WO 02/ 27721 PCT/ USOL/ 30001 METHOD AND APPARATUS FOR DETERM NI NG EQUALI ZED
SI GNAL- TO-NO SE RATI O I N A STORAGE DEVI CE CROSS- REFERENCE TO RELATED

APPLI CATIM@Mo02/2773hi s application clains priority froma U BCT/Bsawviosiional
Appl i cation having serial nunber 60/235,604, filed on Septenber 27, 2000,
and entitled DIA TAL EXTRACTI ON METHOD OF TIME DOVAI N EQUALI ZED SI GNAL TO
NO SE RATI O (ESNR). FIELD OF THE | NVENTI ON 10 The present invention
relates to read channel s in storage devices. In particular, the present

i nvention rel at ey BRIING si gnal
in a storage deV| ce @?%f d%(?gira(g (%0 evi ces,
data that has been w t he nmedi um
through a read channel. Specifically, a read signal is generated by a read
head that passes over t S| I to the read
channel where it is equ QﬁogggiﬁR% \%géggﬁLéggﬁsAhg%%R;%gksgdsanpl ed by an
anal og-to-digital comygrd 1cat1&h@la@1h@3}r?dlvﬁef%%@ eréVigforAr ovi ded to a
detector, such as a Vi te i det ect determ nes a nost |ikely

sequence of val A@@htch’abnhamxgsebml neml:méﬁyé%,ﬁm,fﬂmi on Gepamisargyl es. One
nmeasure of the erformance of adrive is the s ?\ir{\ﬁv-to noise ratio at the

input to the Vi ﬁlld@PélélﬁérDI@IﬁéeEKﬁRé@aﬁlﬁ BRI OBRIMEqual i zed read
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- FIELD OF THE INVENTION
10 The present invention relates to read channels in storage devices.
In particular, the present invention relates to determining a signal-to-
noise ratio for a read signal in a storage device.
BACKGROUND OF THE INVENTION
In data storage devices, data that has been written to a storage
15 medium is read from the medium through a read channel. Specifically, a
read signal is generated by a read head that passes over the medium.
The read signal is provided to the read channel where it is equalized to
have a desired shape and is sampled by an analog-to-digital converter.
The digital samples are then provided to a detector, such as a Viterbi
20  detector, which determines a most likely sequence of values that could
be represented by the digital samples.
One measure of the performance of a drive is the signal-to-noise
ratio at the input to the Viterbi detector. Since this ratio involves an
equalized read signal, it is referred to as an Equalized ASignal—To~Noise
25 Ratio (ESNR).
In the past, determining the ESNR for a drive required a Digital

Storage Oscilloscope to over-sample the analog signal from the head and



Storage Oscill oscope to over-sanple the anal og signal fromthe head and WO
02/ 27721 PCT/USOL/ 30001 -2 a software programto equalize the anal og

si gnal based2zzinza nodel of the nom nal equalization provPdeadsays3obile r ead
channel . The resulting signal provided by the software program was then
re-sanpled to provide sanples that could be used in the equalized

signal -to-noi se calculation. 5 The use of such external devices was costly,
time consunm ng and not conpletely accuratxe. The present invention provides
a solution to this and other problens, and offers other advantages over
the prior art. SUWWARY OF THE | NVENTI ON 10 A nethod and data storage device
determ ne an eqaabftaede preprain tot @pratize ¢he ahalogisigitdhasdcbomagendédel afghe The

equal i zed signal -to-noise ratio is_ _determ ned by generating_ an apal i)g r ead
signal , passi nghemenalesyalivafien pravided g the reafiehannel. The repilidng sigge

converterin e nEarrAgE BESPR A RS A L B RE R R i g1

converter are tku i [ |t i hon.
e e e R N e R R

in which aspect$helisé BEsudir €aental deviess el coBy, kinprasiugg; aikdnbtG 2 is a
bl ock di agram of a systemof the prior art for determ ning an equalized
si gnal - t 0- noi secorapiajelymccarase.orage device. FIG 3 is a block diagramof a

system of an enbodi t of the present invention for deteryining a
equal i zed si gnal -to?ﬁng}éleﬁ%lﬁ (51%f 100 provides a solu{lon to tﬂ}s an oﬁxer

problems, and offers other advantages over the prior art.
SUMMARY OF THE INVENTION
10 A method and data storage device determine an equalized signal-
to-noise ratio in the storage device. The equalized signal-to-noise ratio is
determined by generating an analog read signal, passing the read signal
through an equalizer in the storage device, and sampling the equalized
signal using an analog-to-digital converter in the storage device. The
15 samples from the analog-to-digital converter are then used in the
equalized signal-to-noise calculation.
* BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a perspective view of disc drive in which aspects of the
present invention may be practiced.
20 FIG. 2 is a block diagram of a system of the prior art for
determining an equalized signal-to-noise ratio for a storage device.
FIG. 3 is a block diagram of a system of an embodiment of the
present invention for determining an equalized signal-to-noise ratio for a

storage device.



storage device. WO 02/27721 PCT/USQOL/ 30001 -3 FIG 4 is a graph of an
equal i zed read signal and the location of sanples taken fromthe signal

usi ng di Wepomet72sel ecti on phases under an enbodi nent of POBRUPsIENEI
invention. FIG 5 shows the results of interleaving the sanples found in
the 5 data buffer. DETAILED DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENTS FI G

| is a perspective view of a disc drive 100 in which the present invention
is useful. Disc drive 100 includes a housimg with a base 102 and a top
cover (not shown). Disc drive 100 further includes a disc pack 106, 10
which is nmounted on a spindle notor (not shown), by a disc clanp 108. Disc
pack 106 includes a PlGrdisia graph dfmdiequdliaéd desstsignahdrchtlerlocatbomoed f or
co-rotation about central axis 109. Each disc surface has an associ ated

di sc head sl i desamplesiikehirpm Hﬁmgléai usg i s terant selection phaset BRABIMEat | on

wththedlscsgﬁéé péfg nR Qownln FIG 1, sliders 110 are 15
supported by su i }18?\]% 9 16%?%% ENR Y urn attached to track accessing
arms 114 of an actuagpf 51§1ﬁ>w5t}€e @%1@@5&5&&11&%%@1@& fesitsud id i type
known as a rotary noving coil actuator and includes a v ice coil notor

(VCV), shownr gedgfadidfferat 118. Voice coil notor 118 rotates actuator 116
wth its attached heads 110 about a pivot shaft 120 to position heads 110
20 over a desired BETALEFRREGCBAGT QEH&I@@SEEMIYﬁﬁMWE@ T§i sc i nner

di t 124 d dj t di te
by e v o act ot co RS o B haTE kS 07 s elfeh dfeG Th) iRt dietpreferty, VC"

host conmputer (RQknBBRMM iseful. Disc drive 100 includes a housing with a base 102 and
a top cover (not shown). Disc drive 100 further includes a disc pack 106,
10 which is mounted on a spindle motor (not shown), by a disc clamp 108.
Disc pack 106 includes a plurality of individual discs, which are mounted
for co-rotation about central axis 109. Each disc surface has an associated
disc head slider 110 which is mounted to disc drive 100 for communication
with the disc surface. In the example shown in FIG. 1, sliders 110 are
15 supported by suspensions 112 which are in turn attached to track accessing
armé 114 of an actuator 116. The actuator shown in FIG. 1 is of the type
known as a rotary moving coil actuator and includes a voice coil motor
(VCM), shown generally at 118. Voice coil motor 118 rotates actuator 116
with its attached heads 110 about a pivot shaft 120 to position heads 110
20 over a desired data track along an arcuate path 122 between a disc inner
diameter 124 and a disc outer diameter 126. Voice coil motor 118 is driven
by servo electronics 130 based on signals generated by heads 110 and a
host computer (not shown).
Fig. 2 is a block diagram of components of the prior art used in
25  reading information from a medium and used in determining an

equalized signal-to-noise ratio for a storage device. InFIG. 2, a read



Fig. 2 is a block diagram of conponents of the prior art used in 25
reading information froma nediumand used in determning an equalized
signal -t waet/sw2ratio for a storage device. In FIG 2, a PERUSMBIOR/ 27721
PCT/ USOL/ 30001 -4 head 200 generates an el ectrical read signal by
transducing a magnetic field or optical response fromthe nmedium The,

el ectrical signal generated by read head 200 is provided to a preanplifier
202, which anplifies the signal. The anpl4.fied signal is applied to a read
channel 5 220, which begins with an autonmatic gain control 204 that uses an
i nternal feedback |oop (not shown) to adjust a variable gain anplifier

206. Typi cal | y, hede20lgamatias agadlactciontread sval badransdekatg aslagnstiow
response tinme so that it ignores changes in the anplitude of the read
signal that occifldovmerpiaslyesnrmse fvan %aﬂj@eéfumi e electnigal sighali fi ed si gnal

f i abl i i fi 06, i 5§, . i | 08, which
Lom var! abl e 9aL1, QTBLLL S £95 55 RLSY 0 oo BRSO A8 AER, 1A
equal i zati on fUE‘ﬁ%ﬁﬂé 128 tREE AL bYm ﬂﬂ@ﬁis?g%{aéis A 15RE, thE diR@desi gnal so

that it better es an &xpected channe se signal. For exanple,

equal i zer 208 c210,stlaipk Hegmsﬁ&ﬁh@ﬁhszﬁltbmaﬂﬁ cdnhteolciidrthat usaraget known as
EPR4 or a channel tar?et nown as E2PR4.. The equalized read signal
provi ded by equiltewed fgatback leenfnasghowny te adist a ddriphlegadn aimplitier si gnal

by an anal og-to-di gi.tal converter 210. . The I al . th i ded
U & Viterb deddr bioisaly Y ror et sein ns ol Ak iar RS EL HOW dent 11y a
most |ikely Sequ%%%ﬁsé’;n cﬁth‘é@}(tli@ﬁorers%ﬂéﬁgé‘s%ecﬂe Q&ﬁqﬁlﬂ%ﬁ% apl&sy This

nost |ikely sequence o ata val us
signal that occur over only small periods of time.

10 The amplified signal from variable gain amplifier 206 is provided
to an equalizer 208, which performs one or more equalization operations
on the read signal. The equalization functions performed by equalizer
208 shape the read signal so that it better matches an expected channel
response signal. For example, equalizer 208 can shape the response to

15 match a channel target known as EPR4 or a channel target known as
E?PR4.

The equalized read signal provided by equalizer 208 is sampled
and converted into a digital signal by an analog-to-digital converter 210.
The sample values are then provided to a Viterbi detector 214, which

20  uses the digital samples to identify a most likely sequence of data values
represented by those éamples. This most likely sequence of data values
is provided to a Run-Length Limited (RLL) decoder 215, which decodes
the data.

The decoded data passes from read channel 220 along NRZ bus

25 301 to a drive controller 280, which controls and manages disc drive

operations. In particular the decoded data is provided to an error



is provided to a Run-Length Limted (RLL) decoder 215, which decodes the
data. The decoded data passes fromread channel 220 along NRZ bus 25 301
to a dri weoowet7enl | er 280, which controls and nanages di SECTHUS#E30001
operations. In particular the decoded data is provided to an error WO

02/ 27721 PCT/ USOL/ 30001 -5 correction code nodul e 216, which perforns
error correction code detection and correction. If error correction code
nodul e 216 does not detect any errors or.g.f it is able to correct all the
errors it detects, it outputs a sequence of data values to a data buffer
304. The values stored 5 in data buffer 304 are | ater accessed through an
out put |ine 218corfre@ior’caalesnogdhtdl & ovipdnpatiers etkonndefectibr cpdéor art to
estimate the equalized signal-to-noise ratio of the signal provided to
Viterbi det ect 9etegtian arfgosipstiem Hmrrelqasrastipnegde maodilgrdb-dassmetse rati o

ne e 2 09 Pl SRS 030 L 2250 SO 3 il pspanet ed o 10
202. Dig] [ |
pearh 202, Skighs| 9905, 030Lpar o Pl aveceupl e dscatpies

230 is not partirpflataheiffer G04gee tew aressettthiaigtleadoutpulirex2® nal pi ece of
hardware that nust be connected to an output |ine frompreanp 202. 15 The
sanpl es generat ed byFig gialss shever eqraposents used opdep e prier afrtovpii@ate o a

coftuare read chanmel 257, st oh oo ates,Lhe, portLons of . (g fead chamne
chanel 252 STUAGLER.he, SRUalial | BNIUIRL) AP Alniskishigetu and (he
includes a digital storage oscilloscope (DSO) 230, which is connected to
10 the output of preamp 202 and receives the analog signal generated by
preamp 202. Digital storage oscilloscope (DSO) oversamples the analog
signal from preamp 202 to generate a large number of digital samples.
DSO 230 is not part of the storage device, but instead is an external piece
of hardware that must be connected to an output line from preamp 202.
15 The samples generated by digital storage oscilloscope 230 are
provided to a software read channel 232, which emulates the portions of
the read channel between the preamp and Viterbi detector 214. In
particular, software read channel 232 emulates the equalization functions
of equalizer 208 and the sampling function of analog-to-digital converter
20 210. Thus, software read channel 232 provides digital samples at the
same rate that analog-to-digital converter 210 would provide them.
Although software read channel 232 is programmed as best as possible
to emulate the read channel, there are always differences between the
equalization provided by software read channel 232 and the actual

25  equalization achieved in a read channel.



20 210. Thus, software read channel 232 provides digital sanples at the
sane rate that anal og-to-digital converter 210 woul d provi de them

Al t hough wo2/2®ee read channel 232 is programred as best BET/pSe&isiohie to
enul ate the read channel, there are always differences between the

equal i zati on provided by software read channel 232 and the actual 25

equal i zati on achieved in a read channel. WD 02/27721 PCT/US01/ 30001 -6 The
data sanpl es provided by software read chagpnnel 232 are input to an

equal i zed signal -to-noise ratio cal culator 236, which perforns a series of
cal cul ations on the sanples to determi ne the equalized signal- to-noise
ratio. 5 The prior afhe dyistsmioles provid2diby dofssarelraad chaahel28R asever al
reasons. First, it requires an external digital storage oscilloscope,
whi ch nust be Buntide er@dbalizerbsignabtanpise rafie ralgulasen 730 whieh perfer@er s t he

prior art technigue unsuitable for. testing . a.large qguantity. of dise¢ drives
since it requi P& 1?50%‘”%3%)1]'&&?1%911 &he Wlteg 5n ,de'%§g“%‘? %%%%g?dﬂﬁl} re
read 10 channel ;232;-pLQYh des only an approxi mation of the effects of
equalizing ther eaé signal. In particular, the software read channel does
not equalize or sanPhepiios asi gReds of FigRds ldsy thdreideabfornsenvasd ressonbe read
channel . Fig. 3 provides a block di agram of conponents used in the present
15 invention t oFietit rdariaes po ﬁxt@rn@ldilgﬁa]aﬁ@racg@m@@ﬂ]@ﬁ@@pm gehich gnugddeer mi ne
an equalized signal -to-noise.rati.o. In Fig..3, elements that are common to
Fla. 2 are si i PHRIGFRUIMAEE Chi HHitle JPing Eeiin e o040 tho PRBZE  he dat a
are the same i nte%hﬂiqu% ARuitAb S tgsting a large quantity of disc drives since it
requires too much time. In addition, as noted above, software read
10 channel 232 provides only an approximation of the effects of equalizing
the read signal. In particular, the software read channel does not
equalize or sample its signals in exactly the same manner as the read
channel.
Fig. 3 provides a block diagram of components used in the present
15 invention to read data from a medium and components used to
determine an equalized signal-to-noise ratio. In Fig. 3, elements that are
common to Fig. 2 are similarly numbered. Thus, the components used to
read the data are the same in Fig. 3 as in Fig. 2.
Although the components used to read the data remain the same
20  in the present invention, embodiments of the present invention provide a
new means for determining the equalized signal-to-noise ratio. In
particular, embodiments of the present invention utilize the storage
device's own read channel to equalize and sample the data used in the

equalized signal-to-noise calculation, instead of using an external digital

25  storage oscilloscope and software read channel to generate the data.



Al t hough the conponents used to read the data remain the sane 20 in the
present invention, enbodi nents of the present invention provide a new
means fomwaerzrai ni ng the equal i zed signal -to-noi se rati oPCT/SOANGL cul ar
enbodi ments of the present invention utilize the storage device's own read
channel to equalize and sanple the data used in the equalized

signal -to-noi se cal cul ation, instead of using an external digital 25
storage oscilloscope and software read chgnnel to generate the data. WO
02/ 27721 PCT/US01/ 30001 -7 This can be seen in Fig. 3 where the data used
for the equalized signal-to-noise ratio calculation is taken fromthe

out put of anal 0g-t o- Thisgahdle seenueFiges wiéredhe dasusdibforehe 230alidad
particul ar, the sanples provided by anal og-to-digital converter 210 are
redirected al onggbyhisgoise 30T eadculatingas ml@némmﬁﬁe pEipHitISoEEMmonent
302 (also referr,

t hrough ECC bl o@%?fﬁ‘ig?g‘?‘v{fﬁ%gﬁﬁ!og%%fgé@?%?@?gzagﬁ{S%égggﬁﬁb%sr%ﬁggafgszt or ed

in data buffer ; _trga_@]?é-tr@ an ' ; ol Jave the
ability to re %&égug%gia{ngﬁgsanp és? ?%%}ana@lqgg]}?gefg%tt a? ggﬂygrter 210
to NRZ bus 3510 3o ddoMREbus Slleby sedibetidnglonspaesht 38R (4lso oéferred to as

anal og-to-digital converter 210 as conpared to the NRZ bus, only one sanple

in eight can bes¢keeoed e WRZIbs enIORZ hus 3 mass Baeughditebdodf 2%he pri or
ot Lie, Possible, i contogly Lol Leation VLL302 Lo, SELegt Lpp phace of
L0 ey, 15 oL semplen voud be aag selspion ims, mspits ey
to perform equald@ré: 8igRakatPidats@ drallé@ts-aigtd]l @bhe&ger 210 to NRZ bus
10 300. However, due to the high-speed nature of analog-to-digital
converter 210 as compared to the NRZ bus, only one sample in eight can
be placed on NRZ bus 301. In some read channels of the prior art, it is
possible to control redirection unit 302 to select the phase of the samples
that are placed on NRZ bus 301. For example, the first sample in every
15 eight samples would be one selection phase and the second sample in
every eight samples would be a second selection phase.
In order to perform equalized signal-to-noise ratio calculations
under the present invention, more than one in eight samples of the
equalized signal are needed. In particular, all of the samples generated
20 by analog—to-digi{al converter 210 need to be stored in data buffer 304.
To accomplish this, the présent invention rereads each data sector eight
times, while changing the selection phase of the samples retrieved from
the data sector with each read.
The effects of this repetitive sampling can be seen in Fig. 4 where
25  a data read signal 400 is shown together with a collection of sampling

points. Read signal 400 represents the read signal that is read during



under the present invention, nore than one in eight sanples of the
equal i zed signal are needed. In particular, all of the sanples generated 20
by anal ogvooz2/2fi7gi t al converter 210 need to be stored in deCwaUBuUiFert 304.

To acconplish this, the present invention rereads each data sector eight
times, while changing the selection phase of the sanples retrieved from
the data sector wth each read. The effects of this repetitive sanpling can
be seen in Fig. 4 where 25 a data read siggnal 400 is shown together with a
collection of sanpling points. Read signal 400 represents the read signal
that is read during WO 02/27721 PCT/US01/ 30001 -8 each of the eight passes
over the data serhof.thdeidiopgbsdsheer eaeldatagrator. Mthbughitlye sdadgighsl wi t h
each read, for the purposes of the present invention, the eight separate
read signals cawﬂb@a@bﬁglﬁbwdlwaghmga% fpethe Peippses Oﬁﬂv@tplﬁéerrtepetu t| vel y

led. 5 Du t t t t | 0
ARG B R S e
410 and 412, "‘mﬁﬂalatﬁﬁtfs eﬂl@%l?%ﬁgﬂ@d di anonds. During the second pass

over the data sector, rea IS sanpled at a second phase, which

is associated with SBUiPﬂng tﬂ@lfﬂ@@eé%veﬂﬂlﬁa daﬂt&%ect@i@eéﬂglg‘f%&loa@ These
sanpling points are represented by solid squares in Fig. 4. During the

third pass oversanhpledatta }slmse@rﬂ,o xelme@@lt@i:by@nnmhag@@mts %afl%,éﬁé,nged The
sanpl es associ a se ar | es 424,

d Fi
426, 428, 430 4 @Qan?{f%&?fc‘%{ S ENT i 1?@?@%& %gff}%dsFiBm% The
sanpling phase &%HBH%@? ob & 8 £720988:, WA BATURAR $aRPHd at a second

phase, which is associated with sample points 414, 416, 418, 420 and 422.
10 These sampling points are represented by solid squares in Fig. 4.

During the third pass over the data sector, the selection phase is
again changed. The samples associated with this phase are shown in Fig.
4 as samples 424, 426, 428, 430 and 432, indicated by solid triangles in
Fig. 4.

15 The sampling phase continues to be changed with each pass over
the data sector. The fourth pass produces data samples shown by an x in
Fig. 4, the fifth pass provides data samples shown by a star, the sixth
pass provides data samples shown by solid circles, the seventh pass
prevides data samples shown by a +, and the eighth pass provides data
20 sarnples shown by open circles.

Because the data samples are collected with sequential passes
over the data sector, the data samples found in data buffer 304 are not in
the order that they would appear if all of the samples generated by
an~log-to-digital converter 210 for a single pass over the data sector were

25  placed directly in data buffer 304. In particular, they are grouped in data
butfer 304 according to their sampling phase.



the data sector. The fourth pass produces data sanples shown by an x in
Fig. 4, the fifth pass provides data sanples shown by a star, the sixth
pass prowa@ey2dat a sanpl es shown by solid circles, the sep€nMiRoyEsE pr
t-vides data sanples shown by a +, and the eighth pass provides data 20
sanpl es shown by open circles. Because the data sanples are collected with
sequential passes over the data sector, the data sanples found in data
buffer 304 are not in the order that thep.-would appear if all of the
sanpl es generated by analog-to-digital converter 210 for a single pass
over the data sector were 25 placed directly in data buffer 304. In

particular, they arelhiseupéd seon tlaFg. Shwhesy thiebnaads oddath buffartBeidr Q
sanpling phase. WO 02/27721 PCT/ USOL/ 30001 -9 This can be seen in Fig. 5,
where the cont esreshetvidin dndiiG svitisearh saneplethsing retelrpddo Hy@ pediten dach

| e bei f to, by. iti I | d had if th | e had
been taken Tr onVaHA 63V BEGGHEQRIRLO Hob e T Fo Bt e terie e bver
the data sect Orcoﬂ:v%ﬁ"i]eg)ﬁiﬁ?llo‘?n a%%lée( pﬁ%sg%ﬁﬁgé Bt A qfforjeaglbﬂeﬂé: N t hat

it would have been t Irst sa rom anal og-to-digrtal cdnverter

210 whil e entry5E0das@salac\dliiuadRbting thatdt eaiuldhat/b deeh thevitst dathgle been
the second sanple taken from analog-to-digital converter 210. For exanple,

sanpl e 502 woul @kendrarespehg-toadigataptenateri2d 0 pyhjle antwh 50€ hsoa vabud of
correspond to 10.s le 414 in Fj 4. In Fig. 5 ,the sanples are grouped
based on their <HHPf 11%%1&%.1’”’"% @(‘éﬁf‘bqeéltﬁﬁl%ﬁc‘lﬂd PHEP FREOY ouped under

PHASE 0 (506) woulide: Bayg:sbeeislet £1b. bl LspdShadugiing a first

pass over the se
correspond to sample 402 in Fig. 4 while 504 would correspond to

10  sample 414 in Fig. 4.

In Fig. 5, the samples are grouped based on their sample phase.
For example, all of the samples grouped under PHASE 0 (506) would
have been stored in data buffer 304 during a first pass over the servo
sector, while all of the samples under PHASE 1 (508) would have been

15 collected during a second pass over the data sector.

In order to use the data samples found in data buffer 304, the
samples must be reorganized, or interleaved, so that they are in the order
they would have been if the data samples had been collected directly
from analog-to-digital converter 210 in a single read. This interleaving

20  produces a sequence of samples 506 as shown in Fig. 5 and is performed
by an interleaving algorithm 306 of Fig. 3.

Note that the ratio of the data rate of the analog-to-digital
converter to the data rate on NRZ bus 301 is not limited to 8-to-1 and
that other ratios may be used with the present invention.

25 Once the samples have been reordered by interleaving algorithm

306, they are provided to an equalized signal-to-noise ratio calculator 308



sector, while all of the sanples under PHASE 1 (508) woul d have been 15
col l ected during a second pass over the data sector. In order to use the
dat a sanmwes2twvend in data buffer 304, the sanples nust berTmsarymyemni zed, or
interl eaved, so that they are in the order they would have been if the
data sanpl es had been collected directly from analog-to-digital converter
210 in a single read. This interleaving 20 produces a sequence of sanples
506 as shown in Fig. 5 and is perforned -pg- an interleaving algorithm 306
of Fig. 3. Note that the ratio of the data rate of the anal og-to-digital
converter to the data rate on NRZ bus 301 is not limted to 8-to-1 and

t hat ot her rati ohictayalbelatesetic witihlizdtesipnastentoise vatin based @bthendxat he
sanpl es have been reordered by interleaving algorithm 306, they are
provided to an eaquRlesz & semgrranbedinesits asing 7 Bseude Rradem Bogrino 02/ 27721
PCT/ USOL/ 30001 .- 10 whi al_ t he .equal i zed. si gnal -t.0-noi ratio
based on the da%%lll%gﬁﬁfggg%E}H?ﬁhﬁiecﬁﬁg%?ﬁgﬁ{?eag@igﬁg C%S@g&mﬁap%g‘ﬂ&om

Bi nary  Sequencg, (RBES s, ERRNiZAR o EORS-Rofke MibRBRAARY 3@%5%1719& ti3e DI t
pattern having N biPts, equalized sTgnal-to-noise ratio cal culator 308
performs thes S5fdliwiowidatrudations: ati ons: MN Assuming V = Y, L anal and nu:
a,, --am, , nn=171=1 where ""Z = sanpling error; 10 ann, = ADC sanple
out put; and

M N [
ASSLIlTllﬂg V= Z zanm and €un = Qpp — Ay s
m=1 1=l
where
€,,, = sampling error;

10 a,, = ADCsample output; and

a,, = ldeal Target Sample

1 MK , 1 MX 2
Then Crren” = —— g " —|— g
MSE MN ;; mn [ MN ;; mnj
where
15 M = the m-th cycle of the PRS; and
N = the n-th bit of the PRS

Breaking down into noise and non-linear distortion (NLD):

2 2, 2
Cuse = ONose TCnip s

N

. 2 ]. 1 M 2 1 & ’
20 Wltl‘l GNoise = _—]_VT Z E Z Snm - A—l— Z glml 4
m=1

n=1



a,,,,, = ldeal Target Sanple 1 Lf N2 MN 2 Then (Y A//SE MN ~~ m n, =1
11=1 MN n,=1 n=1 where 15 M= the mth cycle of the PRS, and N = the n-th
bit of twWOPRE7Br eaki ng down into noise and non-linear di BCOUSI@OGNLD): 2
22 ' MBE =6 Noise +a NNDI NM1 M 20 with 6Noise E/till 21 N 11=1
11: =1 Mnu, nt=1 WO 02/27721 PCT/USOL/30001 -11 1 N1 2 M2 1N1M2
6NLD 1 nu, - nu, N 11=1 M=1 N 11=1 M",=1 The equalized signal -to-noise
ratio (ESNR) is then calculated as: ESNR{E 20 * | og SEPR4sa", ple

Nol sePRSr"s 5 =20*1og SPRSr,"s 10 *log N

’2 1 N 1 M 2 1 N 1 M 2
GNLD =_ﬁ2(ﬁ;8nzl:) _(Fg(—ﬁégmn]]

n=1
The equalized signal-to-noise ratio (ESNR) is then calculated as:

S
ESNR = 20%log —tisawle

OZSGPRSrms

S pis
:20* log ‘PRSII}IS £ 10.{<log
OZSQPRSI'ms

S eppasanmle
EPR 4sample - \/T , where N = PRS Length
SI’RSi'ms N + 1

10 Sppgms = SignalEPR4

+1

ESNR

rmse

o 2
=20%*lo g(W]

SigmaRMSE”>

] 2
ESNRnoise =20 * log [Wj

SigmaNoise®

ESDR,,, =20*log (é‘__l%]

SigmaNLD?

where ESDR =Equalized Signal to Distortion Ratio. The exact formulas
15 used to calculate the ESNR are not critical to the present invention.
Note that under some embodiments of the present invention,
interleaving algorithm 306 and ESNR calculator 308 are embodied in a
processing unit in the storage device. In other embodiments, ESNR

calculator 308 or both ESNR calculator and interleaving algorithm 306



Noi sePRSr",s N+1 SEPR4sa”",ple - NN+ 1 ' where N = PRS Length SPRSr",s
10 SPRSr",s = SigtzalEPR4 = 20 * to Signial EPRA2 ESNR ",re g Sigi naRVBE2
ESNR' alSave 0297721 | og Si gt zal EPR4- Si gnmaNG se ESDR,, 'S, =2BCT/Uk@g30001

Si g7aal EPR4' SigmaNLD where ESDR =Equalized Signal to Distortion Ratio.
The exact formulas 15 used to calculate the ESNR are not critical to the
present invention. Note that under sone enbodi nents of the present
invention, interleaving algoritl-an 306 _and ESNR cal cul ator 308 are
enbodied in a processing unit in the storage device. In other enbodi nents,
ESNR cal cul ator 308 or both ESNR cal cul ator and interleaving al gorithm 306
WO 02/ 27721 PCTAldSOd¢:3@D e the-st@rageal ewidee Inglarticulbt)¢hedediagtodevircbe | n
particul ar, these functions can be perfornmed by the host conputer. In
sunmary, a met hperfpsmed byithedoslororaprrni ning a signal -to- noise ratio in a

storage device 100 g TELI0, LacLuise SSRSL AL 00,8 S onsl o162
device, and samplipgafidif §9iRhES 8EvRE90G THS hEhAA iX1RHEI5enerating an
5 analogread signal, passing the read signal through an equalizer 208 in
the storage device, and sampling the equalized signal using an analog-
to-digital converter 210 in the storage device. The samples from the
analog-to-digital converter 210 are then used in the signal-to-noise
calculation.

10 In addition, a data storage device 100 is provided that reads data
from a medium 106. The data storage device 100 includes a head 200 for
generating an analog signal based on data stored on medium 106. The
analog signal is equalized by an equalizer 208 to form an equalized
signal that is sampled by an analog-to-digital converter 210. A selector

15 302 selects a sample from the plurality of samples produced by analog-
to-digital converter 210 and provides the selected sample to a data buffer
304. A signal-to-noise ratio calculator then uses the samples in data
buffer 304 to calculate the signal-to-noise ratio.

It is to be understood that even though numerous characteristics

20  and advantages of various embodiments of the invention have been set
forth in the foregoing description, together with details of the structure
and function of various embodiments of the invention, this disclosure is
illustrative only, and changes may be made in detail, especially in
matters of structure and arrangement of parts within the principles of

25  the present invention to the full extent indicated by the broad general

meaning of the terms in which the appended claims are expressed. For



to-digital converter 210 in the storage device. The sanples fromthe

anal og-to-digital converter 210 are then used in the signal-to-noise

cal cul at ivom02/2021 n addi tion, a data storage device 100 i sPET/O8IId®01L hat
reads data froma nedium 106. The data storage device 100 includes a head
200 for generating an anal og signal based on data stored on medi um 106.
The analog signal is equalized by an equalizer 208 to forman equali zed
signal that is sanpled by an anal og-to-di.ggtal converter 210. A selector 15
302 selects a sanple fromthe plurality of sanples produced by anal og-
to-digital converter 210 and provides the selected sanple to a data buffer
304. A signal -t examapketlieaparticabir eldratns mhienatyséspdriting anjthe particudat a
buffer 304 to calculate the signal-to-noise ratio. It Is to be understood

that even thoughPpligasiossr é%te@éltcé?aﬂ@ﬁiwﬂmlﬁm tadveine edfeslasipnghildus

nbodi t f th t fort the  f
escr | ptton, _t obBIHEr GE eHORaP ALk Aot e et nelne Mitna < BRarruntgm
various_embodi ”&{tteogt atlagg il nhggﬂg?éttﬂ'n%&ltﬁﬁt QU RSN, AIHHL @kl Ve

only, and changes nma , especially in matters “of structure

and arr angenent paifeipad esnbidifnent tbscrfifedrivdrpineis difectelbtol ieeat ementl forvent i on
to the full extent i ndi cated by the broad general nmeaning of the terms in
whi ch t he appendddscolraiansysters, éxyiHdwsanpredstedigy tiBJSQﬂZQIEC%OIﬂl@JS@tlﬂ@@OOl

-13 | th t | | t th t |
appl  oat | on f of CEHEHHEE ChimGrSaHdT R Va@%%agegﬁgﬂ%@%g G Inc\l/J\h?Ire
Rl nt i ni ng. subglapk okl YL, S UREHLONR) LK ALhRUL BRRAT bR

the scope and spiri |nven ion fion aIt oug the
from the scope and spirit of the present invention.

10



5 preferred enbodi mrent described herein is directed to a read channel for

a disc drive system it will be appreciated by those skilled in the art
that thaevoeaziiengs of the present invention can be appl i BATAUSOIGb@Er
systens, |ike comrunication systens or other storage systens, w thout

departing fromthe scope and spirit of the present invention. 10 WO

02/ 27721 PCT/US01/30001 -14- WHAT IS CLAIMED IS: 1. A nethod of

determ ning an equalized signal -to-noise.fatio in a storage device, the
met hod conprising steps of: (a) generating an analog read signal; 5 (b)
passi ng the anal og signal through an equalizer in the storage device to
produce an equaWHEAd ISimalNEDdb: sanpl i ng t he equal i zed signal using an
analog to digital converter in the storage device to produce equalized
sanpl es; and 10l-(d) Qanethodiafsigtemeingeg an pdedizadymianaltie-peise tatiaid based
on the equali zsgpd‘san(ﬁl_es. 2. Tp?e t hod. of (;tl aim 1 wherein sanpling step
(c) conprises 8]rr"1pﬁei edu%&hes]fng '%ﬂg?lﬂ llglé}gpsi gR%°45 3. The nethod of claim

2 wherein sanpling s AN RTIAN TN disggy.sanpling at a rate that is
hi gher than the rat e@zgel\/\(ﬁi clﬁgtahe as%grp es lgrlga;l' be stored. 20 4. The net hod
of claim 3 wherein s@ypasgng kite saipp eirtd dpoughsn equalizer in the storage

device to produce an equalized signal;

(c) sampling the equalized signal using an analog to digital
converter in the storage device to produce equalized
samples; and

10 (d) calculating the equalized signal-to-noise ratio based on the

equalized samples.

2. The method of claim 1 wherein sampling step (c) comprises

sampling and storing the samples.

15
3. The method of claim 2 wherein sampling step (c) further
comprises sampling at a rate that is higher than the rate at which the
samples may be stored.

20 4. The method of claim 3 wherein storing the samples comprises

setting a selection phase so as to select to store one sample from every n

samples.

5. The method of claim 4 wherein n is equal to eight.

25



setting a selection phase so as to select to store one sanple fromevery n
sanples. 5. The nethod of claim4 wherein nis equal to eight. 25 WD

02/ 27721 WRew4/28e/ 30001 -15 6. The net hod of cl ai m 4 whePeimsgeerat i ng
step (a) conprises generating an analog signal by repetitively reading a
sane sector on a data storage nmediumin the storage device. 5 7. The

nmet hod of claim 6 wherein setting a selection phase conprises setting a
di fferent selection phase for each portiaofg.of the analog signal that is
associated wth a different occurrence of reading the sanme sector. 10 8.
The nethod of claim7 wherein storing the sanples further conprises
reordering the &anpl €ke trethod bf dafatd wheretiopdreratingagp @9 confpristhe net hod
of claim8 wherein calculating step (d) conprises calculating the

equal i zed si gnagenasating ea analagrigaaldly wpetitizelyasadimgealsams sedappas. 10. A
data storage deyice for reading. o&zta froma nmedium the data storage

devi ce conpri si A2 SEREEIS }m‘g]é‘n e SFRGE £5ViSal og si gnal based on data
stored on a 20 nedium an equalizer that equalizes the analog signal to
forman equalized signal; an analog-to-digital converter that sanples the
equal i zed sisgnal. t o Theneftad® optlutrale Wieniin setipbesselection phase

comprises setting a different selection phase for each portion of the
analog signal that is associated with a different occurrence of reading the

same sector.

10 8. The method of claim 7 wherein storing the samples further

comprises reordering the samples to form a set of reordered samples.

9. The method of claim 8 wherein calculaﬁng step (d) comprises
calculating the equalized signal-to-noise ratio based on the reordered

15 samples.

10. A data storage device for reading data from a medium, the data
storage device comprising:
a head for generating an analog signal based on data stored on a
20 medium;
an equalizer that equalizes the analog signal to form an equalized
signal;
an analog-to-digital converter that samples the equalized signal to
generate plurality of samples;
25 a selector that selects a sample from the plurality of samples and

provides the selected‘sample to a data buffer; and



25 a selector that selects a sanple fromthe plurality of sanples and

provi des the selected sanple to a data buffer; and WO 02/ 27721

PCT/ USOLM300D1772t 16 an equal i zed signal -to-noi se rati o capcDuatiaoodihat

cal cul ates an equalized signal-to-noise ratio based on the sanples in the
data buffer. 5 11. The data storage device of claim10 wherein the

anal og-to-digital converter generates sanples at a higher rate than
sanpl es can be stored in the data bufferjg.l2. The data storage device of
claim 1l further conprising an 10 interleaving unit that reorders the
sanpl es selected by the selector to provide reordered sanples. 13. The
data storage devi ce af equdizadl@gndiepaiaisd faeiccgilailatedhsi giallates annoi se
rati o cal cul ator cal cul ates the equalized signal-to-noise ratio 15 fromthe
reordered sanples. 14. A extadized signpd-terdvisecatigrbased pnehe sam@igsdnithem a
recording nedium the dat t gr age device conprising: a read head and read
channel for generating eqﬂ%@ﬁ?@ Tdata 20 sanples fromdata stored on the
recordi ng medium and equalized signal-to-noise ratio cal culating neans
coupled to the read channel for determ ning an equalized signal-to-noise

ratio from tshe Bqual TEedatadtarapanidvee of25ihbl0 Wirrdatthe ahalogg®-digitate of
claim 14 wherein the equalized signal- to-noise calculating means conprises
a sel ect or thatcosiestar geagaddd seonp wpab2 higter rardhagsenypdenem be stored

in the data buffer.

12 The data storage device of claim 11 further comprising an
10 interleaving unit that reorders the samples selected by the selector to

provide reordered samples.

13.  The data storage device of claim 12 wherein the equalized signal-
to-noise ratio calculator calculates the equalized signal-to-noise ratio

15 from the reordered samples.

14. A data storage device for retrieving data from a recording
medium, the data storage device comprising:
aread head and read channel for generating equalized data
20 samples from data stored on the recording medium; and
equalized signal-to-noise ratio calculating means coupled to the
read channel for determining an equalized signal-to-noise

ratio from the equalized data samples.

25 15.  The data storage device of claim 14 wherein the equalized signal-

to-noise calculating means comprises a selector that selects equalized



-17 data sanples and a data buffer that stores equalized data sanples that

are selected by the selector.
wher ei n twe 02/z2aed1 channel

rate than equalized data sanples can be stored in the data buffer.
data storage device of claim 16 wherein the equalized signal- to-noise

cal cul ating neans further conprises an interleaving unit that
sanples in the data buffer to produce reotrgered sanples.

16. The data storage device of claim15
5 generates equalized data sanpl peT/@so0IBoIIgher

17. The

10 reorders
18. The data

storage device of claim 17 wherein the equalized signal- to-noi'se ratio is
calculated fromthe reordered sanples.

10

data samples and a data buffer that stores equalized data samples that

are selected by the selector.

16.  The data storage device of claim 15 wherein the read channel
generates equalized data samples at a higher rate than equalized data

samples can be stored in the data buffer.

17.  The data storage device of claim 16 wherein the equalized signal-
to-noise calculating means further comprises an interleaving unit that

reorders samples in the data buffer to produce reordered samples.

18.  The data storage device of claim 17 wherein the equalized signal-

to-noise ratio is calculated from the reordered samples.



