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(57) ABSTRACT 

A fully synchronous longitudinal position (LPOS) detection 
system is provided for improving the reliability of servo 
channels in tape systems. The system is based on the 
interpolation of the servo channel output signal, which is 
sampled by an analog-to-digital converter (ADC) at a fixed 
sampling rate, using a clock at a nominal frequency, so that 
interpolated signal samples are obtained at a predetermined 
fixed rate, independent of tape velocity. This predetermined 
fixed rate is defined in terms of samples per unit of length, 
as opposed to samples per unit of time, which is the measure 
of the ADC sampling rate. The resolution with which the 
servo channel signal is obtained at the interpolator output is 
thus determined by the step interpolation distance. 
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SYNCHRONOUS SERVO CHANNEL FOR 
LONGITUDINAL POSITON DETECTION AND 
POSITON ERROR SIGNAL GENERATION IN 

TAPE DRIVE SYSTEMS 

TECHNICAL FIELD 

0001. The present invention relates generally to servo 
channel architecture in a magnetic tape storage system and, 
in particular, to a synchronous servo channel architecture. 

BACKGROUND ART 

0002 Timing-based servo (TBS) is a technology devel 
oped specifically for linear tape drives in the late 90s. In 
TBS systems, recorded servo patterns consist of transitions 
with two different azimuthal slopes, and head position is 
derived from the relative timing of pulses generated by a 
narrow head reading the pattern. TBS patterns also allow the 
encoding of additional longitudinal position (LPOS) infor 
mation without affecting the generation of the transversal 
position error signal (PES). This is obtained by shifting 
transitions from their nominal pattern position, as shown in 
FIG. 1. In tape systems there are typically available two 
dedicated servo channels from which LPOS information as 
well as PES can be derived. The timing-based track-follow 
ing servo for linear tape systems has been adopted by the 
linear tape open (LTO) consortium as a standard for the 
so-called LTO tape drive systems. 
0003) Usually, the detection of LPOS information is 
based on the observation of the shifts of the peaks of the dibit 
signal samples at the servo-channel output. This approach 
has the following severe limitations: 

0004 a) The A/D converter sampling frequency has to 
change with the tape Velocity if a constant rate 
expressed in number of samples per micrometer that is 
independent of tape velocity is desired. If a fixed 
sampling frequency is adopted, the rate depends on the 
tape Velocity. 

0005 b) A consequence of the choice of a fixed sam 
pling rate is that the number of samples per dibit 
response at the LPOS detector (peak detector) is vari 
able depending on the Velocity. 

0006 c) No reliable LPOS detection is possible during 
acceleration and deceleration, i.e., during the phase at 
which the Velocity is changing towards the target 
velocity. 

0007 d) Peak detection is not the optimum detection 
scheme for the LPOS pattern, which is generated using 
pulse position modulation (PPM) techniques. 

0008 e) There is no possibility to monitor the time 
evolution of the signal at the output of the servo 
channel since there is no time reference. 

0009 f) There is no possibility to have a measure of 
reliability of the LPOS detection process. 

0010. In order to support sufficient resolution at high 
velocities using prior art LPOS asynchronous architecture, 
illustrated in FIG. 2, higher ADC sampling rates are 
required. For example, if the highest target Velocity is 
v=12.5 m/s, then a resolution of 0.83 um is obtained 
assuming an ADC sampling rate of 15 MHz. Clearly, such 
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a resolution is not adequate when one wants to resolve LPOS 
pulse position modulation of +/-0.25 um. In particular, a 
sampling rate of 250 MHz would be required to obtain a 
resolution of 0.05 um using the asynchronous approach. 

SUMMARY OF THE INVENTION 

0011. The present invention provides a fully synchronous 
longitudinal position (LPOS) detection system for improv 
ing the reliability of servo channels in tape systems. The 
present invention is based on the interpolation of the servo 
channel output signal, which is sampled by an analog-to 
digital converter (ADC) at a fixed sampling rate, using a 
clock at a nominal frequency, so that interpolated signal 
samples are obtained at a predetermined fixed rate, inde 
pendent of tape velocity. This predetermined fixed rate is 
defined in terms of samples per unit of length, as opposed to 
samples per unit of time, which is the measure of the ADC 
sampling rate. The resolution with which the servo channel 
signal is obtained at the interpolator output is thus deter 
mined by the step interpolation distance. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0012 FIG. 1 illustrates the LTO specification of servo 
bursts with embedded LPOS information; 
0013 FIG. 2 illustrates a block diagram of prior art LPOS 
asynchronous detection architecture; 
0014 FIG. 3 illustrates a block diagram of an LPOS 
synchronous architecture of the present invention; 
0015 FIG. 4 illustrates a block diagram of the synchro 
nous servo channel in which the present invention may be 
implemented; 
0016 FIG. 5 is a flow chart describing the initial acqui 
sition process; 
0017 FIG. 6 is a plot of the intervals between peak 
arrival times for the computation of tape Velocity and 
y-position estimates; 
0018 FIG. 7 is a plot of the probability of correct 
acquisition; 
0.019 FIG. 8 is a plot of the probability of false acqui 
sition; 
0020 FIG. 9 is a plot of a normalized standard deviation 
of Velocity error relative to the signal-to-noise ratio at the 
servo channel output; 
0021 FIG. 10 is a plot of an average acquisition time 
relative to the signal-to-noise ratio at the servo channel 
output; 

0022 FIG. 11A is a plot of an auto correlation of the dibit 
pulse: 

0023 FIG. 11B is a plot of a partial derivative of the 
autocorrelation function; 
0024 FIG. 12 illustrates a block diagram of the operation 
of the timing basis generation system; 
0025 FIG. 13 illustrates a more detailed block diagram 
of the timing basis generation system; 
0026 FIG. 14 illustrates linear equivalent model of the 
timing basis generation system; 
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0027 FIG. 15 illustrates a simplified model of the timing 
basis generation system; 
0028 FIGS. 16A and 16B illustrate plots of interpolated 
signal samples and timing phase convergence for v=0.5 m/s 
and for v= 12.5 m/s, respectively; 
0029 FIG. 17 is a flow chart describing the operation of 
the asynchronous monitoring function; 
0030 FIG. 18 is a timing diagram illustrating the gen 
eration of the observation windows; 
0031 FIG. 19 illustrates a block diagram of the synchro 
nous monitoring function; 
0032 FIGS. 20A and 20B illustrate plots of the mean and 
standard deviation of the y-position estimate for v=6 m/s and 
for v=12 m/s, respectively; 
0033 FIGS. 21A and 21B illustrate plots of the standard 
deviation of the tape velocity estimate for v=6 m/s and for 
v=12 m/s, respectively; 
0034 FIG. 22 are an illustration and table, respectively, 
of the majority decoding rule for LPOS symbols based on 
peak detection; 
0035 FIG. 23 illustrates a block diagram of an optimum 
LPOS detection system; 
0036 FIGS. 24A and 24B are plots of matched-filter 
waveforms for metric computation in second and fourth 
dibit in A, B bursts, respectively; 
0037 FIG. 25 illustrates a block diagram of a simplified 
LPOS symbol detection system; 
0038 FIGS. 26A and 26B are plots of estimated velocity 
and computed metric values, respectively, during tape accel 
eration; and 
0.039 FIG. 27 illustrates a block diagram of a system for 
the generation of SDR and symbol decision reliability 
estimates. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

Synchronous Servo Channel Architecture 
0040. With the architecture of the present invention, the 
dynamic interpolator allows any sampling rate at the detec 
tor input, with the only limitation arising because of poten 
tial aliasing effects. For example, in the case of a distance 
between magnetic transitions given by L=2.1 um, the 
maximum velocity achievable without aliasing effects with 
a 15 MHz fixed ADC clock is v=2.1 x(15/2)=15.75 m/s. 
In this case the equivalent sampling frequency after the burst 
interpolator for achieving a resolution of 0.05 um is equal to 
315 MHz. Note that this would be the required fixed 
sampling frequency in an asynchronous architecture. 
0041 FIG. 3 illustrates the basic building blocks of the 
synchronous LPOS detection architecture 400 of the present 
invention. Because the number of samples per unit of length 
is fixed and independent of velocity after the burst interpo 
lator, a matched filter approach can be employed for opti 
mum detection of PPM in the presence of noise. The 
matched filter will have a fixed number of samples per unit 
length. Furthermore, the position-error signal and the veloc 
ity estimate may be obtained by measuring the distance 
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between the Zero crossings of the individual dibits of the 
timing-based servo bursts. Reliable position-error signal 
generation, velocity estimation, and LPOS detection is 
achieved during ramp-up, ramp-down, and for any constant 
tape Velocity up to a maximum velocity, which as a first 
approximation is given by 

Vmax=Lpx(f/2), (1) 

where L is the minimum distance between magnetic tran 
sitions, expressed in Lum, and f is the fixed sampling rate of 
the ADC, expressed in MHz. Monitoring of the signal-to 
noise plus distortion ratio for servo-channel selection can 
also be supported. 
0042 FIG. 4 shows a more detailed block diagram of the 
synchronous servo channel 400. The initial acquisition of 
synchronous servo channel parameters is performed by the 
acquisition circuit 402. The tape Velocity and y-position 
estimates as well as the monitoring of the servo channel 
operation are provided by the parameter estimation block 
404. The instants at which interpolated signal samples must 
be generated so that they are obtained at a predetermined 
fixed rate, independent of tape velocity, are determined by 
the timing-basis generation block 1300. Finally, LPOS sym 
bol decisions are yielded by the optimum LPOS detection 
block 2300. 

Initial Acquisition of Synchronous Servo Channel Param 
eters 

0043. One of the main challenges for the design of a 
synchronous servo channel is the determination of the initial 
time instant and nominal step interpolation interval for the 
generation of the timing basis underlying signal interpola 
tion. The nominal step interpolation interval T, expressed in 
microseconds, which is the time it takes for the tape to travel 
over the nominal step interpolation distance X, expressed in 
micrometers, is given by 

Wi (2) 

where v denotes the tape velocity in m/s. Furthermore, for 
optimum LPOS symbol detection based on matched filter 
ing, knowledge of the transversal (y) position of the servo 
reader is also needed. As a result of the initial acquisition 
process, besides the initial time instant and nominal step 
interpolation interval, it is therefore necessary to obtain 
reliable estimates of the tape velocity and of the y-position. 
0044) Initial acquisition should be performed using the 
sequence of analog-to-digital converter (ADC) output signal 
samples without any prior knowledge of tape Velocity or 
y-position. Therefore, it is important to devise a method that 
accomplishes reliable initial acquisition of channel param 
eters for a wide range of tape Velocities, typically in the 
range from 0.5 m/s to 12.5 m/s for LTO tape drive systems. 
As the sampling frequency of the ADC is fixed and typically 
in the range from 15 MHz to 24 MHz, several samples per 
dibit of a servo burst will be obtained in the case of low tape 
velocity, whereas only few samples per dibit of a servo burst 
will be presented to the acquisition circuit in the case of high 
tape Velocity. As no timing information at the beginning of 
initial acquisition is available, the acquisition method will 
rely on the observation of the peaks of the dibits of the servo 



US 2007/0171565 A1 

bursts. Usually, a positive or negative peak of a dibit of a 
servo burst is detected if the absolute value of a channel 
output signal sample exceeds a given threshold value. There 
fore in the case of low velocity the acquisition method must 
have the capability to detect a unique peak even though 
several consecutive signal samples from a single dibit 
exceed the threshold. In the case of high velocity it must 
cope with the event that no signal sample from either the 
positive or the negative peak of a dibit exceeds the threshold. 
Note that a servo frame is identified by a sequence of C, D, 
A, and B servo bursts, as illustrated in FIG. 1. 
0045. The present invention also provides for the initial 
acquisition of the synchronous servo channel parameters 
based on the identification of a valid sequence of 44 55 
bursts in a servo frame. This is achieved via coarse estima 
tion of the time interval between positive and negative peaks 
of a dibit in a servo burst. 

0046 A flow chart describing the method for initial 
acquisition is shown in FIG. 5. At the beginning of the 
acquisition process, the following variables and arrays are 
initialized (step 500): 

0047 a) acqFlag=0, acquisition flag indicating that the 
synchronous servo channel is in acquisition mode; 

0048 b) k=0, counter incremented by one at each 
Sampling instant; 

0049 c) n=0, index incremented by one every time the 
absolute value of a signal sample exceeds a given 
threshold value denoted by thres; 

0050) d) N-0, number of dibit peaks, both positive 
and negative, detected within a servo burst; 

0051) e) T=T, coarse estimate of the time interval 
between the two peaks of a dibit; the initial value T. 
is chosen so that the time interval between dibit peaks 
is smaller than T for all tape velocities in a given 
range. 

0052 f) O= vector whose elements are given by the 
peak arrival times; 

0053 g) p=I, vector whose elements are given by the 
number of detected peaks within servo bursts. 

0054 At each sampling instant, the counter is incre 
mented by one (step 502) and compared with a given 
maxCnt value (step 504): if the counter exceeds maxCnt, a 
timeout period expires (step 506) and the acquisition process 
is restarted. Otherwise, the absolute value of the signal 
sample at time k, denoted by r, is compared with the given 
threshold value (step 508). Ifr exceeds the threshold, there 
is a high probability the signal sample has been obtained in 
correspondence of the peak of a dibit, either positive or 
negative. In this case the index n is incremented by one, and 
the n-th peak arrival time and signal sample are stored as 
t=kT and r=r, respectively, (step 510) where T denotes the 
fixed sampling interval. As mentioned above, it is necessary 
to determine whether a signal sample whose absolute value 
exceeds the threshold belongs to an already detected peak or 
to a new peak. For this purpose, the sign of r is compared 
with the sign of the previous sample whose absolute value 
exceeded the threshold, given by sgn(r) (step 512). 
0055. If sgn(r)Zsgn(r), with there is a probability the 
two samples belong to distinct peaks. The time interval 
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between the two samples, t-t, is compared with the 
current estimate of the time interval between the peaks of a 
dibit (step 514). If T>t, -t, then the estimate is updated 
and given the new value T=t, -t- (step 516). Note that in 
the course of the acquisition process T monotonically 
decreases towards a value that yields the desired estimate of 
the time interval between the peaks of a dibit. As t, is the 
arrival time of a new peak, its value is appended to the vector 
T, and the peak count N is incremented by one (step 518). 
At this point it is necessary to decide whether the new peak 
belongs to a dibit of the currently considered servo burst or 
to a dibit of a new burst. For this purpose, the time difference 
t–t, is compared with the value mT (step 520), where m 
is a constant chosen so that, assuming T is equal to the 
nominal interval between peaks of a dibit, the time interval 
between peaks of consecutive dibits in the same burst is 
smaller than mT, whereas the time interval between peaks 
of consecutive dibits in different bursts is greater than mT, 
for all tape velocities and all transversal positions of the 
servo reader. If t-ti>mT, a new burst is detected, the 
value N-1 of the number of peaks that have been detected 
in the previous burst is appended to the vector p, and the 
peak count N for the current burst is initialized to one (step 
522). It remains now to verify whether the last four elements 
of the vector p correspond to the desired sequence of number 
of peaks in the servo bursts of a servo frame, which is 88 
10 10 (step 524). In the affirmative case, a sequence of 4 
455 bursts, which corresponds to sequence C D A B of 
servo bursts (see FIG. 1), is identified and the initialization 
parameters to start synchronous servo channel operation can 
be computed (step 526). Otherwise the acquisition process 
continues with the next sampling interval (step 502). 
0056. If sgn(r)=sgn(r), two cases must be considered. 
If Tet-t- (step 528), with high probability the two 
samples belong to the same peaks, no actions are taken to 
update the vectors t and p and the variable N and the 
acquisition process continues with the next sampling inter 
val (step 502). If T<t-ti, with high probability the two 
samples are obtained from peaks of the same polarity that 
belong to consecutive dibits, a missed peak detection event 
has occurred. In this case, two peak arrival time values are 
appended to the vector T, denoted by t, and t, and the peak 
count N is incremented by two (step 530). The estimate of 
the arrival time t, of the missed peak is obtained from the 
knowledge of the polarity of the missed peak, the estimate 
T of the time interval between peaks of a dibit, and the 
direction of motion of the tape. For forward tape motion, at 
the output of the servo channel the dibit peak with positive 
polarity is obtained first, whereas for reverse tape motion the 
peak with negative polarity is obtained first. Therefore, if the 
tape is moving in forward direction and the polarity of the 
missed peak is negative, or if the tape is moving in reverse 
direction and the polarity of the missed peak is positive, the 
missed peak arrival time is estimated as t'=t-+T other 
wise it is estimated as t'=t-T. As already discussed above, 
at this point it is necessary to decide whether the new peak 
belongs to a dibit of the currently considered servo burst or 
to a dibit of a new burst (step 532). If t-t, >mT, a new 
burst is detected, and again it is necessary to consider the 
direction of tape motion to determine the next steps (step 
534). In the flow chart of FIG. 5, forward direction of tape 
motion is assumed. A similar procedure can be applied for 
the case of reverse direction. If the detected peak has 
positive polarity, this corresponds with high probability to 
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the first peak of the new burst. Then the value N-1 is 
appended to the vectors p and the peak count N for the 
current burst is initialized to one (step 536). The last four 
elements of the vector p are then checked for the sequence 
88 10 10 (step 538). On the other hand, if the detected 
peak has negative polarity, there is a high probability that the 
first peak of the new burst has been missed. Then the value 
N-2 is appended to the vectorp, and the peak count N for 
the current burst is initialized to two (step 540). Note that in 
this case the last four elements of the vector p are not 
checked for the sequence 88 1010), as the transition from 
“acquisition” mode to “tracking mode is assumed to take 
place at the detection of the first peak of the first dibit of a 
“C burst' (see FIG. 1) to reduce the implementation com 
plexity of the acquisition system. 

0057. As soon as the sequence 8810 10 is detected in 
the last four elements of the vectorp, the various parameters 
that are needed for starting synchronous channel operation 
are computed and the variable acqFlag is set to 1 (step 526) 
to indicate the Successful completion of the acquisition 
process. Assuming the peak arrival times of C, D, and A 
bursts are considered for the computation of the tape veloc 
ity and y-position estimates, as illustrated in FIG. 6, the 
desired estimates are given by 

(, , , 50 (3) yest.0 = - 'H-), 2tan 

and 

4f. (4) 
'est.0 B1, Bo B3 B4 

respectively, (step 526) where v100 um for forward tape 
motion and w=95 um for reverse tape motion. Upon comple 
tion of the acquisition process, the synchronous servo chan 
nel operation starts with initial time instant to-t, and 
nominal step interpolation interval is set to To-X/vo for 
the generation of the timing basis underlying signal inter 
polation (step 526). The acquisition process also provides a 
parameter given by 

TVes 5 Inip Step0 = p s (5) 

where Zdenotes the largest integer Smaller than or equal 
to Z. This parameter indicates the estimated number of 
interpolation steps, in multiples of X, that separate the 
current sample from the sample corresponding to the Zero 
crossing of the first dibit in the C burst, which will be used 
for the first timing adjustment by the timing recovery loop. 

0.058. In the realization of the acquisition circuit 402, the 
vectors t and pare implemented as delay lines of length 36 
and 4, respectively. Also note that the latency introduced by 
the circuitry for the computation of the estimates should be 
smaller than the time gap between servo bursts. Moreover, 
in order to obtain reliable tape velocity and y-position 
estimates it is necessary to implement a circuit that performs 
the division between positive numbers with high accuracy. 
The above requirements are satisfied by applying the New 
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ton-Raphson's algorithm for the computation of the recip 
rocal of the divisor by iterative approximation, and then 
obtaining the desired quotient by multiplication of the 
dividend and the reciprocal of the divisor. For example, the 
relative error in the computation of the division is smaller 
than 0.4% after three iterations of the algorithm, and it 
becomes smaller than 1.6x10 after four iterations. 

0059. The performance of the described acquisition 
method has been investigated by simulations. Assuming the 
Lorentzian model, the magnetic-tape recording channel 
response to a single transition is represented by 

where the parameter PW50/2 denotes the distance, 
expressed in micrometers, between points on a magnetic 
tape, moving with velocity v. that are on a line parallel to the 
servo band centerline, and at which the servo reader pro 
duces the maximum value of the channel response to a single 
transition and half of the maximum value, respectively. 
Therefore, the dibit signal pulse is given by 

where Te=L/vus, and L. denotes the distance between 
magnetic transitions. Recall that, in the case of dibits within 
servo frames that are generated as shown in FIG. 1, L=2.1 
lm. 

0060. The probabilities of correct acquisition and false 
acquisition are shown in FIGS. 7 and 8, respectively, for 
various values of tape Velocity and given threshold for peak 
detection, as a function of the signal-to-noise ratio (SNR) at 
the servo channel output. Correct acquisition is declared if 
the absolute value of the error on the initial y-position 
estimate is Smaller than 2.5 um, otherwise false acquisition 
is declared. Each probability value has been obtained by 500 
realizations of the acquisition process, assuming a Lorent 
Zian channel with PW50/2.1 um=0.4 for the generation of 
the servo bursts, additive white Gaussian noise, Sampling 
frequency of the ADC equal to 15 MHz, constant tape 
Velocity, and y-position equal to Zero. The normalized 
standard deviation of the error on the initial tape Velocity 
estimate given correct acquisition, where the normalization 
factor is given by the tape Velocity, and the average acqui 
sition time given correct acquisition are shown in FIGS. 9 
and 10, respectively, for various values of tape velocity. In 
FIG.9 and FIG. 10, the four curves of both have been plotted 
for values of the tape velocity in the range from 0.5 m/s to 
12.5 m/s. 

Generation of the Timing Basis for Signal Interpolation 

0061 Synchronous operation of the servo channel 
requires the generation of a timing basis for signal interpo 
lation, so that interpolated signal samples are obtained at a 
predetermined fixed rate of 1/x samples per micrometer, 
where X, denotes the nominal step interpolation distance, 
independent of tape velocity. For example, if x=0.05 um, the 
rate 1/x is equal to 20 samples per micrometer. The natural 
reference for the generation of the timing basis is provided 
by the servo bursts, which periodically appear at the servo 
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channel output, as illustrated in FIG. 1. Therefore the signal 
at the servo channel output may be regarded as a pilot signal, 
from which it is possible to extract timing information. The 
extraction of timing information from the servo channel 
signal, however, is not straightforward, as the A, B, C, D 
servo bursts are not equally spaced. Moreover, the spacing 
between the servo bursts depends on the y-position of the 
servo reader, and the period of repetition of the servo frames, 
as well as the time interval between consecutive dibits 
within a servo burst, depend on the tape velocity. Further 
more, it is necessary to take into account the presence of 
pulse position modulation for the encoding of LPOS infor 
mation in the A and B bursts. For tape motion in the forward 
direction, the servo channel signal is given by 

r(t) = S(t; i, y, V, b) + w(t) (8) 

where t denotes the timing phase to be recovered, the vector 
b represents the sequence of LPOS symbols that belong to 
the binary alphabet {0, 1}, w(t) is additive white Gaussian 
noise with spectral density No, K is the number of servo 
frames in the servo channel signal, qi (), i=0, K, 3, denote the 
C, D, A, B servo bursts, respectively. Defining a=2b-1, 
ae{-1,+1}, the servo bursts can be expressed as 

i 

3 y (9) 

go (t, y, v) = i=0 g|t- tant (30) - iT; v), 

3 
y TF 

41 (t, y, v) = i=0 g(t + tant (30) - iT - 4. v) 

4. y T 
q2 (t, y, V, b) = X. g|t- tant (30) - iT. ---, v) -- 

i=0, 

3 
y M Tr. 2. e?t-no-(i+ (i-2a, Ta- - ), 

iod 

4. 
y 3T. 

q3 (t, y, V, bk) = X. s(t+ tant (30) - iT - ---, v)+ 
i=0, 

3 
y M 3TF Xe(t+on, so-(i+ (i-2a, T. - . ) 

did 

where T=L/vus, T=L/vus, =0.05, and g(t:v) denotes a 
dibit signal pulse, which depends on the tape Velocity v, as 
defined in (7). Recall that L=200 um and L=5 um, as 
illustrated in FIG. 1. For tape motion in the reverse direction, 
the signal r(t) can be expressed in a similar manner as (8), 
provided the coefficients multiplying the term T in the 
definition of the A and B bursts are chosen as 95/200 and 
145/200 instead of /2 and 34, respectively. 
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0062) To determine an estimate of the timing phase, 
classical timing recovery methods would rely on first deter 
mining the likelihood function, then averaging it over the 
unwanted random variables, and finally finding the value of 
the timing phase that maximizes the resulting function. 
Observing (8) and (9), it is found that the likelihood function 
depends on the timing phase, the y-position of the servo 
reader, the tape velocity, and the sequence of LPOS binary 
symbols. Then the likelihood function can be expressed as 

KFTF (10) Late, n, v, f = exp("rinsii, e, n. v. Bidt) O 

3 

|Xtr-, - - wa? 30 - ET; v) -- 
3 

Xe(t-kTri-e tailso - T - - )+ 
4. T 
X. g|t-kT -e- tailso - T - t; v)+ 

3 - W - - - 

t-kT -e vtant f30) 
g -- 

T 
(i+ (i-2)a)T - - -; V i=1, 2 

i odd 

4. t-kT. * * tant/30) 
-- 

g T-f Eld - - -; V 4 
O 

i eye 

- -- 
vtant f30) 

3T. 
it. 

3 

g 

0063 Introducing the matched filter with impulse 
response g (t:v)=g(-t:v), and defining the convolution inte 
gral h(tv)=rg (t:v), the expression of the likelihood func 
tion becomes 

2 3 (11) 

two or SI). T.) 
3 hkT -- e - - - - ET + , )+ i=0 F an/30) "'d" 4: 

4. 
TF 2. h(T + c + n, at T+ , )+ 

aa. 

3 
vitan(if 30) -- 

h -- 
M T 

i= (i+ (i-2)ak)T + --; V iod 2 

4. 

h(T + e-- - + T + , )+ 2. F an/30"' d" 4: 
i 
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-continued 

3 
h kTF +s vtant f30) -- 

3T. 
1. (i+ (i-2)a)T + --; V 

i odd 4 

0064 Assuming that the joint probability distribution of 
the y-position and the tape Velocity, as well as the a priori 
distribution of the LPOS symbols, are known, the maxi 
mum-likelihood (ML) estimate of the timing phase is then 
given by 

(12) 
f = argmax ?? 2. Liyya (e., n., v, f3)PIb = Blpy (n, v)drid v. 

0065. The application of the classical ML estimation 
method to obtain an estimate of the timing phase, however, 
presents the following severe difficulties: 

0066 a The ML estimation method in the above for 
mulation is not well suited for direct implementation, 
or even for implementation in the form of a timing 
recovery feedback loop with an error term being com 
puted every servo frame, as the computational com 
plexity would be too large. 

0067 b) Finding the maximum of the likelihood func 
tion requires that the partial derivative with respect to 
t of the convolution integral be computed first; this 
operation may be performed in the digital domain, but 
it usually leads to larger implementation complexity 
and non negligible noise enhancement. 

0068 c) The random variables, on which the likeli 
hood function depends, may exhibit time-varying prob 
ability distributions; for example, variations of tape 
Velocity, as experienced during ramp-up and ramp 
down, may cause significant variations of the joint 
probability distribution of tape velocity and timing 
phase within a few servo frames. 

0069. The present invention further provides for the 
generation of the timing basis for synchronous servo channel 
operation, relying on a timing recovery loop where timing 
adjustments are determined by the observation of the Zero 
crossings of the interpolated servo channel signal. Assuming 
that reliable estimates y and v of the y-position and the tape 
velocity are efficiently computed, as will be shown in the 
next Section, and observing that only four terms in the Sum 
at the exponent of the likelihood function (11) depend on the 
LPOS symbola, for each k, the estimate of the timing phase 
may be approximated as follows: 

is argmax Ly?e, 5, 8), (13) 
where: 
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0070. In the above formulation, the dependence of the 
likelihood function on the sequence of LPOS symbols, as 
well as the averaging over the y-position and the tape 
velocity, have been removed. The computation of the partial 
derivative with respect to the timing phase, however, is still 
needed to find the maximum of the likelihood function. The 
notation y and v is introduced to indicate the y-position and 
the tape Velocity estimates instead of y, and v, defined in 
(3) and (4), because low-pass filtering is assumed for the 
generation of y and v, whereas yes and vs refer to instan 
taneous estimates. 

0071 Note that, for moderate to large values of the 
signal-to-noise ratio, each peak of h(t; v) is approximately 
determined by the peak of the autocorrelation function of the 
dibit pulse C(t-Tv)=gg (T-TV), for a proper choice of 
the time shift T. Als note that, as g(t; v) is a function with 
odd symmetry, the autocorrelation C(TV) is a function with 
even symmetry. Therefore for small deviations of the timing 
phase from the optimum value, the partial derivative of 
h(t:v) with respect to the timing phase, and hence also the 
partial derivative of the likelihood function L(e.S. v). 
exhibits odd symmetry. This means that the behavior of the 
partial derivative of h(t:v) is similar to the behavior of the 
dibit pulse for small values of the argument, provided the 
dibit pulse is regarded as a function of the deviation of the 
timing phase from the optimum value, as illustrated in FIGS. 
11A and 11B. 

0072. With the further observation that the peaks of 
h(t:v) are obtained in correspondence of the Zero crossings 
of the servo channel signal, which occur between the peaks 
of the dibit pulses of the servo bursts, it is possible to 
conclude that the timing information provided by the ML 
approach is approximately equal to the timing information 
that is obtained by directly sampling the servo channel 
signal in correspondence of the Zero crossings. Therefore, 
assuming that it represents a reliable estimate of the timing 
phase, that is tat, the desired timing information can be 
expressed as 
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where T denotes a gain factor and w an additive white 
Gaussian noise (AWGN) sample. Note that the noise 
enhancement caused by the computation of the partial 
derivative is completely avoided. The antialiasing filtering 
operation that is performed prior to analog-to-digital con 
version is in this case approximately equivalent to optimum 
filtering for the generation of a sufficient statistics for the 
signal r(t). 

0.073 A timing basis generation system 1200, which 
relies on the Zero crossings of the interpolated servo channel 
signal to determine a timing error in an error-feedback 
configuration, can thus be devised as depicted in FIG. 12. 
Note that the averaging operation corresponding to the 
Summations in the expression of the timing error (15) is 
performed by the loop filter 1202, which is assumed to be of 
the proportional-plus-integrator type. Therefore, assuming 
reliable y-position and tape Velocity estimates as well as 
negligible interpolation error, the timing error estimate e(t) 
that is input to the loop filter is given by Z 

where t denotes the time instant provided by the timing 
basis generation system for signal interpolation in the proX 
imity of a Zero crossing of the servo channel signal that is 
considered for timing recovery, e, denotes the deviation of 
t, from the time of the zero crossing, and w, is an AWGN 
sample. 

0074 The block diagram of the timing basis generation 
system 1300 is shown in FIG. 13. The sequence {t} 
indicates the time instants at which signal samples {r(t)} 
are to be determined so that they are obtained at the desired 
fixed rate of 1/x, samples per micrometer, independent of 
tape Velocity. Clearly, the nominal step interpolation interval 
T, and the ADC sampling interval T are in general incom 
mensurate. Linear interpolation is therefore employed to 
obtain signal samples at the interpolation time instants {t}, 
which are recursively obtained as 

in 1-lit-Tin (17) 
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where T, denotes the estimate of the nominal step interpo 
lation interval, as defined by (2). The step interpolation 
interval estimate is given by 

Tin-Tint-Ata. (18) 

where T =X/v is the step interpolation interval estimate 
directly derived from the tape Velocity estimate, At, is the 
correction term obtained at the loop filter output, and n is 
the largest time index Smaller than or equal to n, at which a 
timing error estimate has been input to the loop filter. In the 
interpolation-time computation unit, the n-th interpolation 
instant is expressed as 

(19) 

where k, and LL denote the integer part and the fractional 
part of the n-th interpolation instant, respectively, in terms of 
multiples of the sampling interval T. Linear interpolation 
thus yields the interpolated signal sample given by 

r(t)=1 +11(1-1-rk). (20) 
0075. The goal of the timing basis generation system 
1300 is to provide interpolated signal samples that reproduce 
the signal generated by the servo reader in correspondence 
to points on tape that are on a line parallel to the servo band 
centerline and equally spaced by the step interpolation 
distance X. In general, however, the values ofy-position and 
tape Velocity are Such that the interpolated signal samples do 
not exactly correspond to Zeros of the servo channel signal. 
In other words, the timing error estimate e(t) is given by an 
interpolated signal sample that is computed at a position, 
which is at a multiple of the step interpolation distance X, and 
closest to a Zero crossing, as estimated by the timing basis 
generation system. Therefore the step interpolation distance 
X, determines a lower bound on the standard deviation of the 
timing error estimate. Assuming that the Zero crossing 
position is a random variable uniformly distributed within 
the step interpolation interval, the lower bound on the 
standard deviation of the timing error estimate is equal to X/( 
V12v). For example, if x=0.05 um the lower bound on the 
standard deviation of the Zero-crossing position error esti 
mate is 14.4 nm. Note that in principle this lower bound can 
be made arbitrarily small by decreasing the size of the step 
interpolation distance X. In practice it is sufficient that the 
term x/(V12v) is small compared to the contribution of 
AWGN to the standard deviation of the Zero-crossing posi 
tion error estimate. 

0076. As mentioned earlier, the Zero crossings of the 
servo channel signal are not equally spaced. In particular, the 
time interval between Zero crossings that contribute timing 
information depends on the y-position of the servo reader 
and on the tape Velocity. Also recall that the Zero crossings 
of the dibits in the A and B bursts that are used for the 
encoding of LPOS bits are not considered for the extraction 
of timing information. As illustrated in FIG. 13, the selection 
of the interpolated signal samples for the extraction of 
timing information is accomplished by a finite-state machine 
named “Control unit'1304 in conjunction with an interpo 
lation “Counter'1306. Each time a new interpolated signal 
sample is computed, the “Counter'1306 increments by one 
the variable IntpCnt that is input to the “Control unit'1304. 
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Assuming the estimate of the step interpolation interval T, 
that is employed by an “Interpolation time computation 
unit 410 is reliable, and the information about the beginning 
of a servo frame, i.e. the time of the first zero crossing of the 
first dibit of the C burst in a servo frame, is available, 
knowledge of a reliable estimate of the y-position is suffi 
cient for the “Control unit'1304 to determine which inter 
polated signal samples must be selected for the extraction of 
timing information. The “Control unit'1304 outputs the 
following variables: 

0077 a) burstFlag, variable identifying the current 
servo burst according to the rule 0->C burst, 1->D 
burst, 2->A burst, 3->B burst; 

0078 b) dibitFlag, variable identifying the current 
dibit within a servo burst; 

0079 c) newTimErr, variable asserted to input a new 
timing error estimate to the loop filter. 

0080 d) IntpCntReset, variable asserted to reset the 
interpolation “Counter'1306. 

0081. At the end of a servo frame, i.e. at the Zero crossing 
of the last dibit of a B burst, the variable IntpCntReset is 
asserted to reset the “Counter'1306, the variable burstFlag 
is set to 0 to indicate the occurrence of a C burst, and the 
variable dibitFlag is also set to 0 to indicate the occurrence 
of the first dibit of the C burst. The estimate of the number 
of interpolation steps that separate the Zero crossing of the 
last dibit of the B burst from the first dibit of the C burst is 
given by the variable 

DBC.0 + 2tan(T / 30) (21) InipCnt.Num= 
Wi 

where Disco denotes the distance between the last dibit of 
the B burst and the first dibit of the C burst for y=0, which 
is equal to 30 Lum and 35 um for tape motion in the forward 
and in the backward direction, respectively. The variable 
newTimErr is asserted when the “Counter'1306 indicates 
that IntpCntNum interpolation steps have been completed, 
the corresponding interpolated signal sample is input as a 
new timing error estimate to the timing recovery loop filter 
1302, and the variable dibitFlag is set to 1 to indicate the 
upcoming occurrence of the second dibit of the C burst. 
Then the operation of the “Control unit'1304 proceeds by 
computing the number of interpolation steps that separate 
the current Zero crossing from the next Zero crossing. Every 
time a new zero crossing is reached, the variable newTimErr 
is asserted and the variable dibitFlag is incremented by one. 
If the Zero crossing is the last Zero crossing of a servo burst, 
then the variable burstFlag is incremented by one and 
variable dibitFlag is set to 0. Note that the variable IntpCnt 
Num indicating the number of estimated interpolation steps 
between Zero crossings is given by La/x, if the next Zero 
crossing belongs to the same servo burst, and by an expres 
sion similar to (21) if the next Zero crossing belongs to a 
different servo burst, where the distance between the last 
dibit of the current burst and the first dibit of the next burst 
for y=0 is employed instead of Deco. In the special case of 
the Zero crossings of the second and fourth dibits of the A 
and B bursts that are used for the encoding of LPOS bits, the 
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number of interpolation steps between the shifted dibits and 
the adjacent dibits given by IntpCntNum is still taken equal 
to L/x. When the interpolated signal sample that would 
correspond to a Zero crossings of the second or the fourth 
dibit of the A and B bursts is computed, however, dibitFlag 
is incremented by one without asserting newTimErr. Upon 
achieving the Zero crossing of the last dibit of a B burst, the 
“Counter 1306 is again reset and the processing of a new 
servo frame starts. 

0082) Note that, in a practical implementation of the 
timing basis generation system 1300 for a synchronous 
servo channel, it is not necessary to explicitly compute 
interpolated signal samples at each interpolation step. Actual 
computation of interpolated signal samples may be effected 
only at a few time instants, which are determined by the 
“Control unit'1304, as required for the generation of the 
timing adjustments and for matched filtering of pulse 
position modulated LPOS signals, which are found in the A 
and B bursts. 

0083 Assuming small values of the timing error during 
normal servo channel operation, the linear equivalent model 
1400 of the timing basis generation system 1300 depicted in 
FIG. 14 is obtained. Note that the model of the timing basis 
generation system considered here differs significantly from 
the models of discrete-time error-tracking synchronizers that 
are usually found in communication receivers or hard-disk 
drives, where timing error estimates are computed at equally 
spaced time intervals, and the range of frequency offset over 
which the synchronizer must operate is of the order of a few 
percent of the nominal frequency. 

0084 With reference to the diagram of FIG. 14, the gain 
of the timing error detector 1402 is given by the absolute 
value of the derivative of the dibit pulse at the Zero crossing. 
From (6) and (7), it follows that the gain is proportional to 
the tape Velocity and is thus expressed as Kv. The noise 
sample m includes the contributions of AWGN and quan 
tization noise introduced by the nonzero length of the 
interpolation steps, as discussed above. The variable spacing 
between consecutive timing error estimates is modeled by 
including a switch 1404 that provides at the input of the loop 
filter 1406 the interpolated signal at the estimated Zero 
crossing time instants, which are characterized by the indi 
ces n=n (16), and a Zero error signal at the other time 
instants. Observing (17) and (18), it turns out that the 
estimate of the nominal step interpolation interval T that 
is determined at a Zero crossing time instant is used by the 
timing basis generation system until a new timing error 
estimate is input to the loop filter and a new timing correc 
tion term At, is computed. This behavior is modeled by 
including a sample-and-hold element 1408 in the branch of 
the loop filter that yields the proportional term to the timing 
error estimate. Note that the variable duration of the hold 
intervals has the equivalent effect of a variable gain multi 
plying the timing error estimates. To compensate for this 
effect it is necessary to introduce a term, which is denoted 
by 0, in the diagram of FIG. 14, to “equalize' the gain that 
is applied to each timing error estimate. As the minimum 
distance between Zero crossings is L=5um, and the “Con 
trol unit'1304 has the knowledge of the distance that sepa 
rates the last visited Zero crossing from the next, the value 
of 0, in which is independent of the tape Velocity, is given 
by 
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6 = f (22) 

where D, denotes the distance, in micrometers, of the Zero 
crossing at time t, from the next upcoming Zero crossing, 
and n is the largest time index Smaller than or equal to n, at 
which a timing error estimate has been input to the loop 
filter, see also (18). 
0085. As mentioned previously, the timing basis genera 
tion system 1300 for the synchronous servo channel 400 
must operate over a wide range of tape Velocities, which 
translates into a wide range of corresponding minimum 
servo channel signal bandwidths. Clearly this fact has a non 
negligible impact on system parameters, which must be 
chosen Such that the dynamic behavior of the timing basis 
generation system remains essentially independent of tape 
Velocity. To assess system performance for varying tape 
velocity the simplified model 1500 illustrated in FIG. 15 is 
considered. The variable spacing of the timing error esti 
mates is assumed to be perfectly compensated by the pres 
ence of the variable gain 0, as discussed above, and the tape 
Velocity estimate is assumed to be equal to the actual 
velocity, i.e. v=v, so that the offset term Ti-T, vanishes. 
Thus the loop of FIG. 15 is equivalent to a tracking error 
synchronizer having at the input a signal that is cycloSta 
tionary with period T=L/vus. Using this simplified model 
1500, the loop bandwidth of the timing basis generation 
system 1300, which depends on the tape velocity, is given by 

lf (2T) 23 Bo)- ("uteria, praf, (23) O 

where the closed-loop frequency response H(Z:v) is 
expressed as 

2. 

3 + 1 
T (24) K Dvir, 

T 3, . 
z - 1 + Kovzi (), +4, ii) 

0086). By choosing the loop parameters Y=y/v and =/ 
v, and substituting the expressions of H(Z:v) and Ta into 
(23), it turns out that the product B(v)T, which determines 
the loop behavior, is independent of the tape velocity. For 
example, by choosing K=1, Y=1.1x10°, and =9.4x10, 
the product B(v)T=0.18 is obtained. 
0087. A further requirement of the timing basis genera 
tion system 1300 is that reliable servo channel operation be 
achieved during tape acceleration and deceleration. Note 
that this requirement translates into asking that reliable 
channel operation be achieved while the frequency 1/T 
varies linearly with time. It is well known that a second 
order timing recovery loop, similar to the simplified model 
1500 of FIG. 15, exhibits a nonzero timing error in the 
presence of a linearly varying input frequency. The choice of 
periodically updating the step interpolation interval estimate 
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Tin. which is adjusted by the correction term at the filter 
output to determine the interpolation instants, by using the 
tape velocity estimate v, see (18), obviates this problem 
without increasing the loop bandwidth or the order of the 
loop filter. Therefore reliable system operation is achieved 
even during ramp up and ramp down. As a consequence, if 
the tape Velocity is constant, the term accumulated in the 
integrator of the loop filter becomes vanishingly small. Note 
that in this case the multiplication by the variable gain 0, 
may be performed after the loop filter without significantly 
affecting the loop behavior. 
0088. The performance of the timing basis generation 
system 1300 has been investigated by simulations. FIGS. 
16A and 16B show the interpolated signal samples of a C 
burst and the convergence of the timing phase for constant 
values of the tape velocity equal to v=0.5 m/s (FIG. 16A) 
and v= 12.5 m/s (FIG. 16B). The samples that have been 
input to the loop filter as timing error estimates in the 
neighborhood of the Zero crossing instants are indicated by 
red markers. The results have been obtained for a Lorentzian 
channel with PW50/2.1 um=0.4 for the generation of the 
servo bursts and AWGN yielding SNR=25 dB, sampling 
frequency of the ADC f= 15 MHz, nominal step interpola 
tion distance x=0.25 um, initial error on the velocity esti 
mate equal to 1%, and loop filter parameters equal to y/ 
v=1x10 and/v=2x10 for v=0.5 m/s, and Y/v=1x10 and 
/v=2x10 for v= 12.5 m/s. 

Generation of Estimates Based on the Zero Crossings of the 
Servo Channel Output Signal 
0089. In the previous Section, it was recognized that the 
timing basis generation system 1300 of the synchronous 
servo channel 400 needs reliable y-position and tape veloc 
ity estimates, denoted by y, and v, respectively, to 
determine the estimates of the step interpolation interval and 
of the time instants of the Zero crossings of the interpolated 
signal, as well as the various loop parameter values. There 
fore the problem arises of the generation of y, and vs. 
which should be performed by using the signal samples at 
the output of the servo channel ADC 406, so that coupling 
between the generation of y, and v and the generation of 
the timing basis is avoided. A related problem is the moni 
toring of the synchronous servo channel operation. A moni 
toring system must be devised, which is able to early detect 
occasional detuning of the timing basis generation system, 
which for example may be determined by temporary impair 
ments in the servo channel output signal, and restart the 
acquisition procedure. Also in this case a solution must be 
obtained by observing directly the signal samples at the 
output of the servo channel ADC. 
0090 Recall that the tape velocity and y-position esti 
mates at the end of the acquisition process are given by (3) 
and (4), respectively, where the peak arrival times of C, D, 
and A bursts at the output of the servo channel ADC are 
considered for the computation of the estimates, see also 
FIG. 6. The generation of the y-position and tape Velocity 
estimates based on peak detection, however, presents the 
following drawbacks: 

0091) a) The arrival time of the peak of a dibit is 
determined by an operation that approximates the com 
putation of the derivative of the signal and therefore 
introduces noise enhancement. 

0092 b) If one or more peaks of the dibits in the C, D, 
and Abursts are not detected, no reliable generation of 
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the y-position and tape Velocity estimates is possible. 
To cope with missed peak detection events, insertion of 
dummy peak arrival times to obtain y and v is not 
a desirable approach. 

0093 c) Detecting the loss of acquisition parameters, 
and properly restarting and validating the generation of 
the y-position and tape Velocity estimates, may take a 
long time, of the order of several servo frames. 

0094. The present invention further provides for the 
generation of the y-position and tape Velocity estimates and 
concurrent monitoring of the synchronous servo channel 400 
operation . The method relies on determining the Zero 
crossings of the signal at the output of the servo channel 
ADC to generate the estimatesy and v, and on observing 
the occurrence of the peaks of the same signal within time 
intervals, which are determined by a finite-state machine, to 
monitor the synchronous servo channel operation. The 
finite-state machine “Control unit'1304 of the timing basis 
generation system is employed to provide the necessary 
observation windows. 

0.095. During the initial parameter acquisition process, 
the tape Velocity and y-position estimates are determined by 
using measurements of the time intervals between corre 
sponding dibits in the C, D, and A bursts. To compute the 
estimates given by (3) and (4), the peak arrival times of the 
dibits are considered. During the generation of the timing 
basis, however, reliable information about the timing phase 
of the servo channel output signal is obtained by observing 
the time instants of the Zero crossings of the dibits of the 
servo bursts, whereas timing information that is obtained by 
determining the time instants of the peaks of the servo signal 
after matched filtering is affected by noise enhancement. 
This is due to the fact that the time instant of a peak is 
determined by an operation that approximates the compu 
tation of the signal derivative. Therefore by introducing in 
(3) and (4) measurements of time intervals that are obtained 
by the time instants of the Zero crossings of the servo 
channel output signal more reliable estimates are obtained 
than using measurements of peak arrival times that are 
affected by noise enhancement. 
0096. In this manner the problem of determining the 
estimates y and v in the event of missed peak detection 
is avoided, as the timing basis generation system 1300 
provides the information about the observation intervals 
where with high probability the Zero crossings of the servo 
channel output signal are expected to occur. In the occa 
sional event that no Zero crossing occurs within an obser 
Vation interval, due for example to impairments in the servo 
channel output signal, the estimated time instant of the Zero 
crossing that is provided by the timing basis generation 
system is employed. However, if the impairments persist for 
a long period spanning several servo frames, detuning of the 
timing basis generation system may occur. To detect Such an 
event, the occurrence of the peaks of the dibits of the servo 
bursts within the observation windows that are determined 
by the timing basis generation system is still monitored. If 
the number of detected peaks per servo frame falls below a 
fixed threshold and remains below that threshold over a 
predetermined time interval, loss of lock is declared and the 
initial acquisition process is restarted. 
0097 As illustrated in FIG. 4, the generation of the 
y-position and tape Velocity estimates and monitoring of the 
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synchronous servo channel operation is performed by two 
functions. The “Asynchronous monitoring function'408 
determines the Zero crossing time instants and detects the 
occurrence of the dibit peaks based on the observation 
intervals that are provided by the “Control unit'1304, which 
has complete timing information concerning the dibits in the 
bursts of a servo frame, as previously discussed. The “Syn 
chronous monitoring function'404 then computes the y-po 
sition and tape Velocity estimates and monitors the operation 
of the timing basis generation function based on the infor 
mation that is obtained from the “Asynchronous monitoring 
function'408. 

0098. A flow chart describing the operation of the asyn 
chronous monitoring function 408 is shown in FIG. 17. At 
the end of the acquisition process, the following variables 
are initialized (step 1700): 

0099 a) acqFlag=1, acquisition flag indicating that the 
synchronous servo channel is in tracking mode; 

0.100 b) k=0, counter incremented by one at each 
sampling instant and reset at the beginning of each 
servo frame; 

0101 c) k'=0, index incremented by one at each Zero 
crossing instant and reset at the beginning of each servo 
frame; 

01.02 d) peakDetFlag=0, peak detection flag that is 
reset to 0 at the beginning of each k'-th time interval 
delimited by Zero crossing instants within a servo frame 
and is set to 1 if the positive peak of a dibit is detected 
in the k-th time interval. 

0.103 At each sampling instant, the “Asynchronous 
monitoring function'408 first checks whether the occur 
rence of a new frame is being signaled by the “Control 
unit'1304 (step 1702). Recall that at the end of a servo 
frame, i.e. at the Zero crossing of the last dibit of a B burst, 
the variable IntpCntReset is asserted to reset the 
“Counter 1306, the variable burstFlag is set to 0 to indicate 
the occurrence of a C burst, and the variable dibitFlag is also 
set to 0 to indicate the occurrence of the first dibit of the C 
burst. Therefore the variable newFrame is set to 1 whenever 
the variable IntpCntReset is asserted. In that case, the 
counter k and the index k are reset (step 1704). After 
checking for the occurrence of a new frame, the counter k is 
incremented by one (step 1706. 
0.104) The value assumed by the counter is then compared 
with the limits of the k-th observation interval (wl wR) 
(step 1708), which are provided by the “Control unit'1304. 
Assuming that the polarity of the servo channel signal is 
such that the positive peak of a dibit is detected first, the 
positive peak as well as the Zero crossing associated with the 
k'-th dibit of a servo frame are expected to be detected within 
the k-th observation interval. The “Control unit 1304 also 
provides a third variable, denoted by wRs, such that 
wL.<wP<wRs. Then (wL.WP) defines the Subinterval 
within the k-th observation interval where the dibit peak is 
expected to be detected, as illustrated in FIG. 18 for sam 
pling frequency f=15 MHZ and constant tape Velocity 
v= 12.5 m/s. If wL.<k<wP(step 1710) and the channel 
output sample r exceeds a given threshold value (step 
1712), denoted by thres, then the variable peakDetFlag is 
set to 1 (step 1714) to indicate that a dibit peak has been 
detected in the k-th time interval. If wL.<k<wR and the 
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two most recent channel output samples satisfy the condition 
re0 and r<0 (step 1716), then a Zero crossing is detected 
and the Zero crossing instant in the k-th time interval is 
computed as 

L' = (k-1)+ k-1 T. (25) 
- - i. 

0105. Each Zero crossing instant, which is indicated by a 
filled circle marker in the illustration of FIG. 18, is recorded 
as an integer plus fractional part, where the integer part is 
given by the value k-1 and the fractional part is determined 
by using a simple look-up table. 

0106 When k=wRs (step 1720), the observation interval 
expires, the index k is incremented by one, and the variable 
peakDetFlag is reset to 0 (step 1722). As mentioned above, 
if by the time the observation interval expires no zero 
crossing has been detected, the variable tz takes the value 
of the estimated time instant of the Zero crossing that is 
provided by the timing basis generation system 1300. 
0107 A block diagram of the “Synchronous monitoring 
function'1900 is depicted in FIG. 19. When a counter 1902 
achieves the upper limit of the observation window, i.e. 
k=wRs, the values of the variables peakDetFlag and tz, 
are input to an accumulator 1904 and to a delay line 1906, 
respectively. The counter 1902, the accumulator 1904, and 
the delay line 1906 are reset whenever the variable new 
Frame is set to 1, i.e. at the beginning of each servo frame. 
At the end of A bursts, the time intervals between corre 
sponding dibits in the C, D, and Abursts can be evaluated. 
Therefore the variable newEstimate is set to 1 at the end of 
the observation window associated with the last dibit of an 
A burst, and new values of the y-position and tape Velocity 
estimates are computed. With reference to FIG. 6, the 
measurements of the time intervals between corresponding 
dibits in the C, D, and A bursts are given by 

and 

tz.9+tziottz,11). (27) 
0108. The “Synchronous monitoring function'404 then 
implements the computation of the instantaneous values of 
the estimates yes and vs. according to (3) and (4), respec 
tively, where y=W/2 tan(L/30) and v=4f. Recall 
that w 100 um for forward tape motion and w=95 um for 
reverse tape motion. The average values y and v of the 
y-position and tape Velocity estimates are evaluated by the 
first-order low-pass filters 1908A, 1908B in the circuit 1900 
illustrated in FIG. 19. The time constants of the low-pass 
filters 1908A, 1908B are chosen as a compromise between 
the requirements of reducing the noise affecting the instan 
taneous values of the estimates and keeping the latency in 
the computation of the average values of the estimates, 
which are employed by the timing basis generation system, 
small compared with the inverse of the maximum rate of 
change of the y-position and tape Velocity in a tape drive. 

0109 At the end of each frame, the content of the 
accumulator 1904 for the variable peakDetFlag indicates 
the number of positive peaks of the dibits in the servo bursts 
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that have been detected. This number is then compared 1910 
with a predetermined threshold value denoted by monThres, 
and the accumulator 1904 is reset. If for a consecutive 
number of servo frames equal to a predetermined value, 
denoted by frameCntThres, the number of detected peaks in 
a frame is less than monThres, then loss-of-lock is declared 
and the acquisition procedure is restarted. 
0110. The performance of the system for the generation 
of y-position and tape Velocity estimates has been 
invigated by simulations. FIGS. 20A, 20B and 21A, 21B 
show the mean and Standard deviation of the y-position 
estimate and the standard deviation of the tape Velocity 
estimate, respectively, for constant values of the y-position 
equal to y=0 m and of the tape Velocity equal to v=6 m/s 
(FIGS. 20A, 21A) and v=12 m/s (FIGS. 20B, 21B). The 
mean value of the tape Velocity estimate is not shown 
because the deviation of the mean from the actual value is 
negligible. In the two figures, the performance of a system 
based on peak detection is also shown for comparison 
purposes. The results have been obtained for a Lorentzian 
channel with PW50/2.1 um=0.4 for the generation of the 
servo bursts and sampling frequency of the ADC f=15 
MHZ. 

Optimum Detection of LPOS Symbols 

0111. As previously mentioned, servo frames allow the 
encoding of LPOS information, without affecting the gen 
eration of the y-position and tape Velocity estimates, by 
shifting the transitions of the second and fourth dibit in the 
A and B bursts from their nominal pattern position, as 
illustrated in FIG. 1. Note that the modulation distance 
depends on the tape drive products. In an LTO product 
developed and sold by IBM(R) (such as the Model 3580), the 
modulation is +0.25 um, whereas in an IBM enterprise 
product (such as the Model 3592), the modulation is +0.5 
um. In many asynchronous servo channels, the detection of 
LPOS information is based on the observation of the shifts 
of the peaks of the dibit signal samples at the servo-channel 
output. The measurements of the eight intervals between the 
dibits in the A and B bursts are labeled a through h, as 
illustrated in FIG. 22A for an encoded LPOS symbol equal 
to one. The detector performs the comparison between the 
measurements of the corresponding intervals according to 
the Table of FIG. 22B, and applies a majority decoding rule 
requiring that at least three out of four possible conditions be 
true in order to determine the encoded LPOS symbol. 
0.112. The conventional approach based on peak detec 
tion and recording of peak-arrival times has the following 
limitations: 

0113 a) The majority decoding rule based on the 
measurements of intervals by taking the difference of 
peak-arrival times is not the optimum detection scheme 
for the LPOS symbols, which are encoded using pulse 
position modulation (PPM) techniques. 

0114 b) It is not clear how to break the tie in case two 
out of the four conditions listed in the table of FIG. 22 
for symbol decision are satisfied, other than resorting to 
coin tossing. 

0115 c) There is no possibility to have a measure of 
reliability associated to the decisions on LPOS sym 
bols. 
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0116. The present invention still further provides for the 
optimum detection of LPOS symbols and concurrent moni 
toring of the reliability of the LPOS detection process. The 
method is based on the metric, which for each LPOS symbol 
ae{-1,+1} yields the likelihood of the two hypotheses 
H- and H-1. By using the metric adopted for hypoth 
esis testing, a measure of the signal-to-noise plus distortion 
ratio associated with LPOS detection is then introduced, 
which allows monitoring of the LPOS detection process and 
of the reliability of the individual LPOS symbol decisions. 
In particular, as in tape systems there are always available 
two dedicated servo channels from which LPOS information 
can be derived, this newly introduced reliability measure 
may be readily employed to determine which of the two 
channels provides the most reliable LPOS symbol decisions. 

0117 Recall the expressions of the dibit signal pulse (7) 
and of the servo channel output signal (8) and (9), as well as 
the formulation of the optimum receiver for the detection of 
waveform signals from a given set in the presence of 
AWGN. Observing (8) and (9), it is recognized that the 
encoding of LPOS symbols is obtained by applying pulse 
position modulation to the second and fourth dibit of the A 
and B bursts. Therefore, assuming constant tape Velocity, the 
metric associated likelihood of the hypothesis H- Ce{- 
1.+1} can be expressed by 

T 3. ATF + i + van 30+ (28) 
m(ra = Q) = no c TF y Ti 

TF + 3 +ytani (30+5 

y TF) r(t)-g? – ATF- an 130,-(1-5a)Ta- - v) 
T 7T ATF + i + variot? 

dt + 5T 
ATF + it want (30)+; 

(t) (t T y (3 +ga)T, -t-. r(t) -g Tytani/30) go)T – s; v 
3. 3. ATF + -ian got 

dt + 3. y Td 
TF + -- tant (30+5 

r(t) (t AT + - (1-go T -1. r(t) -g " tan(730) go)T - - -; v 
3. y 7T. F 

dt + TF + -- tant (30) + 2* 
3T. y 5T TF + -- tant (30) + 2* 

r(t) e?t - T -- tant (30) 4 
dt. 

0118 Note that the metric given by (28) is equivalent to 
that obtained by a matched-filter receiver. Recalling now the 
correspondence b=(a+1)/2, beO,1}, introducing the 
change of variables X=vt, and defining the matched-filter 
waveforms se'(x:y), for B=0,1, j=1.2, as 

y 

tan(if 30) 
(29) 

Jul. 26, 2007 

-continued 
y g(x + -lys-(3 + 626-1)!. v = 1) 

the expression of the metric (28) becomes 

L. 3. 30 ALF + i + tant soft (1) LF 2 (30) 
inga cc EF y L. |r(x)-s: (x-AL - y) dx + 

ALF + 3 + tan((30+5 
7. 

ALF + i + tantif30) 2 2 (1) F ? EF S. |r(x)-s: (x-AL - 2. y) dx + 

ALF +f-air of it 3Li Y2 - six - ALE – 3: d J., "|r(x)-s(x-AL - fylds. 

Note that the expression of the metric (30) is independent of 
the tape Velocity. Recall that the timing basis generation 
system provides the sequence of time instants {t} such that 
the interpolated signal samples {r(t)} are obtained at the 
fixed rate of 1/x, Samples per micrometer, independent of 
tape Velocity. Therefore, assuming that the sampling rate is 
Sufficiently large to avoid aliasing effects, and that N=LF/X, 
is an integer number, the metric may be computed in the 
digital domain using the interpolated signal samples as 

X. |r(,)-s'(n-AN - Y). y) -- (31) 

X (re)-3-(a-AN-Y). It 

X (r.)-(a-AN-Y): ) 

X. rt,)-(a-AN, - Y): ), 

inga CX 

where S,(y), i=1, 2, 3, 4, denotes sets of interger numbers 
that are defined as 

O1(y) = (n:nx, 6 (mis) -- '', units) -- '''), (32) 

O2(y) = (n:nx, 6 lini, 30) * St. ini, 30) * T), 

O3 (y) = (n:nx, 6 (- units) -- '', in 20 -- ''), 

O4(y) = (n:nx, 6 (- ani, 30." St. ini, 30) * T), 
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0119) An optimum LPOS symbol detector 2300 of the 
present invention computes the values m, f=0,1, and 
compares them to produce a decision b, on the LPOS symbol 
encoded in the W-th servo frame, as illustrated in FIG. 23, 
1.C. 

r 0, if no sm. (33) 
b = 

1, otherwise. 

0120) The waveforms s'(x:y), B=0,1, are shown in FIG. 
24 for PW50=0.84 um, y=0, and x=0.25 um. 
0121. It turns out that the complexity required for the 
metric computation can be significantly reduced by consid 
ering a subset of the indices specified by the sets S,(y), i=1, 
2, 3, 4, to perform the Summations in (31). In particular, an 
approximation of the metric (31), which provides reliable 
LPOS symbol decisions, is obtained by considering only the 
four indices in each set that correspond to the maximum 
absolute values of the waveforms s'(x:y), for B=0.1j=1.2. 
The subsets of the indices of S,(y), i=1, 2, 3, 4, that are 
considered for metric computation are then given by 

y Lp (34) 
r an/Sot (1 téla - 2, 
O1(y) = {n:nxi & y L 

p 

a?sot (1 is lat 
y Lp 

r an/Sot (3 + Sld - 2, 
O2(y) = {n:nxi & L., 

y p 

an/Sot (3 + 6 Lat 
y Lp 

r -a?so, + (it $1.4 - 5, 
O3 (y) = {n:nxi & y L., 

p 

- a 30+ (its lat - 
y Lp 

r -a?sot (3 + Sld - - 
O4(y) = {n:nxi & y L., 

p 

- a?sot (3 + 3La + - 

where L=2.1 um denotes the distance between the positive 
and negative peak of a dibit. For example, the samples of the 
waveforms s'(x:y), B=0,1, that are considered for the 
computation of the approximation of the metric (31) are 
indicated by larger markers in FIGS. 24A and 24B. 
0122) A block diagram of a simplified LPOS symbol 
detection system 2500 is depicted in FIG. 25. The values of 
the sixteen interpolation instants per frame {t}, at which the 
terms contributing to the metric are evaluated, see (34), are 
provided by the “Control unit'1304, which has complete 
timing information concerning the dibits in the bursts of a 
servo frame, as previously discussed. The knowledge about 
the instants {t} also allows the proper selection of the 
samples of the matched-filter waveforms, as indicated in the 
block diagram of FIG. 25. At each time instant t deter 
mined by the “Control unit'1304, an interpolated signal 
sample is computed, from which the selected waveform 
samples se'(my). B=0,1, are subtracted. The resulting 
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differences are squared and accumulated to form the two 
metric values me, B=0.1. When the variable newSymbolD 
ecision is set to 1 by the “Control unit'1304 at the end of the 
summation interval, which occurs at the end of the fourth 
dibit of a Bburst, a new LPOS symbol is detected according 
to the rule (33), and the accumulators are reset. The low and 
the high metric values, denoted by Me and M. and 
assumed to indicate the metric for the correct and the 
incorrect hypothesis, respectively, are also presented at the 
output of the detection system for further processing to 
determine a reliability measure of the LPOS detection 
process. 

0123 The expression of the metric (31) has been derived 
under the assumption of constant tape Velocity. As previ 
ously discussed, however, Velocity estimates are input to the 
timing basis generation system 1300 to track time-varying 
velocity. Therefore reliable LPOS symbol decisions are 
obtained even during acceleration and deceleration of the 
tape motion. FIGS. 26A and 26B illustrate simulation results 
giving the estimated velocity (FIG. 26A) and the computed 
metric values (FIG. 26B) during tape acceleration, for an 
AWGN servo channel characterized by SNR equal to 25 dB, 
initial tape Velocity equal to 0.5 m/s, and tape acceleration 
equal to 10 m/s. 
0.124. To determine the quality of the detection process, 
an average signal-to-noise plus distortion ratio at the detec 
tion point is defined. Introducing the quantities M and OM. 
to denote the mean and the variance of the metric for the 
correct hypothesis, respectively, and M and OM, to denote 
the mean and the variance of the metric for the incorrect 
hypothesis, respectively, the average signal-to-noise plus 
distortion ratio at the detection point is defined as 

M - M 35 

so-so M - Mc (35) i2 O -- O M MC 

0.125. A measure of the reliability associated with the 
LPOS symbol decision is given by 

M - M. 36 RELesta = o |Mt. Cal (36) i2 Cit, + C it 

0.126 A block diagram of a system 2700 for the genera 
tion of estimates of the average signal-to-noise plus distor 
tion ratio and of the reliability of each LPOS symbol 
decision is depicted in FIG. 27. As mentioned above, 
SDRs and REL may be employed for monitoring of 
the LPOS detection process and for selecting the most 
reliable of the LPOS symbols detected by two servo chan 
nels operating in parallel, respectively. 

0127. The performance of a prototype LPOS symbol 
detector based on a synchronous servo channel has been 
measured and compared with that of a conventional LPOS 
symbol detector based on peak detection, as currently used 
in LTO tape-drive products. The synchronous servo channel 
and the TBS system have been implemented by employing 
an FPGA and run in parallel by using the signal at the output 
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of a tape-drive servo channel ADC as an input for both 
systems. Identical LPOS word decoders have been 
employed to decode the sequence of LPOS symbols and 
measure the number of decision errors in the two channels, 
without applying error correction. The two physical servo 
channels CHA and CHB, usually providing servo informa 
tion during normal tape-drive operation, were read by the 
servo readers for a tape Velocity equal to 6.22 m/s, at 12 
different lateral positions on the tape, indicated by wrap 
numbers. Measurements of the number of LPOS word errors 
were obtained by reading 80000 LPOS words per wrap, and 
repeated for each wrap. The results are reported in Table I. 

TABLE I 

14 
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0.130. The description of the present invention has been 
presented for purposes of illustration and description, but is 
not intended to be exhaustive or limited to the invention in 
the form disclosed. Many modifications and variations will 
be apparent to those of ordinary skill in the art. The 
embodiment was chosen and described in order to best 
explain the principles of the invention, the practical appli 
cation, and to enable others of ordinary skill in the art to 
understand the invention for various embodiments with 
various modifications as are Suited to the particular use 
contemplated. Moreover, although described above with 
respect to methods and systems, the need in the art may also 

Performance comparison between TBS and Synchronous servo Systems. 

#Errors for TBS system #Errors for Synchronous servo system 

wrap CHA Mes1 CHA MeS2 CHBMes1 CHBMeS2 CHA Mes1 CHA MeS2 CHBMes1 CHBMes2 

O 13 18 3 4 O O O O 
6 13 13 7 4 O O O O 

12 10 13 6 6 1 1 O O 
18 9 7 6 4 1 1 O O 
24 4 6 7 6 O O O O 
26 8 7 8 6 O O 1 O 
30 >1OOOO >10000 >1OOOO >10OOO 1 O 1 1 
32 9 9 7 9 O O O O 
44 12 10 8 10 O O O O 
46 >1OOOO (10260) O O 
50 8 14 5 5 O O 1 1 
60 11 9 6 8 O O 

Number 328 7 
of errors 
Error 1.025e-4 2.19e-6 
rate 

0128 Note that the total number of errors does not take 
into account the results obtained from wrap #30 and wrap 
#46, as in those cases synchronization errors were prevent 
ing the TBS system from operating satisfactorily. In par 
ticular, the TBS system synchronization errors were due to 
the failure of the gap detector at the servo band edges. The 
comparison between the total numbers of errors for the two 
systems under normal operating conditions indicates that the 
LPOS detection system based on the synchronous servo 
channel architecture achieves an error rate that is about 47 
times better than the one exhibited by the LPOS detection 
system based on TBS. Although the results shown in Table 
I have been obtained by a particular tape drive and a 
particular cartridge, it is expected that in general the differ 
ence in performance between the two systems would not 
differ substantially from the one shown here. 

0129. It is important to note that while the present inven 
tion has been described in the context of a fully functioning 
data processing system, those of ordinary skill in the art will 
appreciate that the processes of the present invention are 
capable of being distributed in the form of a computer 
readable medium of instructions and a variety of forms and 
that the present invention applies regardless of the particular 
type of signal bearing media actually used to carry out the 
distribution. Examples of computer readable media include 
recordable-type media Such as a floppy disk, a hard disk 
drive, a RAM, and CD-ROMs and transmission-type media 
Such as digital and analog communication links. 

be met with a computer program product containing instruc 
tions for longitudinal position (LPOS) detection in a mag 
netic tape storage system. 

What is claimed is: 
1. A method for longitudinal position (LPOS) detection in 

a magnetic tape storage System, comprising: 
operating a magnetic tape storage system whereby a 

magnetic tape is passed longitudinally across a servo 
reader at a velocity, the tape including recorded servo 
burst patterns embedded with LPOS information; 

establishing a predetermined fixed sampling rate defined 
in terms of samples per unit of tape length passing 
across the servo reader; 

generating a servo channel output signal from the servo 
reader, 

generating a clock at a nominal frequency; 
sampling the servo channel output signal with an analog 

to-digital converter (ADC) at the nominal clock fre 
quency: 

interpolating the servo channel output signal samples 
from the ADC: 

generating a sequence of interpolated signal samples at 
the fixed sampling rate independent of the velocity of 
the tape; and 
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generating an LPOS signal from the sequence of interpo 
lated signal samples. 

2. The method of claim 1, wherein generating the LPOS 
signal comprises: 

obtaining timing-based servo bursts; and 
measuring a distance between Zero crossing of individual 

dibits to generate a position error signal. 
3. The method of claim 2, wherein the LPOS signal is 

generated during periods of changing and constant tape 
velocity. 

4. The method of claim 3, wherein an approximate 
maximum velocity for LPOS detection is represented by 
v=L*(f/2), where L is a minimum distance between 
magnetic transitions in the servo burst pattern, expressed in 
um, and f is the fixed sampling rate, expressed in MHZ. 

5. A computer program product of a computer readable 
medium usable with a programmable computer, the com 
puter program product having computer-readable code 
embodied therein for longitudinal position (LPOS) detection 
in a magnetic tape storage system, the computer-readable 
code comprising instructions for: 

operating a magnetic tape storage system whereby a 
magnetic tape is passed longitudinally across a servo 
reader at a Velocity, the tape including recorded servo 
burst patterns embedded with LPOS information; 

establishing a predetermined fixed sampling rate defined 
in terms of samples per unit of tape length passing 
across the servo reader, 

generating a servo channel output signal from the servo 
reader, 

generating a clock at a nominal frequency; 
sampling the servo channel output signal with an analog 

to-digital converter (ADC) at the nominal clock fre 
quency: 

interpolating the servo channel output signal samples 
from the ADC: 

generating a sequence of interpolated signal samples at 
the fixed sampling rate independent of the velocity of 
the tape; and 

generating an LPOS signal from the sequence of interpo 
lated signal samples. 

6. The computer program product of claim 5, wherein the 
instructions for generating the LPOS signal comprise 
instructions for: 

obtaining timing-based servo bursts; and 
measuring a distance between Zero crossing of individual 

dibits to generate a position error signal. 
7. The computer program product of claim 6, wherein the 

LPOS signal is generated during periods of changing and 
constant tape Velocity. 

8. The computer program product of claim 7, wherein an 
approximate maximum velocity for LPOS detection is rep 

Jul. 26, 2007 

resented by V-L*(f/2), where L is a minimum distance 
between magnetic transitions in the servo burst pattern, 
expressed in Lim, and f is the fixed sampling rate, expressed 
in MHZ. 

9. A synchronous longitudinal position (LPOS) detection 
system for a magnetic data storage tape, comprising: 

a clock generating a clock signal at a nominal frequency; 
means for establishing a predetermined fixed sampling 

rate defined in terms of samples per unit of tape length 
passing longitudinally across a servo reader, the tape 
including recorded servo burst patterns embedded with 
LPOS information: 

an analog-to-digital converter (ADC), comprising: 
an input coupled to receive the clock signal; 
an input coupled to receive a servo channel output 

signal from the servo reader, 
means for sampling the servo channel output signal at 

the nominal clock frequency; and 
means for outputting servo signal samples; 

a timing basis generator having an input coupled to 
receive the clock signal; 

a burst interpolator, responsive to the timing basis gen 
erator and comprising: 
a first input coupled to receive the servo signal samples 

from the ADC; and 
means for interpolating the servo signal samples at the 

fixed sampling rate independent of the velocity of the 
tape and ouputing a sequence of interpolated signal 
samples; and 

an LPOS detector comprising: 
an input coupled to receive the sequence of interpolated 

signal samples from the burst interpolator, 
a first output coupled to transmit a control signal to a 

second input of the burst interpolator, and 
means for generating an LPOS output signal from the 

sequence of interpolated signal samples. 
10. The LPOS detection system of claim 9, wherein the 

means for generating the LPOS output signal comprises 
means for measuring a distance between Zero crossing of 
individual dibits. 

11. The LPOS detection system of claim 10, wherein the 
LPOS output signal is generated during periods of changing 
and constant tape Velocity. 

12. The LPOS detection system of claim 11, wherein an 
approximate maximum velocity for LPOS detection is rep 
resented by V-L*(f/2), where L is a minimum distance 
between magnetic transitions in the servo burst pattern, 
expressed in Lim, and f is the fixed sampling rate, expressed 
in MHZ. 


