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4;-CT R FF ER TIMIN:_. RECO\E; v FOP, READSA ;K SIGNAL Fieldo;;
tint invention 5 The present invention relates to a sector based read
channe’ and method esnec;ally ., although not exc'lusiveiy, useful for data
storage devices such as magnetic and optical storage media. e.g. in low
signal-to-noise ratio (SNR) applications such as perpendicular recording.
It alsq.fil e In software or hardware cnannel characteristic tools, for
examﬁﬁg—fo Aol EQPWERY {ﬁrﬁhHEVWIWK SIGNAL
Background of the Invention Perpendicular recording records "magnetic
'bits; vert QIM onto the magnetic 15 coating or a disk, rathe:-tnen
horizonta y”‘aslvgvbrﬁ%]onventional longitudinal recording. Actually, there
are two basic modes of peroendicuiar recording. One uses a single pole
head fes sepordinganieadouble-layer perpendicular medium with a soft
underlayer. The second mode ugesvauc%nv%’netg)ﬁcﬁ Igﬁaﬂﬂﬁﬁ%@‘?i@eﬁé%
P BTN RHEBIA SHUsdRINayerRUCP eiterdivalss reeording hasas
beeg mrovesttooweek atkdon, SNR dHowever, E'(B\Ah%%?gln | ﬂ?&lrs‘g tr% 0 (SNR)

conventjonal.tming recovery method does not work well at low
if@ﬂgé%ﬁéﬁﬁ%,%rﬁ%fﬁ%?%%d@?Sfcﬁﬁﬁndfré@é\/@wE‘rdﬁl@vm ShiRvare or
bevomme reecyanedrtanrasdheisansibondires lapaitudnAIeeIding rcadout
_tg)g%q%ogr %tagl‘cg&% Lg{;cordlng progresses. To the know_ledge of the
inventors, nitherto no'sector-based timing recovery techniques for
acquisition and tracking, and no sector-based gain control methods, have
beeskprapased iRdhe nagnetic recording literature, 30 Phase and
frequency estimation has oreviousiy been used in methods for fast timing
L1c gl'Sition. To no, en aampie length and to incr. Se the acuu:siticn
speebnaiclaia MOtgR SYSEIRJtin sommMOBy LI GSHMAT, RPASSANG I e

Initiate a p.,ase cck. 1000 from a chase that close to the. 3-lull,
coa%mg Ta §zsk, rat%er ’tcr)men horizontally as with conventional iongitudinal

recording. Actually, there are two basic modes of perpendicular recording.
One uses a single pole head for recording onto a double-layer perpendicular
medium with a soft underlayer. The second made uses g conventional

longitudinal ring head and a medium without a soft underiayer.

Perpendicular recording has been proved to work at low SNR. However, it
has been found that conventional fiming recovery method does not work well
at low SNR [13-18]. Therefore, practical methods for timing recovery for low

SNR become very important as the transition from longitudinal recording

To the knowledge of the inventors, hitherto no sector-based timing recovery
technigues for acquisition and tfracking, and no sector-based gain control

methods, have been proposed in the magnetic recording literature.

Phase and frequency estimation has previously been used in methods for fast

Uming acquisition.  To shorien the preamble lenath and io increase the
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acquisition speed in a data storage system, it is common to estimate the
bnase and 1o initiate a phass iock loop from a phase that close to the actual



phase of the sampled preamble signal, This is commonly referred to as
zero- onase restart. There are several reported studies in this area The
methods described in references [5,8] employ an estimation of Phase
using the following principle: estimate the phase angle r.. of the preamble
at instants k, by computing tine DFT at a frequency f tt , which the
frequency of the preamble, For example if the preamble is a sequence
y(K) which is the repeating sequence +;  +T -, is 1 4l where T is the
prsyahgl interyaly i ddhe RET s P I uence %to produce an
hestlmate ik the 10 p??{gse;E %geidnags fﬁﬁ)quvg %ﬁ%ﬁg 5 4 oN 592K 2ardHn
PRSP hAnT ARl (GRS PSVRETE rRAERE-Ftecine -tneriraanagifary part of
Yr{~J hum % i and YE'al[Y(J nom )~ length r' preumhie is the real part of
%g% ttttband 1f )—~Y(k§e is the DFT k=i of y(k) at f nOm 15
hf’he me ods e“s”chléjeéﬂnr fices 13118MRPEnTsl0pShine betinvativraet
5 usphadesafoddrenyentysigibey athadepied allgw rng A
the phase anglef;tlsfgs S;, = z0 +k-f FgI\f\\/%éregr ttct%a/rb?]%%r&%f%@? al
‘”ﬁ%ﬂﬁ%&t@th@%m\aﬁ@% ot thetprdegnblenay ingfants/kjdyaemputiag . ther

thePE%Qwﬁ%q%&nga’mﬁjlsmg’t%eop?gargﬁg %f g]esg(giaerr?gelaey(k) which is the

repeating sequence ++—-++-, Jrom 18 21—7: where T is the symbol interval

The DFT uses the preamble sequence y(k) to produce an estimate 7, the

10 phase angler, as follows:

=¥y

= arctan(-—mzmaofy\f ron)

k 27?/;10’" K realry<fnam >] J
where imag[Y(f,,,)] is the imaginary part of Y(from)» @nd real{¥Y(f. 1]

length of preambic

is the real part of ¥ (£, Y, and Y fawmd= > y(k)e ™ mt is the DFT

b k=]

of y(k) at /.

15

The methods described in references [3, 13-16] employ joint estimation of

phase and frequency. They all adopted the following principie:

1. Assume the phase angle ¢, satisfies: zkéco+kAf, where

20 B = o = Foom
2. Estimate the phase angle of the preamble at instants k, by computing
the DFT at frequency Jwm  USING two samples of the preamble

sequence y(k) for estimate the =, as foliows.

1 I/ZI’HCICT{Y(anm ﬂw
27 riom \real[Y(f,,.k)] ) |

1]
(s
3>
il
X
-3
P
PN
D

}
C




10

,Q
L

30

sequence v(k for estimate the TI. as follows. -"ZIXo ~Tr, f E ~1 ?; --
-alCfan~ o .not., 1.i vO ~, where imae [ ti ,Jr r | the Imaginary baar o'i and |
is the real par of 0. ?r: a no ~ Inmri. ~.~ y(Jc)e ~ y(r +J)C~ 5 the DFT Oi
Y(h'at dn,m calculated using two samples. ?. Using the estimation of the
phase angle to do a linear curve fitting to equation ='rc. +kAf to estimate
z, and o It is also known that the best phase can be obtained by
minimizing mean 1Q square error (MSE) between a predetermined signal
and the preamble. Summary of the invention he present invention aims to

provideyaaew and useful method forebtainiag the timing of a readback ¢
signal, and a system for performing inc method. A first aspect of the"
presentinvention, providessa metiod ofreanvertingtan asynchronous)  and
discrete-time signal to a synchronous discrete-time signal, the method
comprising.applyiny sector-tased timing fétsverys 20eABEEontl aspectdf/,,,
the pre§g[}tm,ial‘rt1¥ r?}j,clm p(/(v)\éiges a timing recovery unit for converting an
asvn.cnronous ( |Sc‘?qu-}|m Siﬂﬂg”r]\%&”tb' he a synchronous discrete-time

signal, the timing recovery unit Comprising a processor arranged to apply
sector BAsee WNReavsr 4p sald,asuchronoys discrefpdime, fangling (o
in 'both caseés, the sector based timing recovery may be performed by hl
alignngefiestqportion wfthé/asymchironttis disoretartime Slg'ldl to a first
portion.of a predetermined signal, and "~(" (ii) al Whir,"y a second porno i

fill d VII Il'oncus discret.'e-floe signal
It is also known that the best phase can be obtained by minimizing mean

sguare error (MSE) between a predetermined signal and the preamble.

Summary of the invention

The present invention aims to provide a new and useful method for obtaining

the timing of a readback signal, and a system for performing the method.

A first aspect of the present invention provides a method of converting an
asynchronous discrete-time signal to a synchronous discrete-time signal, the

method comprising applying sector-based timing recovery.

A second aspect of the present invention provides a timing recovery unit for
converting an asynchronous discrete-time signal to be a synchronous
discrete-time signai, the timing recovery unit comprising a processor arranged
to apply sector based timing recovery to said asynchronous discrete-time

signal.

In both cases, the sector based timing recovery may be performed by

(i) aligning a first portion of the asynchronous discrete-time signal to a
first portion of a predetermined signal, and

(ii) aligning a second portion of the asynchronous discrate-time signal

8]
b=}
1o & second portion of the predeterminad signal.

bt
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¢ a second oortlon of the predetermined signal. in general terms the
;or;sent invention enables implementation of a sector based r:af
channe.with sector b wed tim n , recovers b', a ju-:iing rte initial phase
and the sampling frequency so that the first portion and the second
portion of the processed readback sigrfal best match a pre-determined
signal. 3 Specifically, there is realised a sector-based processor which

dres-netrequire: apAGR.LNA fimingrecaveny loop, Generally, the fi fstmo

portion of the asynchronous discrete-time signai is an "initia portlon
thas§igriar Where R tHENSeRERA PRTSION S an TeRAKTYY IEY peisiNaIthe mmw

sneisid beunderstoagithatitbedena) "itiah porHoniis NRi-#sehRe e second
of the readback signal. indeed, in

necessarily to mean the ver nm
T e TR o e A A AP o s THmee snal
conweifitielhal teystemsy ai&fmestheﬂtmntiazhmﬂm&eﬁme weachack signatequire

%JHUA%[@C# L??{h g%&%\%p@%% "ending cordon" might not be at the

very, en chronous discrete-time signal. Rather the terms
initial portion and ending portion are used here to mean that these

pgﬂmwetﬁéeﬁ@r@bgfomtgﬂ fiespectivelyhefare and other.a.segtion 9! an

user data in the readbackk signal. 20 In order to have a reference " signal

.....

HAERASRRAN g ind 3R anb" 8 praRiniateS THETARREER signa, =nding

prefecablytintedatdsectosrthere aret ahd&a&htwﬁlmrmdﬂcﬁf”K@QWPL@@@hﬂre

ne At the initial portion and one at the endJ chftIO The sector
Fﬁ nP he Ve nnin qg Jg}ﬁ%@r%?@ am n

read ¢ Shannel ront.en adjusrgt eeggam 6f the Yeadb
theryainfofite wifetepcénsiggiiminhais 28oprideatentained &t themmligas the in

PhaseRfithe inlalaodiopatberradhacy, signabie the heginning portion

of the predetermined si aI Once the initial portion of the readback

SRIFHAR Al e G0 IRK GRIGa SO riSh 6NHE preerdetermigal xyma, at the very

ommwemh@ssampbm Lﬁeealéewafﬁaesrgadba%tswme by rFRsSRAMBlIRG rtion
e readbacs signal so as to n the end of the 30 readback

ti
S'T}gnr?afipo the 2R %ngi%ﬁ% uo??ﬁe pre-tetd Frﬁ r Iz%?waﬁel'ﬂgmom are preferably

located respectively before and after a section of user data in the readback

signal.

In order to have a reference signal that has ideal timing and gain and
approximates the readback signal, preferably in a data sactor, there are at
least two periods of known data. One at the initial portion and one at the
ending portion. The sector-based read channel front-end adjusts the gain of
the readback signal towards the gain of the reference signal that is
predetermined. It then aligns the phase of the initial portion of the readback
signal to the beginning portion of the predetermined signal. Once the initial
portion of the readback signal is aligned to the initial portion of the pre-
determined signal, it optimizes the sampling frequency of the readback signal
by re-sampiing the readback signal sc as to align the end portion of the
readback signal to the end portion of the pre-determined signal. The
alignment criterion can be any of minimizing mean squared error, maximizing

th

4]

cross-correlation, or minimizing the measured phase error betwesan the
readback signal and the predetermined signal using any phase error

measurement methods in the literature.
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alignment criterion can be any of minimizing mean squared error, aximi
ir.c the cross correlation, or minimising tires measured mane error
between t-,e eadbacrr Signal and the pied eterrilineo signal usin any
chase en-or wneasurernen- methods m the literature. mere are, several
metil h,a whtct -er phase r liar' to ,llan ti* | tidal portion of the rata
coarsely, and further acquisiboln of the phase Is done by a phase looked
ioo0 "l -lu . However, as far as is kno?N,wn, no method for sector based
timing recovery, gain control. or DC removal for recording sIrstems has
previous gequL cIoQ Brig Description of the Drawmgs C The resent
mﬁgrﬂf)nglvﬁlr%w eif(%p aﬁﬁé’% ‘h%*cfré aetaiP By Sidy o bLOfoﬂ‘éWlﬁ% initi
de%@rimibﬁ*@ﬁ@@é&@mmmmmmmobmmse@nemamm is done by a
accompa Ingsgin _Fig. 1.(a) shows a first ap I| ation of a
timing rec%x\}%%/qé%}gl r’1‘>§E|g, %&h\, o’\%éS a%eacsor? Application StiRE {Phifg "
reB6vER {linits FR§OYSE) @r?tb@v%ﬁ%iﬂa@a frmanufva sectorcbidin; siyewsns has
(apeeteadoutsignalifromadiard disc; drive, y(k), (b) a pre- determined
signal for the second application, d(k), which was generated by
convolving a(k) with a model; 20 Fig. 3 shows synchronization results at
(apti Begienmbigrpoftioasedwidgzand d(k); (Id") the ending portions of y(k)
and d(k); Fig, 4 shows a histogram of introduced phase error and the
residue phase error after compensation: and -ig. 5, which is composed of
Figns4p BRETS (D) BHows sampleresuisaRBatthe hegirningandther the
en@ t S | after o

iRae bk ang ddatesnarivale helare, angd alter ptmzation

of thg resampling rate. Description of Pre erre odlmen
SHOTHY HEEEHBE AN #cdVerpighits wnicn are embodiments of the n
reset inve.nti n and "w ji,-, ore ab e to receiv - ynchronc us discrete

Fig. 1 (a) shows a first application of a timing recovery unit;

Fig. 1(b) shows a second application of the timing recovery unit:

Fig. 1 (c) shows the data format of 2 sector;,

Fig. 2 shows (a) a readout signal from hard disk drive, y(k); (b) a pre-
determined signal for the second appiication, d(k), which was generated by
convolving a(k) with a modet:

Fig. 3 shows synchronization results at (a) the beginning poriions of
y(k) and d(k); (b) the ending portions of y(k) and d(k); |

Fig. 4 shows a histogram of intfroduced phase arror and the residus
phase error after compensation: and

Fig. 5, which is composed of Fig. 5(a) and 5(b), shows sampie results
at the beginning and the ending portions of y(k) and d(k), respectively before

and after optimization of the resampling rate.

Dascription of Preferred Embodiments

We will shortly describe timing recovery units which are embodiments of the

present invantion, and which ar
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time signal, and convert it intc 2 svnchronous discrete time signal. As

aiscussed in detail the timing recovery units which are embodimenis of the
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tirle S gnat, and convert it into a synchronous dtscr Tr? time s lariat. As
d:scussed in detail the timing recovery units wnich are embodiments of

the 6 Invention. may optionally a Iso nave toe junction of secroi bas ¢

pain Control and s.-cror*bass-c removal of [. ~. o,mponents. Figure 1(a)
illustrates a first system in which a tlmlngrrecovery unit which is an
embodiment of the invention may he used: a system for characterizing a
onanne;. In this system user data wnicn has been encoded (typically usnc
ruH“T’e%%’@*fPﬂmﬁte@qm@)xnarpd@ewwx@orrectmm@.(Eé@em@@@r@adsr ontrol

transfiorpaest-ipie a/data sequense Qfapg]%ébh%ipown in Fig. 1(c). This data

is denoted here as a(k), k_ se,, _ en} where Len is an positive
integer 1U that denotes the length of the entire section. it optionally

inclignes a(préamblealwhish:nay-he-ofany e '%ng'ﬁgr%@é/r erﬁdéc,c
asalrplggg\%%ﬁrewamg lsrz%eH wever, it will be noted that the em odlm fg s an
of the invention deschbed belowioiot Fdke GEeiBftie 1% precieg &

(uRliRé ke ol Atisiah devicesdestribed:abevey, which-use it @Eaﬁ%t)%ﬁm

recQVesy it f r incl irst known non-periodic, attern 3. Itthen
includes the E{r[?cégdg%ggfe%ﬁ ata§ “Hinall mqt“i%&ﬁcé"s S&EBIRging) Is

n&FFBéWéﬁi%ddélﬁé%dﬁa 2eTPRetotal Wﬂﬁﬁ@&ﬁ chencodedigdataitsmdd data ic

betwesadheiwekpgwndata, patterns 33, 37 is a pre;determined number.
This number may bﬁhosen toqbe ag'long as pgs%;%l% “SUEHthEP RN e integer

kﬁBWﬁEﬂ@%@ﬁr@@Q’ﬁﬁc@érﬁh@ e aivera good synchronization
accuracy Whlcn allows an acceptable bit error 25 rate or sector failu re
eleto s the entire sector of data with the encoded use, data

%ptr'é’B%‘ % C%é@é)ﬁ@@aiﬂbé% Notetl thanBikPectisists eftie, preambalene
(um@)mam thexbworiKpesemritata Gastoss Cit will be noted that the

embodiments of the invention described baiow do not make use of the

ream . . - : , ,
preamble (unlike the conventional devices describad above, which use it for

phase recovery).

It further includes & first known non-periodic pattern 33. |t 'then includes the

encoc‘eduser data 35. Finally, it includes a second non-periodic pattern 37

The total number of encoded data bits 35 between the two known data
patterns 83, 37 is a pre-determined number. This number may be chosen to
be as long as possible such that the known patterns are sufficiently long to
give a good synchronization accuracy which aliows an acceptable bit error
rate or sector failure rate.

Let b(k) denotes the entire sector of data with the encoded user dats to be
replaced by zeros. It can be noted that b(k) consists of the preamble (i (if any)

and the two known d a patterns,

For characterization applications ’
piications, the predstermined s graf d(k) can be

produced by convolvi ) K ‘ i
% ng bk) or alk) with the first mode! since user data is

Known.
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For characterization a nl 'lons; the predetermined signal dir can. be

produced by convolving b(k) or a(k) with th ~irst m_-)del since use data is
known.. -17 The osts a(ll) is written onto a sectof of the recorolrc device a

n a Then readbac". The operation of the constructing The data, recording

it arid reading it back is lllustrate:, schematically in Has. 1(a) as the
recording channel -2. 5 The output of the recording chhanne" 3 is passed

to a ow Hass filter d and from there to a unit whicn is an AID converter or
which perrorrns sample and cold operation. The sequence of the

recording channel 3, low pass filter 5 and the AID converter or
samplendhold writ:canrhe segardediasa diseretedime, xecardingsr,

ch ~which pro s.an asynchronous discrete-time readback 10
sigr%ﬁ%tléll.8 Tg%?éy;??‘l‘n%naglfr{%gﬁgw%%&eigyc AR 6mbo irf{r%een%r%{?fhfg TRfighand reading
cohVers thdssyrerronbes diseietétinies rdadbackisigraldntioma channe! 2.

5 synghr, eadbacks. si , erforming a timing recovery in the :
A demand o o oI g e Sy Sl furer
ermBIByS & First ApproRimate® r%&é‘ggﬁ@w@mé ar VohetziarTddelfopie and
longitidpabtecortngs of @tarhomaded For NREPEAGIGAR reGOTHINA)MAS A8 4
iniH}a}AI & del t0£r{ogucg the predetermined signal for synchronization. The
model 9cah Be'alindar filter,: ?@“@&tﬁéwmﬁféﬁ%r&% ependetiearte time
model dnanyothe! Mmodebinghel itesatures JAtatthetimingorecoveny ibback
hageduced the synchronous readback signal, it is fed to a unit * which

suniracts from it the cutout of a second model 12, to Produce a feedback
signal which ;s fed back to the seconc model '12 to improve it. The

feaﬁy@aﬁkiﬁg&@h@ni§%¢@}miQ%ﬁ%&ﬁim%tmﬁ@%UBmi%F%SAUSF@‘% &

such as least squares method. The input to the model 12 is the data a IZ):

THE RGBT el S Beeel Seear il Re NFolRsfra feruare deceamtark-

ARigradel; pedoyrather mode] indbe:diterairerQbtaininsdhe,secondy,.

model 12 is the purpose of this embodiment.
in the application of Fig. 1(a), the system further employs a first approximate
model © (such as a Lorentzian model for longitudinal recording, or a fanh
mode! for perpendicular recording) as an initial model to produce the
predetermined signal for synchronization. The model 9 can be a linear filter, a
Volterra filter, a data dependent AR model, or any other model in the
literature. After the timing recovery unit 1 has produced the synchronous
readback signal, it is fed to a unit 11 which subtracts from i the output of a
second model 12, to produce a feedback signal which is fed back to the
second model 12 to improve it. The feedback mechanism can be any

optimization algorithm in the literature, such as least squares method.

The input to the model 12 is the data a(k). The model 12 may again be a
lingar filter, Volterra filter, data dependent AR model, or any other model in the
literature, Obtaining the second mode! 12 is the purpose of this embodiment,
Note that variations are possible in which there is only one modsl (the

equivalent of model 9), and a feedback loop is instead used to improve that.



C Note that variations are r.. sihie VJ.; ich t e-e is only one m" od idle
equivalent oy model 9), and a :e dcacc. loon '.. insteac use-: to improve .|
at second sty stem 1ri which the timing recovery unit 1 of the invention

may he used i: illustrated in Fig. ~ (bj, which is a receiver sys:ein. Thi
system too includes a discrete-t.irne regording channel 7 (with the same
meaning as described above with reference to Fig. 1(a)). The output of

t eqdigcretg;tlrrle 5 r(e\co,&dbiqgchannel 7 is input t9_,a,idi§crete-ttim,e )
U781 310 Prolutid'sh ey RiRioABHR Gt Ete-tifk' PedaBaRkSighal Pe
Theerecottdisgathannéligintroduees:hoise, distovtions apchtimping vatatians.
Theisauelzslshanssins. soanneldnsicl a wayhat L shoriens e, ..
channel response. The asynchronous discrete-time reaofgéck’élgnﬂ IS™
iMREONE tHeatimifigittovientnes Gait 15 16 (erodlibe awynithfdheusscrete-time
discretertime seadback signabAfter. gbtaining.the synchronqys readback

signal (‘i.e. the output of the equalizer without timing error), any detector
15AR e ME 4 TEYAIHRSIGRAPAAK Sighieh iUt HEdstetted RLL,
andrGCeneodeddietsidnd hadarges camhetehesen e the ltenatuee: the
Or.can be designed from a .channel m ,dgl. The re sglting response of the
CHARRBPARCHE SqUaKaEr Appratmha i d Plbheeshie trget.
Sanylacly;det tsedreadatknsigaatisequengeddesdepated thye: 20 whesed.ely
sehiThesSranerand prneie. ot e AL q odix e aaynehionous

readback signal to have similar timing alignment as a predetermined

SiRANHIR) IR FERCRrane Usnsgdnmeh Raotsiractba astayistkirenenwaiesr
hagtperieahiliming T hefirgtinowmdata pateracanbeised asnal 4ok

synchronization mark anc can also be used for alignment of the initial

pdfich BTaHESe dem sstesigiar Thandeebhd Knerie dd@tpattern can be

used for alignment of the ending po+'<ior o the readback signal. 30 d(k) is

al%) ad'ust%d to have also perfect g[%in, ano no DC errors, and toe'
lhe target can be chosen from the literature or can be designed from a

channel model. The resulting response of the channel and the equalizer

approximates the response of the target.

Similarly, let the readback signal sequence be denoted by (B},

wherek =k ser.

The key operating principle of the unit 1 is to modify the asynchronous
readback signal to have similar timing alignment as a predetermined signal
d(k) (wherek <k _ser) which is constructed using b(k) and which has perfect
timing. The first known data pattern can be used as synchronization mark and
can also be used for alignment of the initial portion of the readback signal. The
second known data pattern can be used for alignment of the ending portion of

the readback signal.

d(k) Is also adjusted to have also perfect gain, and no DC erors, and the

timing recovery unit 1 optionally also ensures that the signal it outputs obeys

one or both of these criteriz toc. In this way, the readback signal can be

processed as a simulation signat.



timing recovery unit 1 of naily aisO ensured that thoe signal it output obey

one o both. of thes _ it a too | this way the readback signal can be

processed' as a simulation signal. G in the y the synchronous :na

ac,terizer ste!lml predetermined signal d(k' Is generated by passing the

h(Y; Ic t le Initial C oo s! P., where ne model ;s. a filter that, approximates

the channel response. In the case of thetreceiver system of Fin. | (b, the

PredetermT fined siC7nal d(k i5 generated Dy convolving h(k) with a

tamoet. Note that the readback signal can be a symbol rate sample

sequence or al- | C oversampled-rate sample sequence. In the latter case,

wHertthe ‘¢ersamplingsratenis not an inwgers the seguence will be. 1(a), the

re§@@@i@ﬂﬁ9@@@v@%zt88<§@H@H&%%§%W£%%K@@Q'W{%‘teﬂ%@e‘ﬂrﬁggf%meg
0

Le@t the integer-sampl,ng rate be denoted by i_. As above lei the Sym
interV/2F5e GEABRIFAS T. fiise 1eahaple iERAPES derdiednas Eawhere T =
5 %i.. An '- times oversampiing rate predetermined signal will be generated
in“twh%gasq% thc?rtt hﬁgrreh%dbarck s%alqjspa L times oversampled sequence,
First embodiment of the fiminG recovery dinit ™ 20 PR EemB6diFiant b (1) i
thectimiagerecoveryaning e wiitiad partien of the readback signal is
aligned to the predetermined signal by maximizing the cross correlation:
he synchronization can be done with the following steps a. Low pass filter
thBFeadiiricl sigral be perhivative tUuref2nana bnoiss: bssujust dheugaineobr an
10 thevadrasksignal sohgidheeadback signaifias slilkar gain as e,
predetermines §|q:nal. Thldo (?'_ lone p. gnu Itipi ~I rim K™, orr wnere
G?YS%?\?@?ID%K}QI@ & Is not an intéger, the sequence will be resampled to convert

the sequence to an integer-sampiing rate sequence. Let the Integer-sampling

rate be denoted by L. As above iat the symbol interval be dencted as T. The

[

s

sample interval is denoted as T, where 7. =7/L. An L times oversampling

-
n

rate predetermined signal will be generated in the case that the readback

signal is a L fimes oversampled sequence.

First embodimeant of the fimina recovery unit 1

20 In a first embodiment of the timing recovery unit. 1, the initial portion of the
readback signal is aligned to the predstermined signal by maximizing the
cross correlation:

!

ne synchronization can be done with the following steps

~e

PO

a. Low pass filter the readback signal 1o remove the out-of-band
noise.

b. Adjust the gain of the readback signal so that the readback
signal has similar gain as the predetermined signal. |

20

® inis can be done by multiniving vl by o maim foer
+ s.nr.ah;l(l:: :f \(1\/} LJ'/\.’ i H i

B LR Y LR aa
5 oG

where Gy is given by
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~I1 )’K) where M, and Mr are Integers, and Mr>M . M., is the value- of k at.
the end Cif the first predetermined data pattern, and M1 is the value of k
at the beginning of the first known data pattern. c. Remove the DC offset
from the entire sector of readback signal by subtracting the mean of the
entire sector of the readback signal from the readback signa;. d d. Align
the initial portion of the readback sigf’l@l to a predetermined signal by
maximizing the cross-correiation between the readback signal and the
predetermined signal. Thisambe carried out as follows: The
crass-correlation signals can b& calculated according to cw(il- d(K)y(k-i;,
.nr. iv Find out the m,z]agj m;wp ‘Icor(i)l , where IX'l, denotes the absolute
operation. Le the corres og’di{)g/g\be denoted by 25 The shifted vers,on o
the entire sector of read a%”sigr%al is_ multiolied by the sign of the
maximum cross- correiation SiCfflICi to produce a coarsely synchronized
readba ok signal | "Ry €M7 | M dtsalfiadein atherlivoldr. this sniffs

the readback signorvfiyét caumberef sanaples:ang;-mr akes.tnh sign of .
signal f ,,,iii ; the sane.&‘sh;[hat gg‘&lo ";his sretr coarsely synchronizes
the initial portion of the readBACK Signdll fo flESmitidl Bbrienbeginning of the

first known data pattern.

c. Remove the DC offset from the entire sector of readback signal

by subtracting the mean of the entirs sector of the readback

signal from the readback signal.

d. Align the initial portion of the readback signal to a predetermined
signal by maximizing the cross-correlation between the
readback signal and the predstermined signal. This can be

carried out as follows:

= The cross-correlation signals can be calculated

~ according to

M.

cor(iy=3_ d(k)y(k—1), i={-N,-N +LL -10,1,2.L N

k=i,

g . R { .
* Find out the maximum cor(?)|, where x| denotes the

absolute operation. Let the carresponding / be denoted

¥ The shiftad version of the entire section of readback

signal is. multiplied by the sign of the maximum cross-

3 . {0

N signal to produce & coarsely synchronized

= i £ oy R A S . o . s
readback signal: Y aoarse (K)j =1 vk = I ISIgRICOT (T )
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the preaetermined signal to within one to two sample intervais depends, e.
Search for the best pinase within one to two sample intervals. This step
refines the synchronization of the beginning portion o the readback signal
to the beginning portion of the predetermined signal. it is performed as
follows, i0 Shut the entire sector of readback signal by a fraction of Ts
usinc a filter. The shifted readback signal is given by y'urs(k,fl)=
V(k-m)w(n,At,,, for all kek_set (20) 15 where w(n,,u)is an interpolation filter
hatl Shits e BHtird SeqiienEa PRES & SE@ -3 by.Ny! L Bthede Agthpi theind
iter..2G.F h. ll.; eof n,cao ute the cr ss-correlati n (o' mean
red or) betoien HeShte rSAsbH Eighd Anc e 198 Sobusely
Predeterainddsigita) Theicrosseorretationeos(y) san hecalgulaiegion of
according to wher. i L that contains many phases, FOF example
O e T T T e S st o
Q, , Let the corresooKng ¢ be denoted by p,, 12 The shifted veerslon of
tie entice Seclion, @readnach (Rignaluidfsedtia [ 3k bbe Taken.
to be the rea,qat))ack signa; that is synchronized to the predeter ined signal’
in the portion Of the SeGBP SVHEN T4 TRBAFIZ AR Haftad Sserteifry ardtimiil of
be further privcesseddbstep sigdign the finad posiemeafihe eadbacks:r  the

signal to they ¢ yetermined signal. It is performed as follows:

*  Shift the entire sector of readback signal by a fraction of

Ts using a filter. The shifted readback signal is given by

N, -1
Yeoarse s ) = > ylk—myw(n, ), forall kek _ser (2)

=

Where win, ()is an interpolation filter that shifts the
entire sequence {y_._ ()} by 4. N, is the length of the

filter.

¥. For each value of u, compute the cross-correlation (or
mean squared error) between the shifted readback
signal and the predetermined signal. The cross-

correlation cor( 1) can be calculated according to

My
cor(uy= ) ANy (s 1), Fire 1 ser (3)

S coarse NV
k=p,

where u_ser s a set that contains many phases. For
example, it may be chosen to

De u

™~
<
)
=
i

|
12
~3

[

s Find the maximum jcor(u); . Let the corresponding 1« be

denoted by u .
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predetermined signal, by searching for the resampling rate that

maximizes the cress-correlation (or minimizes the mean squared error)
between the readback signal and a model output as foliows: Resampie
the entire section of readback signal at ratics 15 close to | by using,
sampling rate converters in the literature [18 and its references] Compute
all the cross-correlations between thé“resampled readback signal and the
predetermined 20 signal d(k). The cross-correlation signals can be
calculated according to coriP;=}~iY it f, Ct;Y.uan~~ed~t=K"a:,P, 'H1;,~P
set(4) e=M. where M3 and M4 are integers, and M4>M3. They define the
window of the ending SortibiE6f HisKABWH dafa. RRlige rictetctheoratios; zad:

Rset denotes the sefighsaties, Ri set can\of ¢hosento be, for.example, s,

m

r=%.9901 0.990" ... 1.0099% if the maximum frequency error in the
readback signal is G§9%%, BAd idenbassehe eesamttlierrrergbatised signal
resampled with ratien. Re ¥ Jhg maximum itk Letthe yrresr -ndin

P be denoted uy he rq[sgmpled version of the enﬁ'rehslrécﬂii]d’nr'o} YERGYAKA
signal i'.,c,m(t .L[ ~AC e ke torther riaesack sigpwitiat :s fully

synchronous to The predeterminec’. signa.

f. Align the final portion of the readback signal' to the
predeiermined signal, by searching for the resampling rate that
maximizes the cross-correlation (or minimizes the mean squared
error) between the readback signal and a model ouiput as

foliows:

* Resample the entire section of readback signal at ratics
close to 1 by using sampling rate converters in the

literature [18 and its references].

= Compute all the cross-correlations  between  the
resampled readback signal and the predetermined
signal d(k). The cross-correlation signals can be

calculated according to

M,

cor(R) = ;;“’ ARV sampied (B e B), YR 2 R set(4)

where M; and My are infegers, and Ms>Ms. They define
the window of the ending portion of the known data. R
denotes the ratios, and R_set denotes the set of ratios.
R_set can be chosen 1o be, for example,
R _set ={0.99010.9902 ... 1.0099} if the maximum
frequency error in the readback signal is +0.99% and'

Voesamptea s Mo B) - denotes  the resampled readhack

max
fipdd LR =AW 5 W fon AU 4N

signal resampled with ratio R,
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10 g. Fine-tune the gain of readback signal by minimizing the squared
error. This may be done by multiplying y(k) by Gc where G>is given by d
%TV where _ [y(M", ; y(r--11 L yUV,)]rand d -[d(_ dGv(1 +"..) L d(M,)]T .
It may be noted that both G2 may alternatively he computed using the
seconc known data pattern, .Alternatively, it may be calculated using both
the known ?0 data patterns. (In fact,in an alternative form of the
invention. Gl also may have been calculated instead using the second
known data pattern or using both known data patterns.) Second
embodiment or the timmiAroreciverranitinsteaan:/Seatch Hgeanehispponding
shifting Y(") to maximize ne cress i.1 anc Y (k) and can be obtained by
correlation between d M, 9§05 tis'iG: =sa, c. ee...crid embodiment
Can be derived. 1 4 Accordino to a secont embodiment, alternative hm
olementaTion Ol the ice can be given by ieplacinc eouaficn srieclively
with eauatlol -4a% gh8h'REFSWPPC ¥S[Fi08 O Stire sgeton pi(jepdiack
-1_a'l~itor 2’U K gigna(ke), ot-(Li= L, 1(.. )7'wakg-lhdu @ kky Ser B2)ine

7 resampled max /

readback signal that is fully synchronous to the

predetermined signal.

g. Fine-tune the gain of readback signai by minimizing the squared

error,

= This may be done by multipiving y(k) by G, where Gy is
given by
G, Y4

2 T '
b 4
¥y

where v=[y(M) »M+1) L »(M)], and
d=[d(M,) dM,+1) L dM)T.
It may be noted that both G, may alternatively be computed using the second
known data pattern. Alternatively, it may be calculated using both the known
data patterns. (In fact, in an alternative form of the invention, G, also may
have been calculated instead using the second known data pattern, or using

both known data patterns.)

Second embodimeant of the fimina recoverv unit 1

instead of searching /i and . by shifing y(k) to maximize the cross-

correlation between d(k) and y(k), ! and u,, can be obtained by

max

(FY. Based on this ides, a second empodiment can be derived.
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cor;(Rj=> d i1t,R)y(k;umui, VP P set (4a) x=nr, O Because the invention
aims to remove timing variations from the timing error that described by 0.
and i<a,a need to be removed from y(k, Therefore, the foliowino steps
need to he performed. 1. Upon finding %~mr by maximizing cor(i)J,
;,.00rr(&) is also given by 157,.i~~)-:J -~ (1_Joaarra-1.~-illz,.
)si~n(cor(ia;~}I Upon finding fimo, bye mﬁxmlzmg Foor(Lz) we need to
compute y(I:, Limar./_ Tmarsr(k -n)Iti(7:;,~ mx<i for all kek.-set for further

n%momessmngm‘@@mftsM&aameehy Ua| tm?hgf@f@r%zéh@mgmmo?%« ideza
portlon of u%{;s{phaser}é/nchronous to the beginning portlon of d(kj, In
S5

(44} dFid SHPICE Vérsion” e aetyshmpsiarear ahees (1e-4a)
Uptyﬁﬂﬁrmdmg\/ ..,- (which in the sampling rate that maximizes ilmti will be
resampied with rat f : the sultin'g my. denoreca_ nnn'z.d~i=VIILr, | _
1.24eM Hnal al geguenge thatha; th;g samemmaLph@se and tlﬂe same,
sampungﬂ?/?'equency as sequence c/(2' in this ernbodirien;, ci(k , etandr,

ai >e. be pre-computed and stored in table, Third and fourth
erﬁbpdjmeﬁfscmthelmygqmon&a@ be-derived from the first 10 and segoéyd
embodimefts changing the criterion from maximizing cross- correiation to
minimizing ynean squared error in searching for any one or more

cor(u)= Z Ak, i)Y e k), Ve u  ser (3a)
fe=d| ) ) '
Q;If« .

cor(R)= ) oo K R)V(k i 3, VRe R ser (4a)
k=M,

Because the invention aims o remove timing variations from y(/c), the timing

error that described by i, and r,, need to be removed from y(k).

Therefore, the following steps need to be performed.

1. Upon finding 7, by maximizing |cor(i)|, Yease k) 1S also given by

D eoaree BV} = { (k=i ysign(eor (i, )}

o

Upon finding w by maximizing }cor{,u)g, we need to compute

N, —’x
VOt )= D Vegaree o —m)W(ny ey, for all ke ¢ _ser  for further

=0

¥

processing. This shifts the vy (k) bv u«__ . Therefore, the beginning
portion of y(k,u_ ) is phase synchronous o the beginning portion of

k).

(%)

I (4a), e (k. ) denotes the resampled version of d(k)sampled at
rate £. Upon'finding £ (which is the sampiing rate that maximizes

icor( ), vk, v will be resampled with rate P Let the resuliing

“ma ~ el
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Furthermore, to make the sign of y(k.) to be the same as d(k), one may
adopt 15 the same steps giver, in' Embodiments and 2. Alternatively, one
car- determine whether we shouia chance the poiarity o= y(k) by
comparing the squared error or ivMSE between y(k) and d(k) and the
MSE between -y(k) and d(k). .0 For example, if (y-d"mny-d) >:-y-d"(-y-d),
then fiir the sign of y(k) sequence. where column vectors and 6 can be
vectors that include the beginning poiuon o' the signals d | ](M,l d MM -],
Lij' Y:,1259/%"&7d can be vector§ that include endinéepoetion of the
slgnais. We novw);ur_J_nJl:p;;dﬁgyﬁggﬂjng;expg;@&g@t re: )ults, obtained usin

- svnchron zzBi *

one Of the em ax T mg

jaY]

S
N

e Tinal

Jodiments 0" the'ihvetition discuss&d aooveras-will the
seen, wheteasthelge-ventichaiaimin neitevey dkcopin atZoRvent oR@npling
read -nmef@g? at @&@ﬁ&[@}y contrast with the present Invention.: -
ne cronosed sectcr nasec -ead channel from-end functions well at born

low SN:F. ano nigh SNE:. 16 prooosec inor much sampler nan the

lterative Ciming recovery 1471 aria joint. timing, recovery and oe e.ctlori
eﬁni‘\é[’lé%%gﬁé{” it‘%rg{g“ré‘;“Eﬂcé‘é:rl w%talﬁ?eﬁgdit@h@ifaha’i)set”éfu%émﬁ’f can
fie exeerimentabeyaduationy k0:hpthese studies, we use readback signal
from h arc disk drive that includes a preamble. It should be noted that the
preamble in the signal is not required for this method. The sampled
réaiibaerGignaltiscanbodérsarmpledinate rsequence acapiuied USINGAA the first
osgilo P I uence is obtained by first
O T e ot Gh IR 101 e e Er g orose
tﬁ@ﬁ%‘@&éﬁ%&?ﬁ&?ﬂﬁ’tﬁé‘g mean squared error in searching for any one or more

of i Hoe s OF R

Furthermore, to make the sign of y(k) to be the same as d(k), one may adopt
the same steps given in Embodiments 1 and 2. Alternatively, one can
determine whether we should changs the polarity of y(k) by comparing the

squared error or MSE between y(k) and d(k) and the MSE between —y(k) and
d(k).

For example, if (y—d)'(y —d)>(-y —d) (~y—d), then flip the sign of y(k)
sequence. where column vectors v and d can be vectors that include the
beginning portion of the signals d=[{d(M) dM+1) L d)),

y=M,) y(M +1) L pM,)], and can be vectors that inciude ending

portion of the signals.

We now turn to discussing experimental results obtained using one of the
embodiments of the invention discussed above. As will be seen whereas the
conventional timing recovery loop in a conventional read channe! fails at low

o
o

SNR, by contrast with the presant invention:

¢ The proposed sector based read channe! front-end functions well at

both low SNR and high SNR.
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oversarnpie rate sequence. 20 Furthermore, the write data of the entire
sector is known so that we can arbitrarily choose certain portion of data at
the beginning for phase alignment one certain portion of the data at the
ending portion for frequency adjustment. This illustrates that the proposed
idea has the flexibility to use arbltrarlly @osen data at the beginning and
ending porno s for phase and free no'r optimization. Figure 2 depicts tiie
readback signal and the predetermined signal after Cain adjustment. 30

in the folio Ving case studies, the folio Ving Caranlete ‘s are USed. ~. = 25

- OT Ar This me at S II be searc

within wfti stgg [s),?zge ? Oﬁ?ﬁgggh C. al%%g%) f;q%%%fz q(SC i S Eﬁw “mm
means fﬁa?‘fﬁéyesé}rﬁj’iﬁﬁgof&fté'mmﬁ§@s@éﬁ&hé@®vﬁﬁiﬁﬁ@@@@lm@@%]m the
with stettsize 8:000;. At - mot.. 1 =700, 1v 393G, li =4 {5 This setting

rrisank ; v(351;, ... y(700)] are used in the phase aiigninent, and samoie
[y(3936) y(393T,... ,x(4935)] are used in the resamaiing rate optimization
Note that It is flexible to use the differeent samples at the beginning and
e@gdggnpg{&q@\smg%@hase and frequency alignment. This setting is an
example: 10 choice. The readoack signal and the predetermined signal

are aepicted in rig. 2The predetermined signal shown in Fig. 2 does not

hawe diming seeor it ise 13 gensraled Usinglarentzian pulse. The

predetermined signal is give by r,=o0 where a(t? n( and 7(n) hli =nTIl. 2r

in these studies, we use readback signal from hard disk drive that includes a
preamble. It should be noted that the preamble in the signal is not required for
this method. The sampled readback signal is an oversampled rate sequence

captured using an oscilioscope.

A symbol-rate readback seguence is obtained by first removing the out of
band noise using a butterworth low pass filter, and then downsampiing the

oversampie rate sequence.

Furthermore, the write data of the entire sector is known so that we can
arbitrarily choose certain portion of data at the beginning for phase alignment
and certain portion of the data at the ending por‘tiogn for frequency adjustment,
This illustrates that the propcsed idea has the flexibility to use arbitrarily
chosen data at the beginning and ending portions for phase and frequency

optimization.

Figure 2 depicts the readback signal and the predetermined signal after gain

adjustrment.
In the following case studies the following parameters are used.

~ ~
oot o

fd_wer=-2T -1997 1. 0.0.017. L ;. This setting means that the phase

will be searched within <27 with step size 0.01T
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PVS i Note that in practical systems, the entire sector of write data may
not be Known oefore "etection, and therefore the unKnowD portions of
rata will be replaced by zeros. The known portions of data may be
defined while defining the sector forma-. Note tra of pergendicuiar
recording acid optical reccrdin | a ;iii elent -node; shook' he used to
Generarh-ore:erY on'l To. eou3 Eec rcadbaCK ,Ignal. the equalizcha |
or ; target snout n' ~irused 11l .ne,,, ,.raLl;lg tn ore-uetermin signal 2fi
xgerimeiuai Evaluafrno The purpose o | this case stucy is to demonstrate.
the ;nvendon works well at normal recording conditions using readback
signaj‘ f}rgm‘}q}r('}@. Qn qsamplg{}%ynghronization result using method
described In the firs- embodiment isShoH HFRE3D wHieh Blows thepiing rate
alighmentetthebeginnire. ansh endingPartienet the signal, respectively.

The results for the remaining are similar. Fia. 3 (ai shows the beginning
portions of y(k) and d('k), whereas Fig. 3(b) shows the ending portions of
V(). andb d(k)it eambe abserved from Eigo3 ;nat;g_l@oy&@g@e ;»RE%%% samples
apég(q ent u%{l{ﬂ. onIy_ 15 part ofﬂ_the data. the phase o_f the entire sector of =
thé rexdbdtkSianal i¥ §JREhABFROHESS the tredeteasrinaisigral, and sample

Expesibentab EvacuatiouoThe Féuép9§§cpfiﬁh{§x§ve%1§'§ﬁiﬁﬂiri§htpa%/ quate. . sion.
e

the petfor i’alQ% Q)c().fo Qei metQ(%d a", low SNP.. To evaluate the
performance of the Dhasa-and raoGEnty EeimiEtio Metkses ainioand ending
SNR|age defindtesignal tenoiseratodSNR)aSSNR e80T an example

choice.
The readback signal and the predetermined signal are depicted in Fig. 2.

The predetermined signal shown in Fig. 2 does not have timing error. It is

generated using Lorentzian pulse. The predetermined signal is give by

Ny 1
y(k) = Z b(k —n)h(n)

n=0

where

ot

p()= —-——/~——:;-—\—- , Wt = p(n) ~p(t=T", and h(n)=h(t =nl").

L Pwso )

Note that in practical systems, the entire sector of write data may not be
known before detection, and therefore the unknown portions of data will be
replaced by zeros. The known portions of data may be defined while defining
the sector format.

o5

Note that for perpendicular recording and o]

o
]
-
D
(‘0
O
on i
g,
3

[{e]
%3]
Q.
=
0]
1
D
=
=t
Q
Q
@

shouid be used to generate the predetermined signal. For equalized readback

Ea

signal, the sgualized channel or 5 target shouid be used for generating the

pre-aetermined signal,
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,u=25wher_, .-" is an additive white :.~'aussian noise audeo to the
readdack sianal. 11 should be ne ec that t readbac k sia.na s nor in, i ess.
The -)UrpOSe Of this . 'sn'9 ano ac inio, 10rthC a OU EN-7Vi the hD'se
introduced into the readback.'sig:nal, In till: case study, SNTk = dE, 19 in
order to have a controlled amount of phase and frequency error, in this c
0111dy we beam fi with the svnon'onous gcadbaci tonal ObDla 11 e. ?trot™
the Case Study ".. We examine the on ase alignment ¢ apabiliiv and the
freg| alignment capability of the method separately as follows.
ph%ﬁ%“”%q it at'éslenaluate the robustness of the method, we
purposely introduce a phase offset to the readback signal by shifting the
entire SRGIQ nois . signal by a wherePory is uniform o
distir%i%uted W%lgﬁ[%ﬁg ﬁ?%%%%?/%@?tiggae{g%%ﬁ“t & gﬂgi@&leﬁ%h}‘@ﬁiﬁsw el at
re 285G SigHalind e itife veemn o aeddbackisigratshaitidhe shifted by
5 uo ~. in the following, we consider the phase shift that maximizes the

crgss;cprrelaﬁt}ion (Embodiment 1 and 2) or minimizes the MISE
(EmPodiiEnt 3 W BetiiRie ey k) SRt e O etethecesstipratiorts ofitor; 0
Themotdtioastasesgiven in Tigbte WnlablentdherRhase olsetratations, i
Zan%?E%gﬁ@ﬁd 'l(g)ordup%% pirasq shifts c__’gg,,the, cr readpack_5|gnal denotes ~
the Phase sniff that 71aximizes thecross! tdirelatiotiyvefrine remaining
Erabodifidts | and 2. uus ~ denotes the phase shift that minimizes the

10 MSE-1

rFig. 3 {a) shows the beginning portions of y(k) and d(k), whereas Fig. 3(b)
shows the ending portions of y(k) and d(k).

It can be observed from Fig. 3 that although the phase alignment using only

-
wh

part of the data, the phase of the entire sector of the readback signal is

synchronous to the predetermined signal.

Experimental Evaluation:

The purpose of this evaluation is to evaluate the performance of the method at
low SNR.

l'o evaiuate the performance of the phase and frequsncy estimation methods

at low SNR, we define the signal to noise ratio (SNR) as

1
ES

SNR =20log,,

n

=5 where ¢, is an additive white Gaussian noise added o the readback signal.

It should be noted that the readback signal is not noiseless. The purpose of

i LN S o . JU
i1 o led

Of e ease of quantifying the noise infroduced

J

into the readback signal. In this case study, SNR =74

1

;)

r



it

,._.
h

given in Embodiments 3 and 4. A Monte 'Sarlo simulation of 4000 trials for
the alignment of the beginning portion of the readback:_ signal was
Performed. Since it cannot: be ensured that the phase error between the
beginning portion opt the readback signal and the Care-determined signal
is exactly Zero, ! hereforc the variant of ¥he introduced' onase S_ and
“he variance of residual p ass of se, v vas rmeasureC he residual .nase

f elnea the di vee Cif - .. C" eat mana-l.. The.
s it e i Tami o eratie e AL ST et M
compEnsativa BESIiyRITIES. SYPIRtFTthIce t BOmpensatideirsrish phades
errMipimize MSE iMaximize gross-correlation: j1".: or'™ i~ ~arr~ _
iL75' ~ i fong - L('~ o. j Variance C.335". 0.0073 0.0052 Standard
0.5792+ 1 .03 34 C.Q723 deviation It can be observed from Table 2 that
the-variance diidhenphasd enmosis creshicey sighificanty afiery alignment
compensation. Furthermaore, it can be observed that cross-correlation
c“rﬁ%%%‘r@br‘é%%éé% b’tg'\[%e&rnéé%%ﬁgatt%hg dﬁ%V?SE criterion. Figure 4 is a
histogram of the introduced phase error and the residue phase error after
campensalion. it can be observed tnat after compensation the most of the
phase errors are iess tnan 0.'i T and almost all residue phase errors are
less than 0.2-. This shows that the phase estimation and compensation.
methad describeddbubiscdayerntion dissinsurevs ptiastiveniniconpersationse

h rror at | NP.. S e . .
Co@s?éat ?o ea}*teggy}a%:k signal by shifting the entire sector of the noisy readback

signal by u,.., where x4,

is uniform distributed Wf’fh'iﬂ -7, 71. Intuitively, to
get back the original synchronous readback signal, the entire sector of
readback signal should be shifted by -z, . In the following, we consider the
phase shift that maximizes the cross-correlation (Embodiment 1 and 2) or
minimizes the MSE (Embodiment 3 and 4) between y(k) and d(k) as the

estimations of x,,. . The notations are given in Table 1.

Tabie 1. The phase offset notations.

17 denoies the introduced phase shifts to the

Horig

readback signal

L, |denotes the phase shift that maximizes the cross-

corretation (given in =mbodiments 1 and 2.

dencies the phase shift that minimizes the MSE

given in Embodiments 3 and 4.

A Monte Cario simulation of 4000 trials for the aiignment of the beginning
portion of the readback signal was performed. Since it cannot be ensurad that

the phase error between the beginning portion of the readback signal and the

—

pre-determined signal is exactly zeroc, Therefore,

the varnance of the

introduced phase offset and the vanance of residual phase offsel was
measured. The residual phase offset Is defined as the difference between
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Freauenm/ aiinnment evalu the performance of ti (-opoS Cfe*.Uc
eShmai or': methods. we introduced trequencti' Offs-t into the readback
signal by esamphno: the u'ue, i: signal rafe whey- " a ttni'to ~~ distribute
in[14L(l~, 00051 Because we are 1 sing 1Mauai a ,esarripler c
introduce the frequency offset which ré§uires the resarnplinc rats to ire
;DI- , ifWher P and are integers. is 5;m ify the silTIUlatlon, z" is further
quantified.with r ion. Jutil. Intuitiueiy, to get pack the original
sgﬁ”éhgo!?ﬁé}élsé%fé%%ﬁ!gghe[ S Ve (&tB'R b in the
following study, the resampiing rate is estimated by Finding the
resampiing rate that maximizes the cross-correlation (Embodiment 10 and
2) or minimizes the VISE (Embodiment 3 and 4) between d(ki and the
reampled version of y(k), We carried out a Monte Carlo simulation of 770
trials for the alignment of the ending por8on of the readback signal by
ootirnizind the resampling rate. The variance and standard deviation of R
R -B, and | 0"d - LLL are tabula ed in °, able 3, where R~.., denotes, 'the
resampiing rate that maximizes the cross--correlation between the ending
portions of d(k) and y(k), and Izs.,, denotes the resampiing rate that
minimizes the IMSE between the ending portions of d(k) and y(k). 20
Tat)[e Taeizesidual frequenoynefisetiafienfrequengy-eampensatiamat 4n
SNP 7 dB. Introcuced Compensation criterion sampling InlrT 1Ze MS=

aximize --roSS-00-Fre-la-tio-n-] tale error  -~tancarc PQ
introduced Compensation criterion |
phase error | Minimize MSE if\/’:éxtmtze Crosg-corralation
Horrg <'uorig ~ Fss ) </’larig - /:}’Cm‘)
Variance 0.28354 0.0078 0.0052
tandard 0.5782 0.0884 0.0725
deviation | |
|

It can be observed from Table 2 that the variance of the phase erroris
reduced significantly after compensation. Furthermore, it can be observed that

cross-correfation criterion provides better estimation than MSE criterion.

Figure 4 is a histogram of the introduced phase error and the residue phase
elrror after compensation. It can be observed that aiﬁer compensation the most
of the phase errors are less than 0.17 and almest all residus phase errors are
less than 02T, This shows that the phase estimation and compensation
metnod described in this invention disclosure is effective in compensation

phase arror at low SNR.

Freguency alignment

I'o evaluate the performance of the proposed frequency estimation methods

- s o et b e e g ‘
we introduced frequency offsel into the readback signal by rasampling the
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rev iatsorr H can be observed from Table 3 that the variance of the
resampi'rne rate error is zero after compensation. d-his shows that, the
proposed invention works extremely well at low SNR. for recovering the
ideal timing. The zero variance 3 is also because we ntroauced quantified
frequency error with resoi ution 1000:,7and we optimize the resamplina
rate by searching the resampiing rate with the same resolution. in
practical systems, this will not be true. However, this result is sufficient to

cenfitmdhaidhe methed works,extremely well it,the, ORIMIZRHCR. 1, 1. noos

P 5

resolution is sufficiently High. 10 Figure'5 depicts one samoie result before
andpfter fesampiing rare optimization. It can been seen that the
prgp%?zd métho Worélé V\E/Jeslllnact;rtn @ﬁtﬁ?dﬁ 75 Thitis it CaRbE s éatsncy
tAAE the/isthodvfithe preserrcammintondsnuchesimplenthan the iterativere

timing recevery.[i;and, Joint fiming recovery and detection method "18].
Re@%nces 1] U%Ilggtent r?é‘. g%%? ?f"kfsligwg%gécﬁ%5%”{)%%%5?5?‘3WO“

a . fdlitiphase clock”. [2] US patent no. 6,587,529 "Phase detector
architecture for phase error estimating and zero phase restarting’. __ [3]

US patent no 6,566,922, "Zero phase and frequency restart PLL". [4] US
patefit Y. 1307i6us: ! igiti Zer pneseaestartsinail o dSqpatentagmple

6:83m29R- Z£r0 phasg.regia Jierpolated timing_recovery in a sampled
a,; piauae rea"r”*c":nanr?gf3 j&rﬂg]\,\}@;@ p&a%e t 28.‘“5%(3%?88&?92%?8 Bh&sEeRES Y
fonsamphed BatephaseaBltinckedionps: TAUS calers: A9aRBI2 MR dfnent
eARR%E SR SRR DS SR SRS IPLE MR anc tne
reampled version of y(k).

We carried out & Monte Cario simulation of 770 trials for the alignment of the
ending portion of the readback signal by optimizing the resampling rate. The

A

variance and standard deviation of R R K., and R R,y are

org ) \‘ong - il}l‘lg T AMSE
tabulated in Table 3, where R denotes the resampling rate that maximizes
the cress-corretation between the ending portions of d(k) and y(k), and J?MSE

denotes the resampling rate that minimizes the MSE between the ending
portions of d(k) and y(k).

sy

Table 3. The residual frequency offset after frequency compensation at

| Introduced Compensation criterion

) |
sampiing Maximize Cross-correlation |

Minimize MSE

|
rate error |

{
i
i
[
1
|

;
|
|
|
|
|

| » | o P .
I’ “onig 5 b ‘l“orlg - ’RA/[SE ) f ( P

,\
[ n |
| Sorig ‘[\Cm' }

N h - ‘ ~ . g - - .
fvariancs pooaaxiuT {) i 0

Standard 0 : 0
i
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1 3 U patent no. ..,4.~~,...l.f A~Jeraginc ,ro prase ,ar. or pria i_.t"kec 00IS
H' [91 US pateni no. 5,06 6, "Zero prase restart compensation for VC O .
[10" US paten™: no. 4.879.509, 'Zero-Dhase-sequence voltaae sensing
apparatus”. US. palest no. 4.459.1; i "Phase 'o-ked loot: having infinite
gain at zero phase error”. 12] US patent no. 4,167,696, "Zero phase
switching for multi-phase systems 10 [131 Jingteng Liu; Hongwe'! Song;
Kumar, B.V.K.V.; "Symbol timing recovery for iow-SNR partial response

rem)ndzichhannels" IEEE Global Telecommunications Conference:
2002-GLOBECOMI02.Volume: 2. Nov.17 21, 2002,pages:1129 - 1 t

VL AP NS ) B\ j i ) Sin ) g ) 4

36. [14] Liu, J.: Song, Hi.; Kumar, B.\l.KCV.; "Timing acquisition for
lovesnr ldkatzb k5 \storage dhﬁm&l@lﬁhalﬂﬁé InfesmatopRlMagnelicsing rate aror

Canference.. MAG 200 Mar April 3, 2003,
Paggé[‘%'lét\%(%f%[g)ﬁl3 0 %1% ngteng i IOH§W§ %SH%GWE\% Ruffon works
BEXKS ™R i*h]‘ﬁ@ a%q@hgltﬁiﬁRf@PnWtﬁataeswmgexmn@nmsé, BB ariance

TransastionsansMagnetics, Volu R EPL.
§ es:-7556 - 2560 0 [16 Jﬁngteng}ﬁll%% ﬁgnﬁ%uﬁé] oﬁg%ffﬁamgfvwm

CegrhEENRimaA tﬂﬁé@%ﬁ%&d‘@Vﬁﬂ%‘PY@W@%ﬁgv@@/Mampnng rate

lowtSINiR partialreespanse datarsiocage annershidGRE-Glokal, o ever,
003, GLOBECOMM '03.. Volume: C?N

Fge#)m nlcat S fererlce

1 C ﬁpﬁ 3" r&of}i‘% fit @W%F&%IWO'KDN%VWWV well if the
zw@mrn@m\f@a—@mm B2 RéEceveky Hitthappear in IEEE Signal

Processing Magazine, January 2004. [18] Wei Lang, P.. Kav i, MAP
Detection_in Noisy Channels with  Synchronization Errors {|nC|ud|ng the
INdEHIENB e TEhanneRaPIie ISTFURODRII20BUIS patentmeampiing  rate

64BHRDE MM It _ratedigialnTies Mnbaudio Spmplesrate, o oo o well at
SNR=7dB.

Thus, it can be appreciated that the mathod of the prasent invention-is much
simpler than the itsrative timing recovery [17] and joint fiming recovery and
detection method [18].
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squared error in a PRML recording channel H”.
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30 conversion". LLOYD WISE 24 CLAIMS 1. A data readback system
including: 5 a channel unit for obtaining a readback signal by reading a
digital signal, the digital signal being recorded on a data storage medium
and including a first known data pattern and a second known pattern,
spaced apart by encoded user data, a predetermined signal generating
unit arranged to generate a 10 predetermined signal by convolving an
intermediate signal comprising the first known pattern and the second
known data pattern spggeq apart py zeros with a target; a%nd;aV timing o
récovery Uhit35r Lolvetting am asynEhroRbYs dikereigtimaashear phase locked
dimensidiial signal obtained from the readback signal into a synchronous
1quﬁscr e-fime signal, the timingrecovery unit comprising a processor _
arranged to apply sgCtB’PU%%ng tifing recovery to said Ay ReATBRGUS" VCO"
discrete-timergirenidinengidnal. Sitfhal B () rtigrengea fisstoportionaokthesnsing
asypeiraneus discrete-time one- dimensional signal to a first portion of
the '"‘redetgrmined signal, and 20 (ii) aligning another portion of the
asynchroho s Higerate-firfieoned dimersorarsRinaP &y asetemd oty e at
thespresieiesnained signal. 2. A data readback system including: a channel
unit for ining a readb cé% ignal by reading a digital signal, the 25
digifal sioé?ngzl %%%@ réCorde (?n%g%ata%?ﬁaé’@?ﬁ’@difiﬁ‘ltﬁﬁﬂ‘%dﬁﬁirﬁ@uﬁ-’”phase
firsyskarowh data pattern and a second known pattern, spaced apart by
ence eﬂ e, ‘dai@; a ggjgter ined.signal ting unit arrgnged to .
ggne ater*ggf pr%&etérmﬂe Vs'igoh%%ygégﬁ’\%lv%zoi{ﬁ?nteﬁxamgg' igifalCOVEY
cORipristg ehEfirspartial  response  recording  channels”, IEEE  Global
Telecommunications Conference, 2002. GLOBECOM '02. Volume: 2 . Nov 17
- 21,2002 pages: 1129 — 11386.
{141 Liu, d.; Song, H.; Kumar, B.V.K\V.; “Timing acquisition for low-snr data
storage channels”, IEEE International Magnetics Conference, 2002.
INTERMAG 2003., March 28 - April 3, 2003, Pages:DT-04 - DT-04
[15] Jingfeng Liu; Hongwei Song; Vijava Kumar, B.V.K.; “Timing acquisition
for low-SNR data storage channels”, IEEE Transactions on Magnetics,
Volume: 38, Issue: 5, Sept. 2003, Pages:2558 - 2560
[16] Jingfeng Liu; Hongwei Song; Kumar, B.V.K.V.; “Dual segmented kalman

filters based symbol timing recovery for low-SNR partial response data

)

torage channeis”, |EEZ Global Telecommunications Conference, 2003,
GLOBECOM '03., Volume: 7 , 1-5 Dec. 2003,

[17]J. Barry, A. Kav i, 8. MclLaughiin, A. Nayak, W. Zeng, “Iterative Timing
Recovery,” to appear in IEEE Signal Processing Magazine, January 2004,
(18] Wel Zeng
Synchronization Errore (Inciuding the Insertion/Deistion Channel), Proc. ISIT
2003,

. A0 Kav i, MAP Detection in Noisy Channels with

[19] US patent no. 6,487 572 “Multi-rate digital filter for audio sampié~rate

T sk

conversion”.
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30 known pattern and the second known data pattern spaced apart by

zeros, with a first model approximating a channel response; and L OYibLOYD WISE

WISE 25 a timing recovery unit for converting an asynchronous
discrete-time one- dimensional signal obtained from the readback signal
into a synchronous discrete-time signgl4 the timing recovery unit
comprising a processor arranged to apply sector based timing recovery to
saigjpgynchronous discrete-time one- dimensional signal by: ) alllgnlng a
first portion of the asynchronous discrete-time one- dimensional signal .to
a first portion of the predetermined signal, and (ii) aligning another portion
of the asynchronous discrete-time one- dimensional signal to a second

ortion, of the predetermined signal. 10 3. The data readback system of
leaim A ﬂﬁ%ﬁép?é s?Ma‘foEégBBWW\%da approximating channel

resporsehandel nrechansmiuHogthe RN Qg @S@@éﬁh@néedégital signal,

e-di i | signal and the digital signal to improve the second _
T o a8 R SR Rorrenane oo
oawangdd petieiyratisedisstqood dn ofthparynchrenedsagiserefedingeded user

-dimensional signal to a first portion of the predetermined signal by
maximizing at least one cross-correlation function. 20 5. A data readback

systend in@r@@#ﬁtﬁr@mﬁhn@mﬁi& feeomtaitingg amadiramhgagnaldygenerate  a
peagknsr /g adig i aby %QQUE‘JQS'QH%WQJ%?QQ@%QP% %‘ﬁ‘sinﬁ the first
storage medium and including a first known data pattern and a second

RN PRI 256 e rapardblnee dedpureltens spasedmpart by zeros with a

target; and

a timing recovery unit for converting an asynchronous discrete-time one-
dimensional signal obtained from the readback signal into a synchronous
discrete-time signal, the timing recovery unit comprising a processor arranged
to apply sector based timing recovery to said asynchronous discrete-time one-
dimensional signal by:

() aligning a first portion of the asynchronous discrete-time one-
dimensional signal to a first portion of the predetermined signal, and

(i) aligning another portion of the asynchronous discrete-time one-

dimensional signal to a second portion of the predetermined signal.

2. A data readback system including:
a channel unit for obtaining a readback signal by reading a digital signal, the
digital signal being recorded on a data storage medium and including a first
known data pattern and a second known pattern, spaced apart by encoded user
data;

a predetermined signal generating unit arranged to generate a
predetermined signal by convolving an intermediate signal comprising the first
known pattern and the second known data pattern spaced apart by zeros, with

a first model approximating a channel response; and
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a timing recovery unit for converting an asynchronous discrete-time one | v, WiSE

dimensional signal obtained from the readback signal into a synchronous
discrete-time signal, the timing recovery unit comprising a processor
arranged to apply sector based timing recovery to said asynchronous
discrete-time one- 30 dimensional sig%l by: (a) aligning a first portion of
the asynchronous discrete-time one-dimensional signal to a first portion

of the pregdaigrraineebaiona by ELRERIWYISE a?sgr(gﬂpcﬂ%%r@gc'g%o? ttiéatlme one-

cross-correlation function with respect to an integer variable k indicative

Yrmeesinnsl e wbkinath fihcdbpsecagpmeéneiana (inimagimsizingranous

Gecand-arasSseRTER | atientivieg B MR AL SRRCL IR R ridhialle indicatiye é}fr[:-_mged
tphase and taking values spaced apart by less than the "5 symbol interval;
KPR SR ARG APEOR B oY ok KSR AR SBiErcliferete-ime one-

dinedgoenskipahidignal to a second portion of the predetermined signal.

6. The,data.readback system of claim 5, wherein said processor is 10
arrang¥d %gﬂgﬁthaé oﬁ\ésétr 883?% o?’]fhéhgsﬂﬁ:ﬂ?%rcﬁf?ﬂ%cpéi@fﬁ@éﬂm?‘e-0”9‘
dimensitoralsigealttosalsetpodi poribih @ tkel predetesthingd:signrl by
maxinyzin allg -correlation f lgn with respect to a. vari b_Ie _
indicg}?\f); go‘?’éﬁﬁeésja%gglﬁagaé%%ﬁ‘% 7&ﬂqb§taarséyan %&%%Fe%‘?%ﬁ?ﬁ&l%@ Pne
dRaiHePIRisiensblainingee ndaubtiok sitys bsedetdmgredigitalaignal,

the digital signal being recorded on a data storage medium and including

a first _known data pattern and a second known pattern, spaced apart by

%ncodéra%gé?adﬁﬁs@%ﬁy%ﬁ%Pfgciéhiﬁ\?ergdtihﬁﬁ@ﬁﬁmf@mg aacond model
ATeDIE disaine-iaw enss dinensionRlFIIRRRPIRIASH HIeM @nronous

Cieadbac signal into a synchronous discrete-time S|9nal, the timing

586?/&.%— imt 88%8}@&@5&3{3%@&@1@%6@@ digital signal to improve the

second model.

4. The data readback system of claim 2, wherein the processor is arranged
to align the first portion of the asynchronous discrete-time one-dimensional
signal to a first portion of the predetermined signal by maximizing at least one

cross-correlation function.

5. A data readback system including:
a channel unit for obtaining a readback signal by reading a digital signal,

the digital signal being recorded on a data storage medium and including a first

known data pattern and a second known pattern, spaced apart by encoded user

data; and

a timing recovery unit for converting an asynchronous discrete-time one-
dimensional signal obtained from the readback signal into a synchronous
discrete-time signal, the timing recovery unit comprising a processor arranged
to apply sector based timing recovery to said asynchronous discrete-time one-
dimensional signal by:
(a) aligning a first portion of the asynchronous discrete-time one-dimensional

signal to a first portion of the predetermined signal by:



10

15

20

25

30

to apply sector based timing recovery to said asynchronous discrete-time oyyp)
one- dimensional signal by: 2 7 (a) aligning a first portion (_)f the _
asynchronous discrete-time one-dimensional signal to a first portion of

the predetermined signal by: (i) minimizing a first mean-squared error

function with respect to an integer vacr?'_ ble k indicative of a symbol value,

to obtain a first coarse alignment; and 30 (ii) minimizing a ;ec_ond )
mean-geyaiRehesrey binflepwith eseratdR fuYAAPIRINdicatyS of Rhase

and tag?ﬂig value‘sﬁs),épaced apgirt by Iessﬁaﬁian ?_He sym@éiﬁn?cesﬁl%?; g(r)i& ninteger
Y29 (WISE27 415 AigHRBANSIHEr sopiRsaipPreshspacsrarignsient; and
discre{gtime onezfHnansienshignatda PRt PRIVOLAT Ik respect to a

d ined.signal. 8, The data readback system of claim 7 wherein
o RS R REE 00 AR pSRRAPE! ETadgisperioas the

slistvetentioneagrendimensional signal to a second portion of the

re [ ignal by minimjzing a third mean-squared error function
LT N O o S .
sigmabizie spstend ipehtidingf theharedetamitifieciakitaining a readback signal
by reading a digital signal, the digital signal being recorded on a data

storage medium and including a first known data pattern and a sgcond
&nownlpattslatesprastpaparshstencodediaser Batsyrendid5smiimimgcessor is

it erti Viales s di -1i ope- . )
G LRI IE Wereiestig one

%@@f&@-@%e%ﬂﬂ?&l,Tt?ieQinﬁﬁ@%o@@@%it@orﬁfﬁisiﬁ@@tﬁméwbrsignai by
RERARYEAJIE BRRIYPESEORSRAGMIDERGOVAY ISt asYNCHIIYShdicative

'screte-tin].e one-,
of a resampling rafio.

7. A data readback system including:

a channel unit for obtaining a readback signal by reading a digital signal,
the digital signal being recorded on a data storage medium and including a first
known data pattern and a second known pattern, spaced apart by encoded user
data; and

a timing recovery unit for converting an asynchronous discrete-time one-
dimensional signal obtained from the readback signal into a synchronous
discrete-time signal, the timing recovery unit comprising a processor arranged
to apply sector based timing recovery to said asynchronous discrete-time one-
dimensional signal by:

(a) aligning a first portion of the asynchronous discrete-time one-dimensional
signal to a first portion of the predetermined signal by:

(i) minimizing a first mean-squared error function with respect to an
integer variable k indicative of a symbol value, to obtain a first coarse alignment;
and

(i) minimizing a second mean-squared error function with respect to a
variable indicative of phase and taking values spaced apart by less than the
symbol interval; and
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dimensional signal by: 20 (a) aligning a first portion of the asynchronous,
discrete-time one- dimensional signal to a first portion of the
predetermined signal; (b) aligning another portion of the asynchronous
discrete-time one- dimensional signal to a second portion of the
predetermined signal; and (c) adjusting.,the gain of the synchrc_)nous
discrete-tulle signal by a gain 25 factor obtained by a comparison of a

§ﬁ§¥|§’2ﬁ§‘éﬂ%&f HatR3Y BERRRNOU, JIRGHegstime. ANg: ﬁ‘%egﬁlogﬁlg sjonal

signa at least one corresponding portion of the predetermined s
31gnai to a second portion of the predetermmed signal.

8. The data readback system of claim 7 wherein said processor is arranged
to align another portion of the asynchronous discrete-time one-dimensional
signal to a second portion of the predetermined signal by minimizing a third
mean-squared error function with respect to a variable indicative of a

resampling ratio.

9. A data readback system including:

a channel unit for obtaining a readback signal by reading a digital signal,
the digital signal being recorded on a data storage medium and including a first
known data pattern and a second known pattern, spaced apart by encoded user
data; and

a timing recovery unit for converting an asynchronous discrete-time one-
dimensional signal obtained from the readback signal into a synchronous
discrete-time signal, the timing recovery unit comprising a processor arranged
to apply sector based timing recovery to said asynchronous discrete-time one-
dimensional signal by:

(a) aligning a first portion of the asynchronous discrete-time one-
dimensional signal to a first portion of the predetermined signal;

(b) aligning another portion of the asynchronous discrete-time one-
dimensional signal to a second portion of the predetermined signal; and

{c) adjusting the gain of the synchronous discrete-time signai by a gain
factor obtained by a comparison of a least one portion of the asynchronous
discrete-time one-dimensional signal and at least one corresponding portion of

the predetermined signal.

LOYD WiSE



