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(57) ABSTRACT

In one embodiment, a system for processing data includes an
equalizer having a finite impulse response (FIR) filter config-
ured to process data read with a channel using servo coeffi-
cients to generate equalized data, and one or more low-pass
filters configured to filter the equalized data to output filtered
data. The one or more low-pass filters is configured to remove
high frequency noise from the equalized data. A method for
processing data in a read channel, in one embodiment,
includes receiving data read from a magnetic tape using the
read channel of a magnetic tape drive. A finite impulse
response (FIR) filter is applied to the data by an equalizer
using servo coefficients to output equalized data. One or more
low-pass filters is applied to the equalized data to obtain
filtered data, the one or more low-pass filters being configured
to remove high frequency noise from the equalized data.
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DETECTING A SERVO PATTERN USING A
DATA CHANNEL IN A MAGNETIC TAPE
DRIVE

RELATED APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 14/334,3609, filed Jul. 17, 2014, which is
herein incorporated by reference.

BACKGROUND

[0002] The present invention relates to data storage, and
more particularly, to detecting a servo pattern of a magnetic
tape using a data channel in a magnetic tape drive.

[0003] Inamagnetictapedrive, dataistypically written and
read concurrently with 8, 16, 32, or more data channels. The
placement of these data channels is determined by the use of
servo patterns that are written onto the tape media by the tape
manufacturer. The width of the servo pattern is relatively
small compared to the width of the tape and the width of the
data tracks, with most of the tape space being allocated to the
storage of data in the data tracks.

[0004] When the tape starts moving from a stopped posi-
tion, it is important that the magnetic head (which may
include multiple different servo heads or readers, magnetic
recording heads or writers, and/or magnetic reading heads or
readers) be positioned quickly to a correct location with
respect to the servo pattern. In past tape drive designs, the
servo system moves the magnetic head around in a systematic
manner until the servo heads are positioned over the servo
patterns. Once the servo heads are positioned over the servo
patterns, the servo system correctly positions the magnetic
head on the servo pattern so that data is able to be written
and/or read from the data tracks.

[0005] One method for using the data channels to help find
the servo pattern in a servo acquisition mode has some draw-
backs. Firstly, the filter used by the data channel, a 17-tap
finite impulse response (FIR) filter, is not sufficient to appro-
priately filter the servo signals while in the servo pattern
detection mode. Since the frequencies involved with the servo
pattern are substantially lower than the frequencies ofthe data
channel, the filtering was not adequate to suppress noise when
reading servo patterns with the recording heads.

[0006] Inorderto meet noise requirements and design con-
straints of modern tape drives, the frequency of the sampling
clock was changed by re-programming a phase-locked loop
(PLL). There is a latency effect when this is performed in that
it takes time for the PLL to change to the new frequency.
[0007] Secondly, the servo pattern detector only detects
servo pattern peaks on one side of the waveform, i.e., either
only positive peaks or only negative peaks. However, in actual
operation, the servo pattern may be acceptable to detect on
one polarity of peaks but not acceptable to detect on the
reverse polarity. This results in inconsistent servo pattern
detection, latency, and a decrease in performance for the tape
drive.

BRIEF SUMMARY

[0008] According to one embodiment, a system for pro-
cessing data includes an equalizer having a finite impulse
response (FIR) filter configured to process data read with a
channel using servo coefficients to generate equalized data,
and one or more low-pass filters configured to filter the equal-
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ized data to output filtered data. The one or more low-pass
filters is configured to remove high frequency noise from the
equalized data.

[0009] In another embodiment, a magnetic tape drive
includes an equalizer having a finite impulse response (FIR)
filter configured to process data read with a magnetic tape
channel using servo coefficients to generate equalized data.
One or more low-pass filters is configured to filter the equal-
ized data to output filtered data, the one or more low-pass
filters being configured to remove high frequency noise from
the equalized data

[0010] A method for processing data in a read channel,
according to yet another embodiment, includes receiving data
read from a magnetic tape using the read channel of a mag-
netic tape drive. A finite impulse response (FIR) filter is
applied to the data by an equalizer using servo coefficients to
output equalized data. One or more low-pass filters is applied
to the equalized data to obtain filtered data, the one or more
low-pass filters being configured to remove high frequency
noise from the equalized data.

[0011] Other aspects and embodiments of the present
invention will become apparent from the following detailed
description, which, when taken in conjunction with the draw-
ings, illustrates by way of example the principles of the inven-
tion.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0012] FIG. 1A illustrates a network storage system,
according to one embodiment.

[0013] FIG. 1B illustrates a simplified tape drive of a tape-
based data storage system, according to one embodiment.
[0014] FIG. 2 shows an exemplary read channel architec-
ture, according to one embodiment.

[0015] FIG. 3 shows a read channel architecture, according
to one embodiment.

[0016] FIG. 4 shows a portion of a read channel architec-
ture utilizing two third order infinite impulse response (IIR)
filters, according to one embodiment.

[0017] FIG. 5 shows a block diagram of a third order IIR
filter, according to one embodiment.

[0018] FIG. 6 shows response of a third order IIR filter, in
one embodiment.

[0019] FIG. 7A shows an IIR input signal to a read channel
utilizing two third order IIR filters, in one embodiment.
[0020] FIG. 7B shows an IIR output signal from a read
channel utilizing two third order IIR filters, in one embodi-
ment.

[0021] FIG. 8A shows an IIR input signal to a read channel
utilizing two third order IIR filters, in one embodiment.
[0022] FIG. 8B shows an IIR output signal from a read
channel utilizing two third order IIR filters, in one embodi-
ment.

[0023] FIG. 9 shows a portion of a read channel architec-
ture, according to another embodiment.

[0024] FIG. 10 shows a block diagram of a fifth order IIR
filter, according to one embodiment.

[0025] FIG.11A shows an IIR input signal to a read channel
utilizing one fifth order IIR filter, in one embodiment.
[0026] FIG. 11B shows an IIR output signal from a read
channel utilizing one fifth order IIR filter, in one embodiment.
[0027] FIG.12A shows an IIR input signal to a read channel
utilizing one fifth order IIR filter, in one embodiment.
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[0028] FIG. 12B shows an IIR output signal from a read
channel utilizing one fifth order IIR filter, in one embodiment.

[0029] FIG. 13 is a flowchart of a method according to one
embodiment.

DETAILED DESCRIPTION
[0030] The following description is made for the purpose of

illustrating the general principles of the present invention and
is not meant to limit the inventive concepts claimed herein.
Further, particular features described herein can be used in
combination with other described features in each of the
various possible combinations and permutations.

[0031] Unless otherwise specifically defined herein, all
terms are to be given their broadest possible interpretation
including meanings implied from the specification as well as
meanings understood by those skilled in the art and/or as
defined in dictionaries, treatises, etc. It must also be noted
that, as used in the specification and the appended claims, the
singular forms “a,” “an,” and “the” include plural referents
unless otherwise specified.

[0032] According to one embodiment, a nominal read data
channel is reconfigured for servo pattern detection. One or
more infinite-impulse response (IIR) filters are utilized to
band-limit a received waveform of the data which effectively
eliminates the need for changing the sample rate via repro-
gramming of the phase-locked loop (PLL), as in prior art
designs. In another approach, two servo pattern detectors are
connected in parallel, one processing the positive servo pat-
tern peaks and the other processing the negative servo pattern
peaks in order to allow for more robust servo pattern peak
detection.

[0033] According to one general embodiment, a system for
processing data includes an equalizer configured to use servo
coefficients for processing servo data and data coefficients for
processing non-servo data, wherein the equalizer includes a
finite impulse response (FIR) filter configured to process data
read with a magnetic tape channel using the servo coefficients
to generate equalized data, one or more low-pass filters with
aggressive frequency characteristics configured to filter the
equalized data to output filtered data, the one or more low-
pass filters with aggressive frequency characteristics being
configured to remove high frequency noise from the equal-
ized data, a peak detector configured to process peaks in a
waveform of the filtered data, and at least one servo pattern
detector configured to detect a servo pattern in the filtered
data.

[0034] In another general embodiment, a magnetic tape
drive includes an equalizer configured to use servo coeffi-
cients for processing servo data and data coefficients for
processing non-servo data, wherein the equalizer includes a
FIR filter configured to process data read with a magnetic tape
channel using the servo coefficients to generate equalized
data, one or more low-pass filters with aggressive frequency
characteristics configured to filter the equalized data to output
filtered data, the one or more low-pass filters with aggressive
frequency characteristics being configured to remove high
frequency noise from the equalized data, a peak detector
configured to process peaks in a waveform of the filtered data,
and at least one servo pattern detector configured to detect a
servo pattern in the filtered data.

[0035] According to another general embodiment, method
for processing data in a read channel includes receiving data
read from a magnetic tape using the read channel of a mag-
netic tape drive, switching an equalizer to use servo coeffi-
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cients configured to process servo data, applying, using the
equalizer, a FIR filter to the data using the servo coefficients
to output equalized data, applying one or more low-pass
filters with aggressive frequency characteristics to the equal-
ized data to obtain filtered data, the one or more low-pass
filters with aggressive frequency characteristics being config-
ured to remove high frequency noise from the equalized data,
detecting peaks in a waveform of the filtered data using a peak
detector, and detecting a servo pattern in the filtered data
using at least one servo pattern detector configured to detect a
servo pattern in the filtered data.

[0036] Referring now to FIG. 1A, a schematic of a network
storage system 10 is shown according to one embodiment.
This network storage system 10 is only one example of a
suitable storage system and is not intended to suggest any
limitation as to the scope of use or functionality of embodi-
ments of the invention described herein. Regardless, network
storage system 10 is capable of being implemented and/or
performing any of the functionality set forth hereinabove.

[0037] In the network storage system 10, there is a com-
puter system/server 12, which is operational with numerous
other general purpose or special purpose computing system
environments or configurations. Examples of well-known
computing systems, environments, and/or configurations that
may be suitable for use with computer systen/server 12
include, but are not limited to, personal computer systems,
server computer systems, thin clients, thick clients, handheld
or laptop devices, multiprocessor systems, microprocessor-
based systems, set top boxes, programmable consumer elec-
tronics, network PCs, minicomputer systems, mainframe
computer systems, and distributed cloud computing environ-
ments that include any of the above systems or devices, and
the like.

[0038] Computer system/server 12 may be described in the
general context of computer system-executable instructions,
such as program modules, being executed by a computer
system. Generally, program modules may include routines,
programs, objects, components, logic, data structures, and so
on that perform particular tasks or implement particular
abstract data types. Computer system/server 12 may be prac-
ticed in distributed cloud computing environments where
tasks are performed by remote processing devices that are
linked through a communications network. In a distributed
cloud computing environment, program modules may be
located in both local and remote computer system storage
media including memory storage devices.

[0039] AsshowninFIG. 1A, computer system/server 12 in
the network storage system 10 is shown in the form of a
general-purpose computing device. The components of com-
puter system/server 12 may include, but are not limited to,
one or more processors or processing units 16, a system
memory 28, and a bus 18 that couples various system com-
ponents including system memory 28 to processor 16.

[0040] Bus 18 represents one or more of any of several
types of bus structures, including a memory bus or memory
controller, a peripheral bus, an accelerated graphics port, and
a processor or local bus using any of a variety of bus archi-
tectures. By way of example, and not limitation, such archi-
tectures include Industry Standard Architecture (ISA) bus,
Micro Channel Architecture (MCA) bus, Enhanced ISA
(EISA) bus, Video Electronics Standards Association
(VESA) local bus, and Peripheral Component Interconnects
(PCI) bus.
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[0041] Computer system/server 12 typically includes a
variety of computer system readable media. Such media may
be any available media that is accessible by computer system/
server 12, and it includes both volatile and non-volatile
media, removable and non-removable media.

[0042] System memory 28 may include computer system
readable media in the form of volatile memory, such as ran-
dom access memory (RAM) 30 and/or cache memory 32.
Computer systeny/server 12 may further include other remov-
able/non-removable, volatile/non-volatile computer system
storage media. By way of example only, storage system 34
may be provided for reading from and writing to a non-
removable, non-volatile magnetic media—not shown and
typically called a “hard disk,” which may be operated in a
HDD. Although not shown, a magnetic disk drive for reading
from and writing to a removable, non-volatile magnetic disk
(e.g., a “floppy disk™), and an optical disk drive for reading
from or writing to a removable, non-volatile optical disk such
as a CD-ROM, DVD-ROM or other optical media may be
provided. In such instances, each may be connected to bus 18
by one or more data media interfaces. As will be further
depicted and described below, memory 28 may include at
least one program product having a set (e.g., at least one) of
program modules that are configured to carry out the func-
tions of embodiments described herein.

[0043] Program/utility 40, having a set (at least one) of
program modules 42, may be stored in memory 28 by way of
example, and not limitation, as well as an operating system,
one or more application programs, other program modules,
and program data. Each of the operating system, one or more
application programs, other program modules, and program
data or some combination thereof, may include an implemen-
tation of a networking environment. Program modules 42
generally carry out the functions and/or methodologies of
embodiments of the invention as described herein.

[0044] Computer system/server 12 may also communicate
with one or more external devices 14 such as a keyboard, a
pointing device, a display 24, etc.; one or more devices that
enable a user to interact with computer system/server 12;
and/or any devices (e.g., network card, modem, etc.) that
enable computer system/server 12 to communicate with one
or more other computing devices. Such communication may
occur via Input/Output (I/O) interfaces 22. Still yet, computer
system/server 12 may communicate with one or more net-
works such as a local area network (LAN), a general wide
area network (WAN), and/or a public network (e.g., the Inter-
net) via network adapter 20. As depicted, network adapter 20
communicates with the other components of computer sys-
tem/server 12 via bus 18. It should be understood that
although not shown, other hardware and/or software compo-
nents could be used in conjunction with computer system/
server 12. Examples, include, but are not limited to: micro-
code, device drivers, redundant processing units, external
disk drive arrays, RAID systems, tape drives, and data archi-
val storage systems, etc.

[0045] FIG. 1B illustrates a simplified tape drive 100 of a
tape-based data storage system, which may be employed
according to various embodiments. While one specific imple-
mentation of a tape drive is shown in FIG. 1B, it should be
noted that the embodiments described herein may be imple-
mented in the context of any type of tape drive system. As
shown, a tape supply cartridge 120 and a take-up reel 121 are
provided to support a tape 122. One or more of the reels may
form part of a removable cassette and are not necessarily part
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of the tape drive 100. The tape drive 100, such as that illus-
trated in FIG. 1B, may further include drive motor(s) to drive
the tape supply cartridge 120 and the take-up reel 121 to move
the tape 122 over a tape head 126 of any type.

[0046] Guides 125 guide the tape 122 across the tape head
126. Such tape head 126 is in turn coupled to a controller 128
via a cable 130. The controller 128, may be or include a
processor and/or any logic for controlling any subsystem of
the drive 100. For example, the controller 128 typically con-
trols head functions such as servo following, data writing,
data reading, etc. The controller 128 may include at least one
servo channel and at least one data channel, each of which
include data flow processing logic configured to process and/
or store information to be written to and/or read from the tape
122. The controller 128 may operate under logic known in the
art, as well as any logic disclosed herein, and thus may be
considered as a processor for any of the descriptions of tape
drives included herein, in various embodiments. The control-
ler 128 may be coupled to a memory 136 of any known type,
which may store instructions executable by the controller
128. Moreover, the controller 128 may be configured and/or
programmable to perform or control some or all of the meth-
odology presented herein. Thus, the controller 128 may be
considered to be configured to perform various operations by
way of logic programmed into one or more chips, modules,
and/or blocks; software, firmware, and/or other instructions
being available to one or more processors; etc., and combi-
nations thereof.

[0047] The cable 130 may include read/write circuits to
transmit data to the head 126 to be recorded on the tape 122
and to receive data read by the head 126 from the tape 122. An
actuator 132 moves the head 126 to a set of tracks on the tape
122 in order to perform a write or a read operation.

[0048] In one embodiment, the tape drive 100 may com-
prise a data buffer 138 which is accessible by the tape drive
100 and the controller 128. This data buffer 138 may be
organized as a ring buffer and may be split into one or more
portions, with one portion being a reserved data bufter 140,
which may also be organized into a ring buffer, to be used for
storage of partial data sets during reading operations from the
tape 122.

[0049] An interface may also be provided for communica-
tion between the tape drive 100 and a host (integral or exter-
nal) to send and receive the data and for controlling the
operation of the tape drive 100 and communicating the status
of the tape drive 100 to the host, as would be understood by
one of skill in the art.

[0050] Inorderto achieve high adaptability, there are many
different adaptive loops included in typical magnetic tape
drives: a least means square (LMS) adaptive equalization
loop, an asymmetry compensation loop, a gain control loop,
a data dependent noise-predictive maximum likelihood (DD-
NPML) parameter loop, etc. These loops adapt specific
parameters to provide stable response under a wide range of
conditions. Unfortunately, some of these loops may be fully
contained within other loops or may be partially contained
within other loops. When this loop overlap occurs, there may
be interaction between the overlapping loops, especially
when operating under high-noise conditions, which may
cause the loops to work against each other instead in concert
with one another, thereby resulting in increased instability.
This may be referred to as loops being coupled. It is referred
to as coupled because the behavior of one loop is tied to the
behavior of another loop.
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[0051] Referring now to FIG. 2, an exemplary read-channel
200 architecture is shown. The read channel 200 includes an
analog-to-digital converter (ADC) 202 which provides data
to an equalizer 204, which may employ a filter such as a finite
impulse response (FIR) filter which may be controlled by a
least means square (LMS) algorithm executed on an LMS
engine 230, a FIR gain module 206, a tracking threshold
module 208, a peak detector 210, a phase-locked-loop (PLL)
module 212, a phase interpolation module 214, a mid-linear
filter 218, a sample interpolation module 216, a gain control
module 220, various path metrics 222, path memory 224, a
slicer 228, and an input buffer 226.

[0052] Inone embodiment, the equalizer 204 may utilize a
FIR filter, and therefore the terms may be used interchange-
ably. The FIR filter of the equalizer 204 may have any number
of'taps such as 9 taps, 11 taps, 22 taps, 21 taps, etc., and in one
architecture, the FIR filter of the equalizer 204 may have 17
taps. However, any number of FIR taps may be used, e.g.,
ranging from 7 FIR taps up to and including 25 FIR taps.
[0053] During a read operation in a magnetic tape drive,
analog data is received from the magnetic tape (or some
buffer positioned between the magnetic tape and the equalizer
204) at an input to an analog-to-digital converter (ADC) 202.
The ADC 202 outputs a digitized form of this analog data. The
digital data is then filtered by the equalizer 204 and then
processed by numerous other blocks, such as the PLL. module
212, the phase interpolation module 214, the mid-linear filter
218, the sample interpolation module 216, the gain control
module 220, passed through various path metrics 222, stored
in the path memory 224, among other known components of
a read-channel architecture not specifically described herein.
In addition, the data input from the ADC 202 may be stored in
an input buffer 226 of a type known in the art. For the sake of
this description, it may be assumed that each of these other
components function and behave in accordance with precon-
ceptions and understandings of those of skill in the relevant
art.

[0054] Ultimately, the binary sequence that was written on
the data storage medium, such as a magnetic tape, is decoded
and correctly output from the read-channel 200 after passing
to the path memory 224.

[0055] As shown in FIG. 2, the read channel 200 has two
primary paths: an asynchronous path and a synchronous path.
The FIR gain module 206 may be considered to be in both
paths, and/or may be two separate modules, one for each path.
The asynchronous path processes the data received from the
ADC 202 directly. In the synchronous path, the data is re-
sampled according to the sample rate that the data was written
at. In the case of existing tape drives, the data is sampled at
1.25 times the rate that it was written at. Since servo pattern
detection is not related to data detection, the blocks and
modules in the synchronous path are not re-used for servo
pattern detection.

[0056] In another embodiment, with reference to FIG. 3, a
decoupled read channel 300 architecture which provides
adaptive gain control is shown according to one embodiment.
The read channel 300 comprises an ADC 302 providing data
to an equalizer 304, which may employ a filter such as a FIR
filter which may be controlled by an LMS algorithm executed
on an LMS engine. Data may pass from the equalizer 304
along an asynchronous path when operating in an acquisition
mode. The asynchronous path may include a first FIR gain
module 306, a tracking threshold module 308, a peak detector
310, and a PLL module 312. Data may also pass from the
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equalizer 304 along a synchronous path which includes an
automated FIR gain control module 326, a second FIR gain
module 328, a mid-linear filter 318, a sample interpolation
module 316, and a gain control module 320. The asynchro-
nous path ties back into the synchronous path at the sample
interpolation module 316 via a phase interpolation module
314. From the gain control module 320, data is passed
through various path metrics 322 to a path memory 324,
which produces data and validity information.

[0057] The automated FIR gain control module 326, in
various embodiments, may receive a gain error signal from
the path metrics 322, a feedback signal from the output of the
automated FIR gain control module 326, and/or a FIR coet-
ficient output from the equalizer 304.

[0058] When in servo pattern detection mode, according to
one embodiment, all the modules and blocks in the asynchro-
nous path are re-used except the PLL 312. Therefore, the
equalizer 304, the first FIR gain module 306, the tracking
threshold module 308, and the peak detector 310 may be used
in servo pattern detection mode. In addition to these blocks,
one or more filtering elements with aggressive frequency
characteristics may be used along with a pair of servo pattern
detectors, in various embodiments. The one or more filtering
elements with aggressive frequency characteristics may be
appended in series to the FIR filter of the equalizer 304, which
may be a 17-tap FIR filter in one approach.

[0059] Of course, any suitable FIR filter may be used in the
equalizer 304 as would be known by one of'skill in the art, and
may rely on any number of FIR taps, such as from 9 FIR taps
to about 35 FIR taps, in various approaches. Furthermore, the
one or more filtering elements with aggressive frequency
characteristics used in series with the FIR filter of the equal-
izer 304 may be selected to complement the FIR filter of the
equalizer 304, as would be understood by one of skill in the
art.

[0060] A portion of an asynchronous path 400 of a read
channel is shown in FIG. 4, according to one embodiment. As
shown in FIG. 4, an output from the ADC 402 may be pro-
vided to the FIR filter 404 of the equalizer, which then pro-
vides an output to two third order infinite impulse response
(IIR) filters 406, 408 that may be used in series with the FIR
filter 404 of the equalizer. These third order IIR filters 406,
408 are preferably configured to act as low-pass filters to
remove high frequency noise while operating in servo detec-
tion mode. After passing through the third order IIR filters
406, 408, an equalizer output testpoint is provided to read the
signal at this point, before being passed through a tracking
threshold module 410 for detecting and tracking positive and
negative peak amplitudes of a waveform of the data signal
(readback signal), then to a peak detector 412 which is con-
figured to process positive and negative peaks of the wave-
form of the servo signal.

[0061] The IIR filters 406, 408 are also used to smooth
received servo signals such that the received signal may be
further processed. In addition to the two third order IR filters
406, 408, two servo pattern detectors 414, 416 are connected
in parallel with a peak detector 412. The peak detector 412
determines positive and negative peaks of the waveform of
the servo signal. The servo pattern detector 414 is configured
to process positive peaks of the waveform, while the servo
pattern detector 416 is configured to process the negative
peaks of the waveform, so corresponding signals may be sent
to each servo pattern detector individually, or all data may be
sent to both servo pattern detectors.
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[0062] Each servo pattern detector 414, 416 outputs a
binary signal, and in one embodiment, a “1” indicates detec-
tion of a servo pattern, and a “0” indicates that no servo
pattern has been detected, or vice versa in an alternate
embodiment.

[0063] For any number of read channels in a tape drive,
there will be twice as many binary signals produced by the
two servo pattern detectors 414, 416. For example, when
there are 32 read channels in the tape drive, then there are 64
binary signals that indicate the presence of servo patterns—
one pair of signals from each read channel. In addition, FIR
tap selection for the FIR filter 404 in the equalizer (such as a
17-tap FIR filter) is switched at the same time the detection
mode is switched from data detection to servo detection. In
this context, switching of the FIR tap selection from data
detection mode to servo detection mode means that the set of
coefficients for the FIR filter 404 is changed from the set used
for data detection to a possibly different set of coefficients
used for servo detection, depending on the detection mode.
The FIR taps do not have to be individually re-programmed
by microcode when the mode is changed from one mode to
the other, which saves from time-consuming re-program-
ming.

[0064] Now referring to FIG. 5, a block diagram of a third
order IIR filter 500 is shown according to one embodiment.
Other arrangements for a third order IR filter are possible, as
would be understood by one of skill in the art. The third order
IIR filter 500 includes a feed-forward section 502 with four
coefficients (B0-B3) and a recursive section 504 with three
coefficients (-A1--A3). Two of these blocks or modules are
used in a cascaded design to improve the high-frequency
noise rejection, according to one embodiment.

[0065] Inone approach, the coefficients which may be used
for the third order IIR filters are shown in Table 1, below.
TABLE 1
-Al 2.6862
_A2 -2.4197
-A3 0.7302
BO 0.0004
Bl 0.0012
B2 0.0012
B3 0.0004

[0066] According to another embodiment, the magnitude
and phase of the frequency response of the two cascaded third
order IIR filters are shown in FIG. 6, with the magnitude
response being shown in the upper chart and the phase
response being shown in the lower chart.

[0067] The time domain response of two cascaded third
order IIR filters for linear tape open fourth generation (LTO 4)
having a velocity of 6.33 m/s and sampling frequency of
106.9 MHz is shown in FIGS. 7A-7B, according to one
embodiment. FIG. 7A shows the input waveform, while FIG.
7B shows the output of the filters, illustrating the smoothing
effect thereof.

[0068] In another embodiment, the time domain response
of two cascaded third order IIR filters for LTO 4 having a
velocity of 1.61 m/s and sampling frequency of 27.2 MHz is
shown in FIGS. 8 A-8B, according to one embodiment. FIG.
8A shows the input waveform, while FIG. 8B shows the
output of the filters, illustrating the smoothing effect thereof.
[0069] A portion of an asynchronous path 900 of a read
channel is shown according to another embodiment in FIG. 9.
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In this asynchronous path 900, a single fifth order IIR filter
906 may be used in place of the two third order IIR filters 406,
408 as described previously in the asynchronous path 400 of
FIG. 4A and may be able to provide similar results to that
which may be expected from the two third order IIR filters
406, 408. In the asynchronous path 900 as shown in F1G. 9, an
output from the ADC 902 may be provided to the FIR filter
904 of the equalizer, which then provides an output to the fifth
order IIR filter 906 which may be used in series with the FIR
filter 904 of the equalizer. This fifth order IIR filter 906 is
configured to act as a low-pass filter to remove high frequency
noise while operating in servo detection mode.

[0070] After passing through the fifth order IIR filter 906,
an equalizer output testpoint is provided to read the signal at
this point, before being passed through a tracking threshold
module 908 for detecting and tracking positive and negative
peak amplitudes of a waveform of the servo signal, thento a
peak detector 910 which is configured to process the positive
and negative peaks of the waveform of the servo signal.
[0071] The fifth order IIR filter 906 is also used to smooth
received servo signals such that the received signal may be
further processed. In addition to the fitth order IIR filter 906,
two servo pattern detectors 912, 914 are connected in parallel
with the peak detector 910. The peak detector 910 determines
the positive and negative peaks of the waveform of the servo
signal, and then passes this information on to the two servo
pattern detectors 912, 914. The servo pattern detector 912 is
configured to process positive peaks of the waveform, while
the servo pattern detector 914 is configured to process the
negative peaks of the waveform. Each servo pattern detector
912, 914 outputs a binary signal, and in one embodiment, a
“1” indicates detection of a servo pattern, and a “0” indicates
that no servo pattern has been detected, or vice versa in an
alternate embodiment.

[0072] Now referring to FIG. 10, a block diagram of a fifth
order IIR filter 1000 is shown according to one embodiment.
Other arrangements for a fifth order IIR filter are possible, as
would be understood by one of skill in the art. The fifth order
IIR filter 1000 includes a feed-forward section 1002 with six
coefficients (B0-B5) and a recursive section 1004 with five
coefficients (~A1--A5). One of these blocks or modules is
used, in place of the two cascaded third order IIR filters
previously described, to improve the high-frequency noise
rejection, according to one embodiment.

[0073] Using MATLAB notation, the fifth order Butter-
worth transfer function, with a and b vector coefficients
ordered in descending powers of z, may be represented by
Formula 1, below.

BEVAE)=[bO+b1*2 (1)+b2* 2" (2)+b3*2"(3)+ba* 2 (4)+
b5*2"(5))/[1+al*z (-1)+a2%2" (~2)+a3*2"(-3)+

ad*z" (-4)+a5*z"(-5)] Formula 1

[0074] Therefore, based on this calculation, the equation to
solve for the implementation of a fifth order Butterworth I1IR
filter is represented by Formula 2, below.

P(2)=0.0001*[0.02340991493009%x(1)-+0.
1170495746549 7*x(n—1)+0.23409914930994%x
(n—2)+0.23409914930994%x (11— 3)+0.
1170495746549 7*x(n-4)+0.02340991493009*x
(n=5)]-[-4.49183006507705*p(n-1)+8.
09405541782665%y(n-2)-7.31208128015039%y
(n—3)+3.31104756198840%*p(n-4)-0.
60111582285984%(n—5)] Formula 2

[0075] As the ADC clock rate scales with tape velocity in
the read channels, one architecture may rely on the same IIR
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filter for each velocity. However, in other architectures, dif-
ferent IIR filters may be used for different tape velocities. By
filtering using the fifth order IIR Butterworth with the servo
signals being captured at the input of read channels using
LTO-4 drives, the following results were obtained, as shown
in FIGS. 11A-11B, in one embodiment, and in FIGS. 12A-
12B, in another embodiment.

[0076] The time domain response of one fifth order IIR
filter for LTO-4 having a velocity of 6.33 m/s and sampling
frequency 0of 106.9 MHz is shown in FIGS. 11A-11B, accord-
ing to one embodiment. FIG. 11 A shows the input waveform,
while FIG. 11B shows the output of the fifth order IIR filter,
illustrating the smoothing effect thereof.

[0077] In another embodiment, the time domain response
of'one fifth order IIR filter for LTO-4 having a velocity o 1.61
m/s and sampling frequency of 27.2 MHz is shown in FIGS.
12A-12B, according to one embodiment. FIG. 12A shows the
input waveform, while FIG. 12B shows the output of the fifth
order IIR filter, illustrating the smoothing effect thereof.

[0078] By comparison with the results obtained using a FIR
filter, it appears that the IIR filtering results in better signal-
to-noise ratio (SNR) and very reliable detection of the servo
signal compared to current read channel architectures, pro-
vided that the correct servo signal polarity is taken into
account. This is possible using the two servo signal detectors,
one for each polarity. Current read channels rely on only
detecting positive peaks with which to detect the servo signal,
and therefore would not be as effective in detecting servo
signals as the designs described herein in various embodi-
ments.

[0079] Now referring to FIG. 13, a flowchart of a method
1300 for processing data using a read channel is shown
according to one embodiment. The method 1300 may be
performed in accordance with the present invention in any of
the environments depicted in FIGS. 1A-12B, among others,
in various embodiments. Of course, a different number of
operations than those specifically described in FIG. 13 may
be included in method 1300, as would be understood by one
of skill in the art upon reading the present descriptions.

[0080] Each of the steps of the method 1300 may be per-
formed by any suitable component of the operating environ-
ment. For example, in various embodiments, the method 1300
may be partially or entirely performed by a magnetic tape
drive or some other device having one or more processors
therein. The processor, e.g., processing circuit(s), chip(s),
and/or module(s) implemented in hardware and/or software,
and preferably having at least one hardware component may
be utilized in any device to perform one or more steps of the
method 1300. [lustrative processors include, but are not lim-
ited to, a central processing unit (CPU), an application spe-
cific integrated circuit (ASIC), a switching ASIC, a field
programmable gate array (FPGA), etc., combinations
thereof, or any other suitable computing device known in the
art.

[0081] Asshown in FIG. 13, method 1300 may initiate with
operation 1302, where data that has been read from a mag-
netic tape using a read channel of a magnetic tape drive is
received. In other embodiments, data may be read from other
types of data storage media, such as optical disk, hard disk,
etc. Certain aspects of the method 1300 may change depend-
ing on what type of data storage medium is being read and
having data thereof processed, but the overall scheme trans-
lates across many different media platforms.
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[0082] In operation 1304, an equalizer is switched to use
servo coefficients configured to be used in processing servo
data, in order to process servo information from the magnetic
tape, such as determining a location of the servo pattern,
location of the magnetic tape in relation to the magnetic head,
etc.

[0083] This switch may be made automatically to switch
from using the data coefficients in the FIR filter to using the
servo coefficients in the FIR filter when processing the servo
signals (also referred to as servo data) from the magnetic tape
in the filtered data, according to one embodiment. In an alter-
nate embodiment, a switch may be automatically made to
switch from using the servo coefficients in the FIR filter to
using the data coefficients in the FIR filter when processing
data signals (also referred to as non-servo data) from the
magnetic tape in the filtered data, such as the data stored
therein that is intended to be read.

[0084] Inoperation 1306, the equalizer applies a FIR filter
to the data to obtain equalized data using the servo coeffi-
cients, in order to more clearly isolate the servo pattern from
other noise in the servo signal.

[0085] Inoperation 1308, one or more low-pass filters with
aggressive frequency characteristics are applied to the equal-
ized data, the one or more aggressive low-pass filters being
configured to remove high frequency noise from the equal-
ized data to obtain filtered data, which is also intended to
more clearly isolate the servo signal from noise read from the
magnetic tape.

[0086] In operation 1310, peaks in a waveform of the fil-
tered data are detected using a peak detector. In this way, the
location and/or presence of the servo pattern may be recog-
nized, using positive peaks, negative peaks, or both positive
and negative peaks in the waveform of the filtered data.
[0087] Inoperation1312, aservo pattern in the filtered data
is detected using at least one servo pattern detector, each servo
pattern detector being configured to process negative peaks
and positive peaks indicating the servo pattern therefrom. To
accomplish this servo pattern detection, the at least one servo
pattern detector may utilize the filtered data, the output from
the peak detector, and/or any other useful information or data
available to the read channel, as would be known to one of
skill in the art.

[0088] In a further embodiment, method 1300 may include
obtaining digitized data using an ADC prior to providing the
datato the equalizer, and in some embodiments, detecting and
tracking positive and negative peak amplitudes of a readback
waveform using a tracking threshold module prior to provid-
ing the data to the peak detector. In this way, the location of
data and/or servo signals in the readback waveform may be
verified and their locations may be output to other compo-
nents. Servo tracks may be used to determine positioning of
the head in relation to the tape. Deviation from a lateral
position of the head relative to the servo track(s) may indicate
positioning error, which may be reported and/or output to
properly align the head during the writing or reading opera-
tion.

[0089] In another embodiment, method 1300 may include
executing an LMS algorithm using the equalizer in an LMS
equalization loop, and in another embodiment, storing the
servo coefficients and data coefficients in a register accessible
to the equalizer, the data coefficients being configured to be
used in processing non-servo data.

[0090] In one embodiment, the at least one servo pattern
detector may comprise a first servo pattern detector and a
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second servo pattern detector arranged in parallel. The first
servo pattern detector may be configured to determine posi-
tive peaks of the waveform of the filtered data, and the second
servo pattern detector may be configured to determine nega-
tive peaks of the waveform of the filtered data.

[0091] In yet another embodiment, the one or more low-
pass filters with aggressive frequency characteristics com-
prise two cascaded third order [1R filters configured to smooth
the filtered data so that detection of the servo pattern is more
likely to occur than without smoothing the filtered data. In an
alternate embodiment, the one or more low-pass filters with
aggressive frequency characteristics comprise a single fifth
order IIR filter configured to smooth the filtered data so that
detection of the servo pattern is more likely to occur than
without smoothing the filtered data.

[0092] The present invention may be a system, a method,
and/or a computer program product. The computer program
product may include a computer readable storage medium (or
media) having computer readable program instructions
thereon for causing a processor to carry out aspects of the
present invention.

[0093] The computer readable storage medium can be a
tangible device that can retain and store instructions for use
by an instruction execution device. The computer readable
storage medium may be, for example, but is not limited to, an
electronic storage device, a magnetic storage device, an opti-
cal storage device, an electromagnetic storage device, a semi-
conductor storage device, or any suitable combination of the
foregoing. A non-exhaustive list of more specific examples of
the computer readable storage medium includes the follow-
ing: a portable computer diskette, a hard disk, a random
access memory (RAM), aread-only memory (ROM), an eras-
able programmable read-only memory (EPROM or Flash
memory), a static random access memory (SRAM), a por-
table compact disc read-only memory (CD-ROM), a digital
versatile disk (DVD), a memory stick, a floppy disk, a
mechanically encoded device such as punch-cards or raised
structures in a groove having instructions recorded thereon,
and any suitable combination of the foregoing. A computer
readable storage medium, as used herein, is not to be con-
strued as being transitory signals per se, such as radio waves
or other freely propagating electromagnetic waves, electro-
magnetic waves propagating through a waveguide or other
transmission media (e.g., light pulses passing through a fiber-
optic cable), or electrical signals transmitted through a wire.
[0094] Computer readable program instructions described
herein can be downloaded to respective computing/process-
ing devices from a computer readable storage medium or to
an external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network interface in each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
instructions for storage in a computer readable storage
medium within the respective computing/processing device.
[0095] Computer readable program instructions for carry-
ing out operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine instructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, or either
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source code or object code written in any combination of one
or more programming languages, including an object ori-
ented programming language such as Smalltalk, C++ or the
like, and conventional procedural programming languages,
such as the “C” programming language or similar program-
ming languages. The computer readable program instructions
may execute entirely on the user’s computer, partly on the
user’s computer, as a stand-alone software package, partly on
the user’s computer and partly on a remote computer or
entirely on the remote computer or server. In the latter sce-
nario, the remote computer may be connected to the user’s
computer through any type of network, including a local area
network (LAN) or a wide area network (WAN), or the con-
nection may be made to an external computer (for example,
through the Internet using an Internet Service Provider). In
some embodiments, electronic circuitry including, for
example, programmable logic circuitry, field-programmable
gate arrays (FPGA), or programmable logic arrays (PLA)
may execute the computer readable program instructions by
utilizing state information of the computer readable program
instructions to personalize the electronic circuitry, in order to
perform aspects of the present invention.

[0096] Aspects of the present invention are described
herein with reference to flowchart illustrations and/or block
diagrams of methods, apparatus (systems), and computer pro-
gram products according to embodiments of the invention. It
will be understood that each block of the flowchart illustra-
tions and/or block diagrams, and combinations of blocks in
the flowchart illustrations and/or block diagrams, can be
implemented by computer readable program instructions.
[0097] These computer readable program instructions may
be provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the instruc-
tions, which execute via the processor of the computer or
other programmable data processing apparatus, create means
for implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks. These computer read-
able program instructions may also be stored in a computer
readable storage medium that can direct a computer, a pro-
grammable data processing apparatus, and/or other devices to
function in a particular manner, such that the computer read-
able storage medium having instructions stored therein com-
prises an article of manufacture including instructions which
implement aspects of the function/act specified in the flow-
chart and/or block diagram block or blocks.

[0098] The computer readable program instructions may
also be loaded onto a computer, other programmable data
processing apparatus, or other device to cause a series of
operational steps to be performed on the computer, other
programmable apparatus or other device to produce a com-
puter implemented process, such that the instructions which
execute on the computer, other programmable apparatus, or
other device implement the functions/acts specified in the
flowchart and/or block diagram block or blocks.

[0099] The flowchart and block diagrams in the Figures
illustrate the architecture, functionality, and operation of pos-
sible implementations of systems, methods, and computer
program products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or por-
tion of instructions, which comprises one or more executable
instructions for implementing the specified logical function
(s). In some alternative implementations, the functions noted
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in the block may occur out of the order noted in the figures.
For example, two blocks shown in succession may, in fact, be
executed substantially concurrently, or the blocks may some-
times be executed in the reverse order, depending upon the
functionality involved. It will also be noted that each block of
the block diagrams and/or flowchart illustration, and combi-
nations of blocks in the block diagrams and/or flowchart
illustration, can be implemented by special purpose hard-
ware-based systems that perform the specified functions or
acts or carry out combinations of special purpose hardware
and computer instructions.
[0100] Moreover, a system according to various embodi-
ments may include a processor and logic integrated with
and/or executable by the processor, the logic being configured
to perform one or more of the process steps recited herein. By
integrated with, what is meant is that the processor has logic
embedded therewith as hardware logic, such as an ASIC, a
FPGA, etc. By executable by the processor, what is meant is
that the logic is hardware logic; software logic such as firm-
ware, part of an operating system, part of an application
program; etc., or some combination of hardware and software
logic that is accessible by the processor and configured to
cause the processor to perform some functionality upon
execution by the processor. Software logic may be stored on
local and/or remote memory of any memory type, as known in
the art. Any processor known in the art may be used, such as
a software processor module and/or a hardware processor
such as an ASIC, a FPGA, a CPU, an integrated circuit (IC),
a graphics processing unit (GPU), etc.
[0101] It will be clear that the various features of the fore-
going systems and/or methodologies may be combined in any
way, creating a plurality of combinations from the descrip-
tions presented above.
[0102] It will be further appreciated that embodiments of
the present invention may be provided in the form of a service
deployed on behalf of a customer to offer service on demand.
[0103] While various embodiments have been described
above, it should be understood that they have been presented
by way of example only, and not limitation. Thus, the breadth
and scope of a preferred embodiment should not be limited by
any of the above-described exemplary embodiments, but
should be defined only in accordance with the following
claims and their equivalents.
1. A system for processing data, comprising:
an equalizer having a finite impulse response (FIR) filter
configured to process data read with a channel using
servo coefficients to generate equalized data; and
one or more low-pass filters configured to filter the equal-
ized data to output filtered data, the one or more low-pass
filters being configured to remove high frequency noise
from the equalized data.
2. The system as recited in claim 1, comprising:
an analog-to-digital converter (ADC) configured to gener-
ate digitized data prior to providing the digitized data to
the equalizer; and
atracking threshold module configured to detect and track
positive and negative peak amplitudes of a waveform of
the filtered data prior to providing the filtered data to a
peak detector.
3. The system as recited in claim 1, wherein the equalizeris
configured to:
use the servo coefficients for processing servo data and data
coefficients for processing non-servo data;
execute a least means square (LMS) algorithm in an LMS
equalization loop; and
store the servo coefficients and the data coefficients in a
register.
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4. The system as recited in claim 3, wherein the equalizer is
further

configured to:

automatically switch from using the data coefficients in the

FIR filter to using the servo coefficients in the FIR filter
when detecting servo data from a magnetic tape in the
filtered data; and

automatically switch from using the servo coefficients in

the FIR filter to using the data coefficients in the FIR
filter when detecting non-servo data from the magnetic
tape in the filtered data.

5. The system as recited in claim 1, comprising a first servo
pattern detector and a second servo pattern detector arranged
in parallel, wherein the first servo pattern detector is config-
ured to process positive peaks of a waveform of the filtered
data, and wherein the second servo pattern detector is config-
ured to process negative peaks of the waveform of the filtered
data.

6. The system as recited in claim 1, wherein the one or more
low-pass filters comprise two cascaded third order infinite
impulse response (IIR) filters configured to smooth the fil-
tered data so that detection of a servo pattern is more likely to
occur than without smoothing the filtered data.

7. The system as recited in claim 1, wherein the one or more
low-pass filters comprise a single fifth order infinite impulse
response (IIR) filter configured to smooth the filtered data so
that detection of a servo pattern is more likely to occur than
without smoothing the filtered data.

8. A magnetic tape drive, comprising:

an equalizer having a finite impulse response (FIR) filter

configured to process data read with a magnetic tape
channel using servo coefficients to generate equalized
data; and

one or more low-pass filters configured to filter the equal-

ized data to output filtered data, the one or more low-pass
filters being configured to remove high frequency noise
from the equalized data.

9. The magnetic tape drive as recited in claim 8, compris-
ing:

an analog-to-digital converter (ADC) configured to gener-

ate digitized data prior to providing the digitized data to
the equalizer; and

a tracking threshold module configured to detect and track

positive and negative peak amplitudes of a waveform of
the filtered data prior to providing the filtered data to a
peak detector.

10. The magnetic tape drive as recited in claim 8, wherein
the equalizer is

configured to:

use servo coefficients for processing servo data and data

coefficients for processing non-servo data;

execute a least means square (LMS) algorithm in an LMS

equalization loop; and

store the servo coefficients and the data coefficients in a

register.

11. The magnetic tape drive as recited in claim 10, wherein
the equalizer is

further configured to:

automatically switch from using the data coefficients in the

FIR filter to using the servo coefficients in the FIR filter
when detecting servo data from the magnetic tape in the
filtered data; and

automatically switch from using the servo coefficients in

the FIR filter to using the data coefficients in the FIR
filter when detecting non-servo data from the magnetic
tape in the filtered data.
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12. The magnetic tape drive as recited in claim 8, compris-
ing a first servo pattern detector and a second servo pattern
detector arranged in parallel, wherein the first servo pattern
detector is configured to process positive peaks of'a waveform
of the filtered data, and wherein the second servo pattern
detector is configured to process negative peaks of the wave-
form of the filtered data.

13. The magnetic tape drive as recited in claim 8, wherein
the one or more low-pass filters comprise two cascaded third
order infinite impulse response (IIR) filters configured to
smooth the filtered data so that detection of a servo pattern is
more likely to occur than without smoothing the filtered data.

14. The magnetic tape drive as recited in claim 8, wherein
the one or more low-pass filters comprise a single fifth order
infinite impulse response (IIR) filter configured to smooth the
filtered data so that detection of a servo pattern is more likely
to occur than without smoothing the filtered data.

15. A method for processing data in a read channel, the
method comprising:

receiving data read from a magnetic tape using the read

channel of a magnetic tape drive;

applying, using an equalizer, a finite impulse response

(FIR) filter to the data using servo coefficients to output
equalized data; and

applying one or more low-pass filters to the equalized data

to obtain filtered data, the one or more low-pass filters
being configured to remove high frequency noise from
the equalized data.

16. The method as recited in claim 15, comprising:

obtaining digitized data prior to providing the data to the

equalizer using an analog-to-digital converter (ADC);
and

detecting and tracking positive and negative peak ampli-

tudes of a waveform of the filtered data using a tracking
threshold module prior to providing the data to a peak
detector.
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17. The method as recited in claim 15, comprising:

executing a least means square (LMS) algorithm in an
LMS equalization loop using the equalizer;

storing the servo coefficients and data coefficients in a
register accessible to the equalizer, the data coefficients
being configured to be used in processing non-servo
data, the servo coefficients being configured to be used
in processing servo data;

automatically switching from using the data coefficients in
the FIR filter to using the servo coefficients in the FIR
filter when detecting a servo pattern from the magnetic
tape in the filtered data; and

automatically switching from using the servo coefficients
in the FIR filter to using the data coefficients in the FIR
filter when detecting non-servo data from the magnetic
tape in the filtered data.

18. The method as recited in claim 15, wherein a first servo
pattern detector and a second servo pattern detector are
arranged in parallel, wherein the first servo pattern detector is
used to process positive peaks of a waveform of the filtered
data, and wherein the second servo pattern detector is used to
process negative peaks of the waveform of the filtered data.

19. The method as recited in claim 15, wherein the one or
more low-pass filters comprise two cascaded third order infi-
nite impulse response (IIR) filters configured to smooth the
filtered data so that detection of a servo pattern is more likely
to occur than without smoothing the filtered data.

20. The method as recited in claim 15, wherein the one or
more low-pass filters comprise a single fifth order infinite
impulse response (IIR) filter configured to smooth the filtered
data so that detection of a servo pattern is more likely to occur
than without smoothing the filtered data.
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