Specifically, in the case of LPOS detection the
response to four position-modulated servo stripes results in the superposition of eight pulses

to yield the signals s°(¢) and s'(f) . In the following approach the support of the signals s°(¢)

and s'(¢) is extended from (0,7) to the whole real line. (The support of a function f(.) in

mathematics is the set of points where the function is not zero). Clearly, the LPOS word

synchronization algorithms discussed so far perform well if most of the energy of the signals

s’(t) and s'(¢) is located in the interval (0,7), i.e.,

[[1s' 0P di>> ( [ s’ @rar+[1s' (t)]zdtj .

In LTO, the above assumption is justified because the minimum transition distance is only
2.1 um, which is much smaller than the L.TO servo frame length of 200 pm on tape,
corresponding to a time interval 7.

In a particularly advantageous approach, the convolution integral in the statistic that is
to be minimized is approximated by a sum and non-significant terms in this sum are dropped.
This allows an especially simple and robust implementation of the LPOS word
synchronization algorithm with digital logic. In this case, the statistic

2,

ieN

LT g r((k+i+mT —1)dr ‘ =y

ieN

(k+i+m)T
j( g((k+i+m)T -D)r@)dr

k+itn—1)T

can be approximated up to a multiplicative constant by the statistic

SIS -5

ieN | jeJ

where J is the set of indices and

§j° =s°t=jT - (k+i+n-DT),

§i=8(t=jT"=(k+i+n-DT),

ro=r(t= iTh.

For a tape velocity v the modulated signal samples EJ.O , :v'jl and the received samples 7, are

spaced much closer to each other than 7' =200 pum/v, i.e., T° << T . For example, a spacing of
T°=0.25 um/v is a good choice for the LTO servo signal because the rate 1/7” is greater
than the two-sided bandwidth of the servo signal, ensuring that the received signal can be

reconstructed from its samples 7, without loss of information, as required by the sampling
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theorem. In a further simplification which recognizes that only a few terms in the
approximate statistic contribute significantly to the sum, the statistic can be efficiently
computed by taking the sum over a subset J” < J of indices j, i.e., the statistic to be
minimized becomes

> 3F -5,

ieN | jeJ’

In the case of the type-2 detector defined earlier the statistic to be minimized is

(k+i+m)T

> [(r(r)—so(r—(k+i+n—1)T))2—(r(T)—sl(T—(k+i+n—1)T))2]dT.

EN |(k+i+n-1)T

In this case also, the integral in the statistic can be advantageously approximated by a sum
and non-significant terms in this sum can be dropped in order to obtain an efficient and robust
implementation of the soft-decision LPOS word synchronization algorithm. The resulting
statistic that is to be minimized is then given by

SISl -5f -6 -57]|

ieN |jeJ’

Preferred embodiments of word synchronization apparatus based on the foregoing
analysis will now be described with reference to Figures 5 to 9. The block diagram of Figure
5 illustrates the general form of word sync apparatus 10 for use in servo controller 8 in the
Figure 2 tape drive. The apparatus 10 comprises a soft output detector 11 and a sync word
detector 12. The soft output detector 11 comprises a signal sample generator 13 and a soft
output generator 14. Briefly, the signal sample generator 13 receives the continuous-time read

signal r from servo reader 5 (Figure 2) and generates a set of interpolated signal samples F,

corresponding to each encoded LLPOS bit-period T. Soft output generator 14 process the

interpolated samples 7; to generate a soft output sample u; corresponding to the encoded

LLPOS bit. The series of soft output samples ... ux. s, Ug, Ug+i, ... 1s supplied to sync word
detector 12 which operates as detailed below to detect a sync word in the sample stream,
outputting a frame sync indicator signal when a sync word is detected.

A preferred embodiment of a soft output detector for use as detector 11 in Figure 5 is
illustrated in more detail in Figure 6. The soft output detector 11a of this embodiment
comprises a signal sample generator 13 and a soft output generator 14a whose structure is
illustrated in detail in the figure. The signal sample generator 13 comprises a sampler (A/D)

15, a burst interpolator 16 and a timing basis generation circuit 17. In operation, sampler 15
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samples the read signal r at a fixed sampling frequency, and the resulting samples are
supplied to burst interpolator 16. The burst interpolator operates to interpolate the fixed-
frequency samples of the servo frame bursts in the servo pattern read signal to generate the

signal samples 7, corresponding to timings determined by timing basis circuit 17. These
timings are determined such that the samples 7, are produced at a fixed rate per unit length of

tape. The burst interpolator 16 and timing basis circuit 17 can be implemented as described in
detail in our US patent no. US 7,245,450 and the Cherubini et al. reference given earlier. The

key point is that the samples 7, are obtained at a predetermined fixed rate which is

independent of tape velocity, the rate being defined in terms of samples per unit tape-length.
The resolution of the servo channel signal at the interpolator output is thus determined by the
step interpolation distance Ax , which is the minimum distance between samples at the
interpolator output. Reliable LPOS detection can be achieved during ramp-up, ramp-down,

and for any constant tape velocity up to a maximum velocity v___ . Assuming the one-sided
bandwidth of the PPM servo signal at the input of the sampler 15 is twice the width of the
main lobe of the spectrum of the non-modulated servo signal, i.e., W =2v__/ L, where L,

is the minimum distance between transitions in magnetization, the sampling theorem provides

an approximate lower bound on the sampling rate f, of the sampler 15 as

22W =—"=.,
fs L

p

This choice of the sampling rate f; renders aliasing effects negligible. Consequently, an
approximate upper bound on the step interpolation distance Ax at the output of the burst

interpolator 16 is Ax< I /4. For example, for L, =2.1 pm as specified in LTO, the step

interpolation distance is bounded by Ax <0.525 um.

The resulting set of interpolated signal samples 7, is supplied to soft output generator

14a. This comprises multipliers 18a, 18b and sum circuits 19a, 19b and 20 connected as

shown in the figure. In operation, the interpolated samples 7, are supplied to first inputs of

the two multipliers 18a, 18b. The other inputs of multipliers 18a, 18b respectively receive

samples f{jo and :v'jl of the PPM encoded signals s°(t) and s'(t) which represent the bit values 0
and 1 encoded in the servo pattern. The set of samples :v'jo and :v'jl are taken at sample timings

corresponding to those of the corresponding interpolated samples 7,, and can be generated in
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advance for the known reference signals s°(r) and s'(1). As the samples 7, are clocked through

multipliers 18a, 18b, the multiplication outputs are supplied to respective sum circuits 19a,
19b. These sum the inputs over the set of indices J, j&/. After every J inputs, a reset signal
clocks the current summation values from circuits 19a and 19b into sum circuit 20 and resets
the sum values to zero. Circuit 20 subtracts the output of sum circuit 19a from that of sum
circuit 19b to produce the current soft output sample .

It will be seen that the soft output generator 14a of this embodiment processes the
signal rj to generate a soft output sample u; of the form

Uy o ZFj(gjo _gjl)

where the constant of proportionality is unity in this case. In a further simplification of the
embodiment, the summation in circuits 19a and 19b can be taken over the most significant
terms only, i.e. over a subset J’ of the indices set J, as discussed in the analysis given earlier.
For example, for a typical value of the size of the set J given by IJl = 2000 = 200 um/100 nm,
where a step interpolation distance of Ax =100 nm and a servo frame length of 200 pum have
been assumed, the summation might be taken over a subset J” with |J” | = 16 terms only. This
is because every dibit response (read-back servo signal corresponding to a servo stripe) can
be represented by 4 samples (2 samples for the positive pulse in a dibit response and 2
samples for the negative pulse in a dibit response) and therefore only 16 terms in the
summation can be used to characterize four dibits (read-back servo signal corresponding to
four PPM-modulated servo stripes per servo frame) whose positions within a servo frame are
modulated (see Figure 4). Thus it will be seen that soft output u; of detector 14a approximates

the type-1 soft output x, discussed in the earlier analysis up to a scaling factor.

An alternative preferred embodiment of a soft output detector for use in the Figure 5
apparatus is illustrated in Figure 7. The soft output detector 11b of this embodiment
comprises a signal sample generator 13 as described above for Figure 6, and an alternative
soft output generator 14b. The soft output generator 14b includes similar components to
generator 14a, and only the key differences will be described here. In particular, in generator
14b the multipliers 18a, 18b are replaced by adders 22a, 22b followed by squaring circuits

23a, 23b as indicated. For each interpolated input sample 7,, the output of squaring circuit

. ~ ~0 \2 . . . . . ~ ~1)2
23a1is (rj -5 ) . Similarly, the output of squaring circuit 23b is (rj -5, ) . These outputs are
summed over the set of indices J by summation circuits 24a, 24b and the resulting sums

supplied to respective inputs of sum circuit 25. This subtracts the lower from the upper input
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to generate the soft output sample u;. It will be seen that this soft output generator 14b

processes the signal r;_; to generate a soft output sample uy, of the form

uxZ[r -5 F—SI)J

where the constant of proportionality is unity here. As before, however, the summation in
circuits 24a and 24b can be taken over the J” most significant terms only. Thus it will be seen

that the soft output u; of detector 14b approximates the type-2 soft output y, discussed in the

earlier analysis up to a scaling factor.

Figure 8 shows a first embodiment of a sync word detector for use in the apparatus of
Figure 5. The detector 12a of this embodiment has seven delay elements D having
inputs/outputs connected to respective multipliers as indicated in the figure. The series of soft
output samples u; produced by the soft output detector 11 as described above is clocked
though the delay elements so that a sliding block of eight samples is supplied to the multiplier
inputs. The other inputs of these multipliers receive the known sync word bits po, p1, ..., P7

(where p, =1 and p, =-1 for i =1,...,7 ) as shown. The output of each multiplier is thus a bit

correlation value indicating correlation between one of the eight soft samples of the current
block and the corresponding sync word bit. Each bit correlation value is supplied to one input
of a respective adder. A predetermined function / of the associated soft sample value is
supplied to the other input of each adder which subtracts the function from the bit correlation
value. The resulting values from all eight adders are then summed in adder 30 to produce a
block correlation value Ry for the current block position in the soft output sample stream. The
block correlation values Ry are output to a maximum correlation detector 31. This detects the
block position with the maximum block correlation value Ry in an (N+L-1)= 36+8-1 = 43-
sample sequence from the soft output detector. That is, the correlation detector identifies the
location n=/, 0 <n < N =36, in the sequence of N=36 block positions at which the value Ry
is maximum. The output of correlation detector 31 is a frame sync signal indicating the
identified value of .

In this embodiment of the word sync detector, the predetermined function /(i) is

given by

u
SNR JE.—)/2

where E; ¢ and SNR are as defined in the earlier analysis. Thus, E; is the energy of PPM-

h(u,) = —VESO_@/zh{COShLSL . D

encoded signals so( t) and sl( t),
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1 ¢,
(DZEIO s (0)s' (t)dt

and the signal-to-noise ratio SNR is

E.(d-9)

0

SNR =

where N, is the one-sided spectral density of the noise process in the servo channel. It will

be seen that the effect of word sync detector 12a is to indicate acquisition of frame

synchronization at the location in the soft output sample stream which maximizes statistic

7 7
R = Zpi Upvivn _Zh(uk+i+n) .
i=0 i=0

In a preferred implementation of the word sync detector 12, the predetermined
function £ is simplified, and in particular is independent of SNR in the servo channel. The
preferred word sync detector 12b is illustrated in Figure 9. This corresponds generally to
Figure 8, like elements being labeled accordingly, and only the key differences will be

described here. In particular, the function A(uy) is the modulus of the soft output sample value

|h(u ‘ )| . In this embodiment therefore, frame synchronization is indicated at the location in

the soft output sample stream which maximizes the statistic

7 7
Ri= Zpi Upiivn _Z|h(uk+i+n) .
i=0 i=0

The word synchronization apparatus described above, which is based soft-output
detection of continuous-time PPM-encoded LL'TO servo signals, offers simple, efficient and
robust implementations for word synchronization systems in tape drives. Moreover,
simulation results demonstrate that the proposed apparatus significantly outperforms the
legacy L.LPOS word synchronization technique. In particular, the servo channel generating soft
decisions for LPOS detection has been simulated in the presence of additive white Gaussian
noise in order to assess robustness compared to the legacy approach. Figure 10 illustrates the
results for ideal timing recovery. The curve corresponding to the legacy hard-decision
correlator was obtained by employing hard I.LPOS decisions as shown in Figure 1 and the
legacy hard-decision LPOS word synchronization system of US7,245,450. The curve for the
soft-decision correlator was obtained by employing the soft output detector of Figure 6 and
the sync word detector of Figure 9. The results demonstrate that the word sync apparatus
embodying the invention is about 9 dB more robust than the legacy hard-decision system for

a sync-detection-error rate of 10”2, Note that at lower sync-detection-error rates the gain
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provided by the word sync apparatus embodying the invention is larger than 9 dB. Moreover,
Figure 11 depicts simulation results for a practical non-ideal timing recovery scheme. The
curve corresponding to the word sync apparatus embodying the invention is missing because
no frame sync errors were observed in this case.

It will of course be appreciated that many changes and modifications can be made to
the exemplary embodiments described without departing from the scope of the invention. For
example, while operation of the embodiments has been described with particular reference to
LTO servo patterns, the invention can of course be applied to other PPM-encoded servo

patterns.

18



10

15

20

25

30

WO 2009/153702 PCT/IB2009/052440

CLAIMS

1. Word synchronization apparatus (10) for detecting L-bit sync words occurring at N-
bit intervals in a PPM-encoded servo pattern read signal read from magnetic tape (3) in a tape
drive (1), the apparatus (10) comprising:

a soft output detector (11) for processing the PPM-encoded servo pattern read signal
to produce a series of soft output samples corresponding to respective bits encoded in the
servo pattern; and

a sync word detector (12) for producing block correlation values for respective
positions of a sliding L-sample block in the soft output sample series by calculating, at each
block position, bit correlation values indicating correlation between respective samples and
corresponding bits of the sync word, and summing each bit correlation value minus a
predetermined function of the corresponding sample value;

wherein the sync word detector (12) is adapted to detect a sync word at the block
position with the maximum block correlation value in an (N+L-1)-sample sequence of the

soft output sample series.

2. Apparatus as claimed in claim 1 wherein said predetermined function comprises a

function /(u) defined by

hu) =

VE,(-9)/2 SNR
——— In| cosh| ——————=u
SNR JE,(-9)/2

where: u is the soft output sample value;
E, is the energy of PPM-encoded signals s°(r) and s'(1) representing respective bit

values encoded in the servo pattern;

Q= ELJ.OT s°(t)s' (t)dt where T is the encoded bit period; and

SNR is a signal-to-noise ratio for the read signal.

3. Apparatus as claimed in claim 1 wherein said predetermined function comprises the

modulus of the soft output sample value.

4. Apparatus as claimed in any preceding claim wherein the soft output detector (11a)

comprises:
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a signal sample generator (13) for generating a set of signal samples r;_; of the servo
pattern read signal for an encoded bit period T, where J is a set of indices; and
a soft output generator (14a) for generating from the signal samples r;_; a soft output

sample u of the form
0 1
u o< er(sj —sj)
where soj and s]]- are samples of PPM-encoded signals representing respective bit values

encoded in the servo pattern and taken at sample timings corresponding to the associated

signal samples r;, and where the summation is over at least a subset of the set of indices J.

5. Apparatus as claimed in any one of claims 1 to 3 wherein the soft output detector
(11b) comprises:

a signal sample generator (13) for generating a set of signal samples r;_s of the servo
pattern read signal for an encoded bit period T, where J is a set of indices; and

a soft output generator (14b) for generating from the signal samples r;_; a soft output

sample u of the form

e Z[(rj _S(J)')Z _(rj _si)ZJ
where soj and s]]- are samples of PPM-encoded signals representing respective bit values

encoded in the servo pattern and taken at sample timings corresponding to the associated

signal samples r;, and where the summation is over at least a subset of the set of indices J.

6. Apparatus as claimed in claim 4 or claim 5 wherein said summation is over a subset

of the set of indices J.

7. Apparatus as claimed in any one of claims 4 to 6 wherein the signal sample generator
(13) comprises a sampler (15) for sampling the read signal at a fixed sampling frequency, and
an interpolator (16) for interpolating the fixed-frequency samples to generate said signal

samples r;js at a fixed rate per unit length of tape.

8. Apparatus as claimed in any preceding claim, the apparatus being adapted to process a

TBS servo pattern read signal to detect PPM-encoded LPOS sync words.

0. A tape drive (1) comprising:

a read/write head (2) for reading and writing data on magnetic tape (3);
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a servo reader (5) associated with the read/write head (2) for reading a PPM-encoded
servo pattern on the magnetic tape (3) to produce a servo pattern read signal; and

a servo controller (8) for processing the servo pattern read signal to produce positional
information for controlling relative positioning of the tape (3) and read/write head (2);

wherein the servo controller (8) includes word synchronization apparatus (10) as

claimed in any preceding claim.

10. A method for detecting L-bit sync words occurring at N-bit intervals in a PPM-
encoded servo pattern read signal read from magnetic tape (3) in a tape drive (1), the method
comprising:

processing the PPM-encoded servo pattern read signal to produce a series of soft
output samples corresponding to respective bits encoded in the servo pattern;

producing block correlation values for respective positions of a sliding L-sample
block in the soft output sample series by calculating, at each block position, bit correlation
values indicating correlation between respective samples and corresponding bits of the sync
word, and summing each bit correlation value minus a predetermined function of the
corresponding sample value; and

detecting a sync word at the block position with the maximum block correlation value

in an (N+L-1)-sample sequence of the soft output sample series.

11. A method as claimed in claim 10 wherein said predetermined function comprises a

function /(u) defined by

iy =072 ILI{SN_RH
SNR ,/Es(l—(p)/2

where: u is the soft output sample value;
E, is the energy of PPM-encoded signals s°(r) and s'(1) representing respective bit

values encoded in the servo pattern;

Q= ELJ.OT s"(1)s' (1)dt where T is the encoded bit period; and

SNR is a signal-to-noise ratio for the read signal.

12. A method as claimed in claim 10 wherein said predetermined function comprises the

modulus of the soft output sample value.
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13. A method as claimed in any one of claims 10 to 12 including producing the soft
output samples by:

generating a set of signal samples r;; of the servo pattern read signal for an encoded
bit period T, where J is a set of indices; and

generating from the signal samples r;_; a soft output sample u of the form
0 1
u o< er(sj —sj)
where Soj and s]]- are samples of PPM-encoded signals representing respective bit values

encoded in the servo pattern and taken at sample timings corresponding to the associated

signal samples r;, and where the summation is over at least a subset of the set of indices J.

14. A method as claimed in any one of claims 10 to 12 including producing the soft
output samples by:

generating a set of signal samples r;; of the servo pattern read signal for an encoded
bit period T, where J is a set of indices; and

generating from the signal samples r;_; a soft output sample u of the form

e Z[(rj _S(J)')Z _(rj _si)ZJ
where Soj and s]]- are samples of PPM-encoded signals representing respective bit values

encoded in the servo pattern and taken at sample timings corresponding to the associated

signal samples r;, and where the summation is over at least a subset of the set of indices J.
15. A method as claimed in claim 13 or claim 14 including generating said signal samples

by sampling the read signal at a fixed sampling frequency and interpolating the fixed-

frequency samples to generate said signal samples r;_; at a fixed rate per unit length of tape.
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