4 July 2005 Efficient Analog-to-Digital Converter for Digital Systens

FI ELD OF THE | NVENTI ON The present invention relates generally to -

anal og-to-digital converters and nore 5 particularly to an effii%hﬁiHOS
anal og-to-digital converter for digital systens. BACKGROUND 04

| NVENTI ON Di.gi t al Eifigiant ﬁrrtitl@gswg)lgital overtgrfordiwitai $ystehsi ng used
in a wde variety of applications including hard disk drives, cellular
phones, nodens and others. The digital 10 signal processor typically
operates on digital signals that have been derived from anal og signals.

The conver SiF?ELUQF'H‘ﬁ?E IRahepGhgnal to the digital signal is often

performed by an anal og-to- di gital converter (ADC). A nunber of techniques

have been used tg.Lnpl nt__an ADC. For anple, one, .type of ADC is the
so-cal | ed paral | gﬂlhe ggeﬁgdﬁ%‘f%ﬁo? SpEes $Wef‘ﬁﬁ§° %@P%‘é‘?‘gﬁaéﬁ’ﬂiﬂ"@@efﬁ ApLmORES

vol t age '%s a Ji%g to af{tlunber f conparators, the nunber being 2n-1 where
nis the’n feulagy tQpne ‘ﬁienb?l‘ta&gt‘@'cﬁéltﬁéﬁé‘f%éé?f dizieth spfterihe t hese
conpara:ors also receives a different reference voltage that ranges from
- near the highest voltage that can be expected to the |owest voltage that
can be expected. The outputs of each of the conparators can be logically
conbi ned t o BRrKGREUNPeOR THBIINMENWIIGN 20 One application that uses an
ADC is a read channel of a disk drive. In this application, digital data

oot 14 St gl s g e B
fanal 0g-to- d.hﬂﬂ.lﬁ:gtlionis kncluding hard disk drives, cellular phones, modems and others. The digital
10 signal processor typically operates on digital signals that have beeﬁ derived from analog
signals. The conversion from the analog signal to the digital signal is often performed by an
analog-to-digital converter (ADC).
A number of techniques have been used to implerient an ADC. For example, one
tj/pe of ADC is the so-called parallel comparator type. Inthis device, an analog input
15  voltage is applied to a number of comparators, the number being 2"-1 where n is the number
of digital bits to be generated. Ea_ch of the these comparazors also receives a different
reference voltage that ranges frofn near the hi gﬁest voltags that can -be expected to the
Jowest voltage that can be expected. The outputs of each of the comparators can be
logically combined to generate the n digital bits.
20 | One application that uses an ADC is a read channel of a disk drive. In this

application, digital data is encoded and stored on a disk drive medium. The data must then

be read from the drive and processed digital processing circuitry. An analog-to-digitél(




4 July 2005 converter is often used generate the digital circuitry that is
processed by the digital processing circuitry. SUMARY OF THE | NVENTI ON The
present invention provides an efficient anal og-to-digital converter_ for
digital systenms. This analog-to-digital converter includes a Auiyet®08t
advant ages over prior art devices. The concepts of the present invention

can be utidog&elrishfRn h‘é‘%W&Eﬁ%&ﬁﬁﬁ}%ﬁ?&f&&%ﬁw 'é{?alread channel

of a disk drive m ght 1 nclfude an ahal og-t o= converte Accordi ngly,
t he prese lrrgéﬁ? - nvi sions a novel disk drive systemthat includes
one of th(reﬁrg ooé]&}c?l anal og-to-digital converters described herein.

D fferent aspects of the present invention have advantages over prior art
techni ques. For exanple, since the analog-to-digital converter only
perfornms fjne.r i.on_digitization at certain signal l|levels, the
converter @ﬂ@%ﬁ%&%%ﬁlw ar fewer transistors. In one exanple, a
prior art anal gg-to-digital. converter at was inplenented with sixty-three
conpar at or s caﬁﬂ’i‘?msﬁ’é‘ﬁ InYeRtienarvides an eHicknt gnalogsin Jigkalconvisa fadigitl * Thi s
reduction is the nunber of conponents also leads to a reduction in power
consunpt i dirstenss.f Bus anatogrfeadigital comepleringludgs amwhidr of advaskigeeodepiioedt such as
cel lul ar tel ephones and nobile conputers. In accordance with one aspect of
t he presenfevicesrention, there is provided an anal og-to-digital converter
havi ng an i nput node and an out put node, the analog-to-digital converter

conprising, a first analog-to-digital converter configured to be centered
around a first point, the first analog-to-digital converter being operable

to receive an mRRUbnEh#BRthe fesent invention can be utilized in a number of applications.
For example, the read channel of a disk drive might include an analog-to-digital
converter. Accordingly, the present invention envisions a novel disk drive system that
includes one of the embodiment analog-to-digital converters described herein.

Different aspects of the present invention have advantages over prior art techniques.

For example, since the analog-to-digital converter only performs fine resolution digitization
at certain signal levels, the converter can be implemented with far fewer transistors. In one
example, a pﬁor art analog-to-digital converter that was implemented with sixty-three
comparators can now be irhplemented with only twenty-one comparators. This reduction is
the number of components also leads to a reduction in power consumption, a feature that i_s
especially useful in mobile devices such as cellular telephones and mobile computers.

In accordance with one aspect of the present invention, there is provided an
analog-to-digital converter having an input node and an output node, the analog-to-digital
converter comprising, a first analog—to-digital converter configured to be centered arounc.l a
first point, the first analog-to-digital converter being operable to receive an input signal, a

second analog-to-digital converter configured to be centered around a second point, the




second anal og-to-digital converter configured to be centered around a
second point, the 2 4 July 2005 second anal og-to-digital converter being
operable to receive said input signal, and a decoder including a first

i nput coupled to an output of the first analog-to-digital conv8del2008nd a
second i nput coupled to an output of the second anal og-to-digital

converter, arﬁﬁ%{— et -hei I : . LSt

anal og-t o-%ﬁogﬁ a oﬁ\?ﬁﬁggéﬁ&%al?%%ﬁ ﬁge&@ﬁz&%g%g%%%%ﬁ@ﬁ%%%#éi t al
converter t. C ] not her .as t of th resent

mvent i on, S inoidcn 8 GREBANEG Nl b ARG TR AR RS i RSO e . e
met hod conprj sing,,.provi ding an anal o signal that ranges froma first

si gnal |e\7§}da[sgc&gid§§@8ﬁ8upg Q40 WEWE?f,g[h?:?eég?(fﬂ’ﬁi%'tpﬁf%‘p?c‘a}vﬁﬁt‘fraﬂlesi gnal by
digitizing a first portion of the analog signal, the first portion of the
anal og si gisrderbeweiongrableteselect betweendhe gw&%@@%@w@w@&ﬁ% from
the first level to the second signal |evel, creating a second digital

si gnal by e geaond pplogato-digital ponvissetdugmitof t he anal og signal, the second
portion of the analog signal covering a range that is different than the
range enconpassdd abyortieefwitls inghertdspectlofithd sresds dnveness, thiseris phevidaige
fromthe first signal level to the second signal |level, and selecting

bet ween t hﬂn}‘:ﬂhbatofd@iiiiﬁ% afila@iRE s, themetatbnifriidg pr&idinglan dnblog
accordance with yet another aspect of the present invention, there is

provi ded agane96kip0s thot 4 Bkt SORUPIEY & 10 SR AL D 18911 3084AG 4 iRyt node to

receive an analog signal that ranges froma t sign to a second
level, a Ctﬁ@irieﬁ %iéﬁ*apb); digitizing a first portion of the analog signal, the first portion of the

analog signal covering a range that encompasses less than the range from the first
level to the second signal level, creating a second digital signal by digitizing a

- .second portion of the analog signal, the second portion of the analog signal covering
a range that is different than the range encompassed by the first portion but is also

- less than the range from the first signal level to the second signal level, and selecting
between the first digital signal and the second digital signal.

In accordance with yet another aspect of fhe present invention, there is
provided an analog-to-digital converter comprising, an analog input node to receive
-an analog signal that ranges from a first signal level to a second level, a coarse m-bit

analog-to-digital converter configured to digitize the analog signal from the first
-signal level to the second signal level, a fine n-bit analog-to-digital converter
centered around ‘0’ signal level, the fine n-bit analog-to-digital converter configured
to digitize a portion of the analog signai around the “0” signal level, a fine
switchable n-bit analog-to-digital converter that is switchable to be centered around
either a “+1” signal level or a “-1” signal level, the fine switchable n-bit analog-to-
digital converter configured to digitize a portion of the analog signal around either

2a




anal og-to-digital converter configured to digitize the analog signal from
the first signal level to the second signal level, a fine n-bit

anal og-to-digital converter centered around "0' signal level, the fine
n-bit anal og-to-digital converter configured to digitize a pofthubn®P the

ana: og signal around the "0" signal level, a fine swtchable n-bit
i ther a " tﬂ&g+5%§§%ﬂ¥§%léf“%%"“?’ .g%af%%%lﬁg e} sk B B R R APk

n-bit anal i.gital verter con iti.ze ortion of the
anal 0g o1 o] SBGHBoEan b 3 lagﬂaﬂei bt fwsmdh?an@?%ﬁ%ﬂpal or the
"-1" signal level, a decoder bein erable to receive a first d| i tized
portion of CONNErterAnddg T&EYRl SHPB @zqdi pratipo Bf theanalaggugnal diog the tine
converter and to receive a second d| gitized portion of the anal og signal
from the fewitchablgin-bitabaleg-ioligitahnemvsyter.dhelidegadst beingwperable totgeaerate oder
bei ng operable to generate an output signal that conprises either the
first digidn aeputsigial dmt cbmphisesasithlenthedirgndikitized pottorsefthadnalbgsighaked
portion of the analog signal and a digital output node for <carrying, the
out put of drithe s@Rhd Aighidd p@riah 0 themdldy ﬁ%kalaﬁweﬁgm oafphit hbde fut put
signal fromthe decoder. In accordance with a further aspect of the present

| nvent | on, cokyRigeitb Sul 8 itesbafserR A ERRINGL LA Andbtls Hid (e oGRAPY | SI g, 2

variable gain anplifier, an anal og equalt zer "with a first input coupled to

an out put (gain anplifier, an analog-to-digital converter
wth an i nsgéll}atl?@ll}% gcffé%&t he anal og equal I zer, the analog-to-digital -

comver ter compr gl 0g, G 1 Hin SREkRY akSec Bl e SAPYSLA RS, GROL Y o

provided a read channel for a disk drive comprising, a variable gain amplifier, an
analog equalizer with a first input coupled to an output of the variable gain amplifier,
an analog-to-digital converter with an input coupled of the analog equalizer, the
analog-to-digital converter comprising a first analog-to-digital converter centered
around a first point and a second analog-to-digital converters centered around a

- second point, both the first and second analog-to-digital converters being operable to
receive an input signal from the analog equalizer, the analog-to-digital converter
further including a decoder operable to select between either an output of the first
analog-to-digital converter or an output of the second analog-to-digital converter,
adaptation logic coupled between the output of the analog-to-digital converter and a

second input of the analog equalizer, and a decoder with an input coupled to the
output of the analog-to-digital converter.

" BRIEF DESCRIPTION OF THE DRAWINGS

The above features of the present invention will be more clearly understood from 7
consideration of the following descriptions in connection with accompanying drawings in

which:
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around a first point and a second anal og-to-digital converters centered
around a second point, both the first and second anal og-to-digital
converters being operable to receive an input signal fromthe 4ajﬁ§!%®
equal i zer, the anal og-to-digital converter further including & ‘det ér
operable to sel ect between either an output of the first analog-to-digital
converter or ang; 108 d Yol gl o r

adaptation | og%l%ﬂg%gg)ﬁ%%?ﬁmﬁ%ﬁgﬁgrout 33%%&%‘%%%?@%-@@?%%%@?0

converter an second..i nput of the anal og equalizer, and a decoder with
an i nput cgﬁbq?lgﬁ’nyg%lrr? thec}%?sﬁf}‘imﬁ?nq{(’ﬁe anal og-to-digital converter. BRI EF

DESCRI PTI ON OF THE NGS The above features of the present invention
will be nore c|1§&w%¥%&éf§§f%@ q(ﬁ@?ﬁve cRdigEe Acshew semplaey wayeferisng
descriptions in connection with acconpanying drawings in which: 2b 4 July
2005 Fi guhat canibg digititeddiy the agplegricodighalosnvertsh afithelpresgatioventioar utilizes an

anal og-to-10 digital converter of the present invention; Figures 2a-2d,

referred to colFigakidvillustrats aHirgterebodimedtemalexesyligithlyconaed @f e predeat can be
digitized by the anal og-to-digital converter of the present invention;
Figure 3 ijhldpibhates a first enmbodi nent anal og-to-digital converter of the
present invention; Figure 4 illustrates a waveformthat can be digitized

‘using an anal o qzié&r_e gfi iﬁﬁgn%{es a%a@é%rrﬁl%at%];n BQ &gﬁ%z%g %Qﬁlg Iarrf \a/u?a%é-?orléiigital
converter of the present invention;
Figure 5 illustrates a second embodiment analog-to-digital converter of the
| present invention; and |
Figure 6 illustrates a third embodiment analog-to-digital converter of the present 2

invention.




Figure 5 illustrates a second enbodi nent anal og-to-digital converter of the
present invention; and Figure 6 illustrates a third enbodi nent

anal og-to-digital converter of the present 2 invention. 3 4 July 2005
DETAI LED DESCRI PTI ON OF THE EMBODI MENTS The maki ng and use of f‘HBlYp%@éent |y

preferred ?ﬁqﬁ pivAatL! - However, it should be
atqﬁﬂe prgg%nt AN A £

appr eci at e |nvent|on prOV| es nany appllcable |nvent|ve

concepts that c be enb n cifi,c co

speci fi ¢ enbod.?r@n B BREE R o BelliE p i P e bp B R e (o
make and use e mvenLho ﬂif and do not Iimt the scope of the invention.
The ‘presen etpu,l,v R¥FY5R thihopldsheapprasiategdaatthgprgsent impentiogapse vidgsgnapys pecific
application, namely a disk drive read channel. The basic concepts w ||

t hen be exp@lﬂlﬁé‘de Feyeniiigconsepts thetas be cmbodindBrsviga daricof brepifisontowts.
utilized in other contexts. 10 Figure 1 illustrates a bl ock diagramof a
first efbodhesmrifseatbodinkdtstdisisedrrdxacielyatiustfatve of sgeckc dayyve makadnd hsennel .
In this system an analog input is applied to variable gain anplifier

(VGA) 12. Teanwatipytan@bo ¥6AIMR tHescappditelinventdAal og equal i zer 14 which is
in turn coupled to analog-to-digital converter (ADC) 16. ADC 16 is

preferably an Apfe ﬁt%sengﬁﬁ'%tldﬁ%llrﬁr%@derﬂesérﬁea_ b@th%%@é’ctto Qfsp&% ép@héa‘iloﬁoum ed

to both adapt ation logic 18 and viterbi decoder shown,

gg aptation na.rgay 4 dlsﬁ dHOH Raag ghrin?xeﬁ nﬁ{eoo%mfc 'c!ntlc%pts wl'll t%ﬁ%esexﬁin% }9 th%ﬁﬂe be used

reader can understand how they can be utilized in other contexts.

10 Figure 1 illustrates a block diagram of a first embodiment system 10 that can be used
for a disk drive read channel. In this system, an analog input is applied to variable gain
amplifier (VGA) 12. The output of VGA 12 is applied to analog equalizer 14 which is in
turn coupled to analog-to-digital converter (ADC) 16. ADC 16 is preferably an ADC as
described herein.

15 The output of ADC 16 is coupled to both adaptation logic 18 and viterbi decoder 20.
As shown, the adaptation logic is coupled to analog filter 14. The system 10 can be used as
to detect sequences of data read from a disk drive (e.g., magnetic drive, CD or DVD or tape
drive). The variable gain amplifier 12 will amplify the signal to the appropriate level and
equalizer 14 will equalize the signal levels.

20 One feature of this architecture is that the equalizer 14 is completely analog. This is
a popular trend because analog equalizers are more power efficient than digital finite

~ impulse response (FIR) equalizers. By eélualizing th;: received signal prior to perfonnifxg

the analog to digital conversion, it is more likely that the signal level will be very close to




to detect sequences of data read froma disk drive (e.g., nmagnetic drive,
CD or DVD or tape drive). The variable gain anplifier 12 will anplify the
signal to the appropriate level and equalizer 14 will equalize the signal
level s. 20 One feature of this architecture is that the equal i #dPlyif05s

conpl et el yo@uftiegargdttighal Bveld RPwied, hbwerd, HRCIHSD TN OGdRAtRLEARLS are
nore power efficient than digital finite | rrpul se response (FIR)

equal i zer Seo BybEpRRdd BisPlethital &%%M%@ﬁﬁtf’[ﬂ@tﬁb@% En§e fg@gelﬁg% a[%e& the

analog to digital conversion, it is nore at t [evel_will

. be very close t t ng | evel S
noted, however, ﬂ?eﬁé?é %%p%g%gf ?%@“%P% %Ktbf[ﬁ e iicrt ﬁ|38°%§ab§e|5h ed to
systens that us nite i.nmpul.se re FI R qu zers. The ADC
Tt ybr cal T BETe BrsstiPtin S idh e bR Taecs! HEr Ao VAL E | o
error rate performange. Therefore, a typical prior art parallel-conparator
type ACC méhmnmmrﬁ&?e D)5 Thg peestns AFvanenrsprpviges)s techmquedpresimnlifyinsgat i on
provi des a technique for sinplifying the anal og-to-digital converter

i npl enent atnatng-thydigiakiomyedahmpleagetatbn bh eking aguentyge e érettingpieqgiopetties ofi sk
drive signal. As a first exanple, we will assune that the system 10 uses a
PR4 si gnal thkdisR®tive sipdal.ch is an exanple of a PRIME (partial response,

maxi mum | i kel i hood) signal format. The 10 present invention would al so be

appl i cabl e to of hefirsP@latrid, WeSPRARRLNERSARE RB1ehf A NS R4 siEAGI ol Or mat i's
particul arl y interesting because it is used in many present disk dr| ves

vor oat i 1’6 A s fyeRynly oY RRMERRREN ktfiee SRARAY IRl o L UER Bl T,

hanne] i 1- l.n
cha e10 Spresent %ventxon woupiealsovpc apphcable to other partial response encoding techniques.

-The PR4 format is particularly interesting because it is used in many present disk drives

(e.g., magnetic disk drives, tape drives; compact disk drives and digital versatile digk
drives). The z-domain transfer function of an ideal PR4 channel is 1-z%. In other words,
- each coded bit is determined as one minus the bit of two cycles earlier. An example ofa

15  coded bit stream is shown here.

‘lnput 110010 1000110111 10100001180

PROutput: -t-1 10 001011101001 00-1001 1-1

Some typical output waveforms are shown in Figure 2.
The code has some ;-)roperties that can be utilized. First, after the initial convergence
20 of the eciualizer and timing recovery, the samples receive by the analog-to-digital converter
16 have only three possible amplitudes, namely 0, +1, or -1. In practice, this is not perfectly
true due to noise and imperfect equalization. The amplitude distribﬁtion, howevér, is still -

within small ranges around these three levels. Thus, one aspect of the present invention



each ‘coded bit is determ ned as one mnus the bit of two cycles earli
exanple of a 15 coded bit streamis shown here. Input: 1 10 0 10 1 0
1101111010000110 PRQutput -1-1210001011-12010
-100-10011-1 Some typical output wavefornms are shown r”frJubﬂjl%e 2.

The code haggomesso hiearert cempidamrs aratndbesst levdly ol hake fester cahpaatotsig othei t i al
convergence 20 of the equalizer and timng recovery, the sanples receive

by the analrggoﬁso digital converter 16 have only three possible anplitudes,
nanely 0, +17 or -1. In practice, this is not perfectly true due to noise

and inperfect eqyalaali p £ anbliRr BRI hoifley | zt\rrﬂ?%us'tMra.ngfém%{mn et !

within small ranges aroun these one aspect o

0 o i 8
Phese | evol @ ot oo Pt GO des sPLOD AL "0 Bonal PR RehG OF P pky &iuhas

anot her _useful propert rtue of the transfer function, there can
never bé a Opaf 1’5 %g f%li’eﬂt%%@ s rgcejveg; an-asspmption Gan be-madgiiaat the,syphpl pe -

e

OO%>

-
0
1

anything (i.e., +1, or -1). Thus, if a +1 signal is received, an
~assunption rcweldéwmldek m&@ Iaterevidhhetsatherras ot a ddbutmot enasher dycPianlariyiién wi |
be either a 0 or a -1 (but not another +1). Simlarly, if a -1 signal is
recei ved, af s'@;ﬁ&llimtéimeml, grassstepiiedent teatadeiat shendyoibol mcavadsavotakalyclek
cycles later will be either a 0 or a +1 (but not another -1). In fact,

t his propergyy Wﬁ&@({ﬁerl@ey@mmlt uesteposect).i ve bits. Assume, for the sake
of 10 explanation, that the data stream can be thought of as including an
odd channel and 2R %88 property extends beyond three consecutive bits. Assurne, for the sake of
10 explanation, that the data stream can be thought of as including an odd channel and an even
channel, such that every ether bit is assigned to either the odd channel or the even channel.
If so, neither channel can have a +1 (or -1) until it first receives a -1 (or +1), regardless of
how many intervening 0 bits are received.
Taking into account these properties, a simplified flash analog-to-digital converter
" 15 can be constructed. A block diagram of one such system is shown in Figure 3.
The system of Figure 3 includes two analog-to-digital converters. The first analog-
to-digital converter 22 is centered about zero and the second analog-to-digital converter 24
is switchable to be centered around either +1 or -1. In the preferred embodiment, both of
these analog-to-digital converters 22 and 24 are three-bit ADCs. Accordingly, these ADC's
20  will determine the signal level within one of eight levels.
The ADC 22 is preferably a flash analog-to-digital converter centered around the

zero level. The comparator [evels of this component are equivalent to those of a six-bit

ADC. The ADC 24 also includes comparator levels that are equivalent to those of a six-bit




channel, such that every other bit is assigned to either the odd channel or
the even channel. |If so, neither channel can have a +1 (or -1) until it
first receives a -1 (or +1), regardl ess of how nmany interveni ng 0O bits are
received. Taking into account these properties, a sinplified fFasly2005

anal 0g-t 0- ATt The APV A {sQfreferdbly akWiCBALIDENAYIBLLHEL @%veﬁe%&f&ﬁg%&agr am of
one such systemis shown in Figure The system of Figure 3 includes two

anal 0g-t 0- ALGLLA bSOV E LS ddBdihb bt -digjtal, converter 22 is
centered a%out ze?eo a\rllld Itaﬁle secdgnﬁﬁﬁﬁgﬁb%&? (L)B"gﬂagslE ﬁ% &%{))ﬁvgl??clé?ce?‘fdag e
switchable to _he centered. ,around either +1 or -1. _Ln the preferred

enbod ment S BEHe ST of RS o Bt I leonrre 2t Brbid SRk s oo
three-bit ADCs. According these ADC s 20 will determ ne the signal

| evel wit hi$ OWOWn@qéﬁ‘ﬁmg\?é‘&we?ﬁé'lmé'kz is preferably a flash ‘
anal og-to-digital converter centered around the zero level. The conparator
level s &f this cdopumasofiel 84and/aDén4 we cadhopepliattoa dstodebiz6. TADG:coddre ADC
24 al so includes conparator |levels that are equivalent to those of a
si x-bit 6 4villsklgct2BOGutpADEADTNE? A 2dnal kvelrefsermbley amuai'0'thrabiligelect the |
anal og-to-digital converter that can be swi tched between +I and -|

dependi ng @upiet ABC Hietheathallor #a% Serfdtsd Mouicsered "ok "Iihe The eSSt | ve
odd or even channel. As an exanple, the decoder 26 could include circuitry

t sh — . : . : ts_of ADC
0% and” Ane % g1 SRAER Wil iy Aiend Higher HEETbiE Saf Rresd whick el IBH Ge P |

the output ,qf o7 %as'Leet e, ThORbiRSIR of 1R BERLTLES b3E W0 & tneFies™ !

10 determined by ADC 22 or ADC 24 will comprise the entire digital representation of the
signal level (e.g., in six bits).

Figure 4 illustrates an arbitrary signal. As indicated by the hash marks 28, 29 and 30

on the y-axis, the analog-to-digital converters 22 and 24 perform more precise
measurements of the signal level within each predetermined window, the window being
15  illustrated by the dashed lines. (It is noted that the figure is not drawn to scale for a six bit
analog-to-digital converter.) Since outside knowledge already dictates that the signals will
most likely be within those windows, the system avoids the cost of determining the signal
level over the entire range. _
As an example, assume that the precision of a six-bit ADC is requirgd to measure the
20  signal level. In a traditional ﬂash analog-to-digital converter this measurement would be
accomplished using 63 comparators (25-1=63). The circuit of Figure 3, which uses two

three-bit comparators, only requires fourteen cbmparators (2°-1 +2°-1 =14). Inother



‘by ADC 22 or ADC.24

output of ADC 24 if the signal |evel was centered around either” +V or "-P.

The decoder, or other circuitry, wll also append higher order bits that

represent which signal level (i.e., +1, 0, or -1) was recei veg. T%

conbi nati on of these higher order bits, as well as the bits 10 dBbedfP ned
will conprise the enti digital. representation of the

si gnal | everorfs tys embadinapnt ofy fRepresept prgy C%J;%%/PF tion tadheapmben ot r ary si gnal .

As indicated by the hash marks 28, 29 and 30 on the y-axis, the

anal og- t o- dPgPRrElorcasadest aed Ysopsighipr mauptiarsip tha nevree cprstede  neasurenent s

of the signal |evel wthin each predeterm ned wi ndow, the w ndow being 15

illustrated by tA¢hckagiedund, theasrcuit bf the prasetenienhat prohides 4 fjor esolatiorodf this awn

to scale for a six bit analog-to-digital converter.) Since outside

know edge aldneldeyel dieadundrest! This finkeessligioalcan vé hded formtomatisghi dagtaliahli n

those windows, the system avoids the cost of determ ning the signal Ievel
over the enjidkfedodyeTheseAmeBoX ARLKevASTH RS Rbitkyhe precision of a-
six-bit ADCis required to neasure the 20 signal level. In a traditional

using 63 conpar at bR BN Nor A BN BN Cal i (AFRET o

t hr ee- bi t onl ires fourt t 2 -1 + 23-1 =
14) Tn ot rerRPe g ting EonaES RS SERE ShF Monk or aue i de

provi des 78%  reduction_in the nunber of conparators needed, and also a
similar redgetartens 2308 g8 power consuned. At the sane tine, the circuit of
the present invention provides a fine resolution of the signal |evel
measur ement . Thifspdténtiel preblemuxisshwith thetzehenseof Higure udibthereiicanggaion i ont r ol
e 10  detectinga +1 or a -1, the switchable fine flash analog-to-digital converter 24 could be
placed in the wrong position two clock cycles later. This error would make the output of the
fine flash converter useless during that cycle.
One solution to this potential problem is to include separate ADCs centered around
the signal levels for +1 and -1. Such a scheme is iltustrated in Figure 5. In this scheme
{5 three ADCs 22, 24a aﬁd 24b are utilized. While this scheme uses fifty percent more
comparators, it also eliminates the need to have any knowledge of what the bit might be. In
other words, this architecture can be used with any encoding scheme.
In fact, the scheme of Figure 5 could be used with any arbitrary binary digital stream
by simply removing the analog-to-digital converter 24b.- So long at the system does not
20 require any precise information about the signal levels during transitions, the system could
precisely determine signal levels at the 0 and 1 levels.

An alternate embodiment of the present invention is shown in Figure 6. This

embodiment is similar to the one shown in Figure 3 in that it includes a fine flash ADC 32




5 clock recovery. These sane goals are achieved with less circuitry. If it

is desirable to widen sone (or all) of the windows, this goal can.easily be

acconpllshed by increasing the nunber of bits of the fine resol ution

anal og-to-digital converters 22 and 24. A potenti al pr obl em e#iJalys2085t h

the schene oyl ditbdderd indtarg%ehmegﬂ ﬁ%gqomc“zer &1@ 589&& BechkeRly @ - 1.
g gl be lbl eced

the switchable fine flash anal og-to- ital conver 4 cou

in the won S Ieslat hi Id make t he
output of t A& T Ws‘%ﬂrbwﬁm%o%%r FefE et feShinsrnt BB e ade ™ BReet ut  on
to this pote,p (?@emrst Indilggq%gsp te ADCs centered around the
si gnal IevePs °V ri R SISng fRes: SRhensese; AL 32 o ludetsg thatpp gaeewhere| n
this schenme 15 three ADCs 22, 24a and 24b are utilized. While this schene
uses fifty PEREhRISEEETS, %érrﬂ‘alrs%&fé?-@d eqrersgihe aysdri dvasaobsificha corapidietlossivdy e
any know edge of what the bit mght be. In other words, this architecture
can be usedinférofatiemy encodi ng schene. In fact, the scherre of Figure 5 could
be used with any arbitrary binary digital stream by sinply renoving the

anal og-t o- di gi t alhedimeuvie bf BigurMalscSmcludaganaddd Merksygitep4dag an 6adn Rk equire
any precise information about the signal |evels dur | ng transitions, the

system coul g ngls&r 66,1 BiRbsy redfkees apera?oﬁaemalredléﬂeérswmﬁr e 14 ﬁdhdzeilo Leual %H An

al ternat e enbodi nent of the present invention is shown in Figure 6.

enmbodi nent % EH e [ cl.udes a
fine flash Q%C% ;H qlg [Z[H%tfo is g% cen ere %?%un zgra%&g d‘%\gdesdq *habl e
fi tne flash &%gdezérchﬁ%aéc a[%e geco%ie c}rgtprt%g 28 Mr Qur.;p}ies this information back to the

10 switchable ADC 24.

In this embodiment, the decoder 26 could outeut six bits. The most significant three
bits could be passed through from the coarse analog-to-digital converter 32 and the least
significant three bits could be passed through from either analog-to-digital converter 22 or
analog-to-digital converter 24 depending upon the level of the signal being digitized. The

15  determination of which fine analog-to-digital converter output 22 or 24 to pass through
could be made by utilizing the information from the coarse analog-to-digital converter 32.

Although not shown in the figures, the embodiment of Figure 6 r:ould be modified
by converting the switchable analog-to-digital converter 24 into two analog-_to-digital
converters 24 a and 24b as was shown in Figure 5. In the example where the analog-to-

20  digital converter 24 is a three-bit ADC, this modification would add seven comparators. But
the twenty-eight comparators of that circuit would stiil be significantly fewer than a full six-

‘bit analog-to-digital converter that requires 63 comparators.




34 and an even nhhkpresanginveriiorsgn by mogifieddyiagrerbsr eff waysr bot ee@pleothe

and -1. This enbodi nent also includes a coarse three-bit flash
anal og-to-digital converter 32 that covers the entire signal range. The
coarse ADC 32 is included so that in cases where there are |arqge rors,
e.g., noise created errors, the system does not suffer a conpl 38813’%9 of
S information. The circuit of Figure 6 also includes an odd nmark reg:ﬁ;ter
nber
whet her the | ast non-zero bit was a +1 or a -1. This information is
det er m ned fmabop-tolhgitad apwertABDC232d A tbricoanpe andloeth-digitdl henvedec@deowd r cui t ry
26. The decode circuitry 26 further supplies this informati on back to the
10 swi t chabbéneARCmad. thimoit feiver thabteker®inl Fof hantds adestern that Diludedu tipes bisi X
bits. The nost significant three bits could be passed through fromthe

coarse anal egi-On0Ca0tAl o RS LiTneFDAN AftE24 KA usSbPithieraRn t hree bits
coul d be passed through fromeither analog to-digital converter 22 or

aral . ¢ L gblaboRORSAY ke ARSI AR SRS LRY Pk i35 00Rk, oo 1

tput 22 or 24 tq. t hr ough I.d be made by utilizing.the informati
from the colhEECRRERETE SN IV ER G URTLIoREAE Ayt SRR SSHENRFn t he

figures, the enbodinment of Figure 6 could be nodified by converting the.
swi t chabl e anal o8hils-this gnveationlinspesn dascrbed;withyrefsrencs figgatixe aliné? 1gents, |
converters 24 a and 24b as was shown in Figure 5. In the exanple where the
anal og-to 2€higdeyéripioncomutanterded2dbe eongtruderise-lbniting\Bmse.t irpugowidificgtienson
woul d add seven conparators. But the twenty-eight conparators of that
circui t wouhsl &nibitatiogs of wailfuseaiveleynbbeiwents, Baweldad athér emibodini@ints of the

anal og-to-digital converter that requires 63 conparators. -9

10 invention, will be apparent to persons skilled in the art upon reference to the deseription. It

is therefore intended that the appended claims encompass any such modifications or

embodiments.

-10-




4 Jul'y 2005 The present invention can be nodified in a nunber of ways. For
exanple, the fine analog-to-digital converters 22 and 24, or coarse

anal og-to-digital converter 32, could generate nore than or f n
three bits. For exanple, a systemthat included a three bit cg\éﬁlg’eioﬁ%c 32

and two four-bit fine ADCs 22 and 24 would use only thirty seven 5
conparators, still a greater than forty percent inprovenent over a full

si x-bit Aﬂ@*%ﬁﬁ%%@r'séonbi nations could alternatively be used dependi ng
upon the systemis requirenents. Wile this invention has been descri bed

wi t h ref erence Ananalegitordigital genveriso BaviRgrasinputmiogecansarn gitpumotle, thet

I ntended to Pe construed in a limting sense. Various nodifications and
combi nat i @halogrtodigital ganyerter-RoMREisBEhodi ments, as wel | as ot her enbodi nents
of the 10 invention, will be apparent to persons skilled in the art upon
reference to t Rdreicdiglogderdigital eenverter qopligused tabe pertptesareunst a firskpeifpended
claims enconpass any such nodifications or enbodinents. -10 4 July 2005
WHAT |'S cig natpg-tp-digital spayesgr beiogipprgrablp te taeeierasy inpuhsigngl an i nput node

and an out put node, the analog-to-digital converter conprising: a first
anal og-t o- di gi @a?ecgﬁf}rﬁﬁlqgé cravaretcanfoused toderceniamedarownsta second st poi nt
the first analog-to-digital converter being operable to receive an input

si gnal ; aPeBk dhtsesrad ahaleg-terdigital.gonkester beingopetmile tpreceive saidinpubsigealed
around a segond poi nt, the second anal og-to-digital converter being
operabl e #89%receive said input signal;

a decoder including a first input coupled to an output of the first analog-to- digital
converter and a second input coupled to an output of the second analog-to-digital
converter, the decoder being operable to select between the first analog-to-digital

converter output and the second analog-to-digital converter output.

2. The analog-to-digital converter of claim 1 wheérein the second analog-to-digital

converter is switchable to be centered around either the second point or a third point.

3. The analog-to-digital converter of claim 2 where the determination of whether the
second analog-to-digital converteris centered around the second point or the third point

is made by examining a previously received signal value.

4, The analog-to-digital converter of any one of the preceding c!aims' wherein the
~ first and second analog-to-digital converters comprise n-bit analog-to-digital converters,
" the analog-to-digital converter further combrising a coarse m-bit analog-to-digital
~ converter, so that the output of the analog-to-digital converter comprises the output of

the decoder and the output of the coarse analog-to-digital converter.

}
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and a decoder including a first input coupled to an output of the first

anal og-to- digital converter and a second input coupled to an output of

t he second anal og-to-digital converter, the decoder being operable to

sel ect between the first analog-to-digital converter output afd®rR®93econd

anal og-to-digital converter output. 2. The anal og-to-digital converter of

claiml wherein the second anal og-to-digital converter is swtchable to be

cent ered ab-oundThs anaigy-tokdigitad comerigodfiranyameaf thei precquingndlaind. furlives

anal og-to-digital converter of claim?2 where the determ nation of whether

the seconePreptsingg thid dnajog-4¢-digitahconverter iconfigansdsiode centanediatonad adiiand poi nt

or the third point is nmade by exam ning a previously received signal

val ue. 4. i, thedhistanatpgdioedigitdl converter baing operably toreseive saltsnpurt sigadi. ng

clainms wherein the first and second anal og-to-digital converters conprise

n-bit anal og-to-digital converters, the analog-to-digital converter

further conprising a coarse mbit anal og-to-digital converter, so that the

out put of &he aFhelanglogdodiigiial ednvederefrang one oftheipsesedirigeclaios puberein the he

decoder and the output of the coarse analog-to-digital converter. 11 4 July

2005 5. Tanalogriatdigiiat condergniokl compenentdn a birdxtivesead cliannkk therisjod siodg ot | ai s

further conprising a third analog-to-digital converter configured to be

cent ered dheapriogtodigital copusirier beinh soupied th amatitg-of en dnglog ®qualzener t er bei ng

operable to receive said input signal. 6. The analog-to-digital converter

of any one of the preceding clains, wherein the analog-to-digital

converter is a conponent in a hard drive read channel, the input node of
The analog-to-digital converter of any one of the preceding claims wherein the

output node of the analog~to-digital converter is coupled to an input of a viterbi decoder.

8. A method of digitizing an analog signal, the method comprising:

providing an analog signal that ranges from a first signal level to a second signal -
level,

creating a first digitai signal by digitizing a first portion of the analog signal, the
first portion of the analog signal covering a range that encompasses less than the range
from the first signal level to the second signal level;

creating a second digital signal by digitizing a secohd portion of the analog signal,
the second portion of the analog signal covering a range that is different than the range
encompassed by the first portion but is also less than the range from the first signal level
fo the second signal level; and

selecting between the first digital signal and the second digital signal.

9. The method of claim 8 wherein the analog signal comprises a partial response

encoded signal.

12




the anal og-to-digital converter being coupled to an output of an anal og
equal i zer. 7. The anal og-to-digital converter of any one of the preceding
cl aims wherein the output node of the anal og-to-digital converter is
coupled to an input of a viterbi decoder. 8. A nethod of digi f¥8ly#§0an
anal og signal, the nethod conprising: providing an anal og signal that
ranges froma first signal |level to a second signal level; creating a
first digi1&l sThmrethod oficlgim 8 or Agvherdin thet analngtsignal isfenchdedisdhdbatdhiggnal |
the first portion of the anal og signal covering a range that enconpasses

| ess t han anglog signpbis rfieap mieveboff+%, &t osiysih thatfad firsbsigmad bif dcenndded ghal

| evel ; creating a second digital signal by digitizing a second portion of

t he anal ogfirst npnegero endoded sighaldeysl theromnext noheerpraignag bié repebled@peren ng a
range that is different than the range enconpassed by the first portion
but is al sepmiesof elheicycies latancannbt berat the shinedevebagthel firstawoatzera encotled second
signal level; and selecting between the first digital signal and the second
- digital sisigndllevel, The nethod of claim8 wherein the anal og signal
conprises a partial response encoded signal. 12 4 July 2005 10. The net hod
of claim8 or 9 wherein the anal og signal is encoded such that the anal og
signal is near a level of +1, O, or -1 such that if a first signal bit is
‘encoded attla fihednethethoidaim & Scrdddvhdrgindhe analed signalis engedrd usiopazer o
signal bit received an even nunber of clock cycles |ater cannot be at the
same | evelpadial taspotserancodion sehante.encoded

12.  The method of any one of claims 8 to 11 wherein the analog signal is encoded

using a scheme that includes three encoded signal levels.

13.  The method of any one of claims 8 to 12 and further comprising creating a coarse

digital signal by digitizing the analog signal between the first signal level and the second

signal level.

14.  An analog-to-digital converter comprising:

an analog input node to receive an analog signal that ranges from a first signal
level to a éecond level;

a coarse m-bit analog-to-digital converter configured to digitize the analog signal
from the first signal level to the second signal level;

- a fine n-bit analog-to-digital converter centered around a ‘0’ signal level, the fine
n-bit analog-to-digital converter configured to digitize a portion of the analog signal
around the “0" signa_! level;

a fine switchable n-bit analog-to-digital converter that is switchable to be centered

. around either a “+1” signal level or a “-1” signal level, the fine switchable n-bif analog-to-

13




signal level. 11. The nethod of claim8, 9 or 10 wherein the anal og signal
I.s encoded using a partial response encodi ng schene. 12. The nethod of any
.one of clains 8 to 11 wherein the analog signal is encoded wusing a schene
that includes three encoded signal |evels. 13. The nethod of aftyulyd0sf
clainms 8 to 12 and further conprising creating a coarse digital signal by
digitizing the anal og signal between the first signal |evel and the second
si gnal | evéigital canvengr egndigucedite digitirpaporiannidhe analedaighalsreund eitherthal og
i nput node to recei ve an anal og signal that ranges froma first signal
|l evel to a*tdesigng! ipes)orthey-tsighablepelbi t anal og-to-digital converter
configured to digitize the analog signal fromthe first signal |evel to
the second si gr@geq@%b?m&owa@ego moeiveradirelpligitzed rartian of tomanalegsige@nt er ed
around a '0' signal level, the fine n-bit analog-to-digital converter
conf i gur edrare the finetn-bitanalegsio-digital genverier ant te fposivgfesecond dighiged partio of
signal level; a fine switchable n-bit anal og-to-digital converter that is
sw t chabl ¢h¢ anglag sigpaldraaythefing gwdtclazbie arbit analog-to-gligifakgonverer thgdegoder -
signal level, the fine switchable n-bit analog-to- 13 4 July 2005 digital
convert er ReHi oRpIARIG ta gengrale an sutpat pignalithat comprises eithar g fisstgligiizedr ound
either the "+1" signal level or the "-1" signal |evel;

portion of the analog signal or the second digitized portion of the analog signat; and

a digital output node for carrying the output of the coarse m-bit analog-to-digital

converter and the output signal from the decoder.

15.  The analog-to-digital converter of claim 14 operable for use with said the analog

signal encoded with digital data.

~16.  The analog-to-digital converter of claim 14 or 15 operable such that the output
signal of the coarse analog-to-digital converter is used by the decoder to select between
the first digitized portion of the analog signal and the second digitized portion of the

analog signal.

17.  The analog-to-digital converter of claim 14, 15 or 16 wherein the coarse m-bit
analog-to-digital converter comprises a three-bit analog-to-digital converter and the fine
n-bit analog-to-digital converter and the fine switchable n-bit analog-to-digital converter

both-comprise three bit analog-to-digital converters.

18. The analog-to-digital converter of claim 14, 15, 16 or 17 operable with said

analog signal is encoded with a partial response, maximum likelihood encoding scheme.

14




a decoder being operable to receive a first digitized portion of the anal og
signal fromthe fine n-bit anal og-to-digital converter and to receive a
second digitized portion of the analog signal fromthe fine sw.tchable
n-bit anal og-to-digital converter, the decoder being operabl e4/BlYGdREr at e
an out put signal that conprises either the first digitized portion of the
anal og signal or the second digitized portion of the analog signal; and a
digital out$ut Aoeedthannehior aidislk drive comppsing.of t he coarse mbit
anal og-to-digital converter and the output signal fromthe decoder. 15.
The anal og-t o- d& Yariable gaimawplifier; of cl aim 14 operable for use with said the
anal og signal encoded with digital data. 16. The anal og-to-digital
converter of clan analey equalizeraidredirsbinputcioupledto ameutput gidiie varialpleagainf t he
coarse anal og-to-digital converter is used by the decoder to sel ect between
the first ampfifiel:zed portion of the anal og signal and the second digitized
portion of the analog signal. 17. The anal og-to-digital converter of claim
14, 15 or 16 whiranalpa-edigighearwenebiith an inpubepupteddo ghoatput ofthe mnalog
conprises a three-bit analog-to-digital converter and the fine n-bit
anal og- t o-agitglizes| the ensleg-taedigial onvaster icnmpgsing a e baalogbi-tigial aloowprten- di gi t al
converter both conprise three bit analog-to-digital converters. 18. The
anal og- t oc@higrecharobache drst peinbanda seenntgnalog;totiRital cohventere ceteredrpbnd ai d
anal og signal is encoded with a partial response, maximumlikelihood
encodi ng &desapd poiny baththe firsbawbsecoad analogdotdightalmosverfars beindiopkrabile toe
conpri si ng:

i ?eceive an input signal from the analog equalizer, the analog-to-digital converter further

including a decoder being operable to select between either an output of the first analog-
to-digital converter or an output of the second analog-to-digital converter;
adaptation logic coupled between the output of the analog-to-digital converter

~ and a second input of the analog equalizer; and

a decoder with an input coupled to the output of the analog-to-digital converter.

20.  The read channel of claim 19 wherein the second analog-to-digital converter is

switchable to be centered around either the second point or a third point.

21. The read channel of claim 19 or 20 wherein the first and second analog-to-digital

converters comprise n-bit analog—to-digitai converters, the analog-to-digital converter
~ further comprising a coarse m-bit analog-to-digital converter, so that the output of the
analog-to-digital converter comprisés the output of the decoder and the output of the

coarse analog-to-digital converter.

22, The analog-to-digital converter of claim 19, 20 or 21 wherein the decoder

comprises a viterbi decoder.
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a variable gain anplifier; an anal og equalizer with a first input coupled
t.o an output of the variable gain anplifier; an anal og-to-digital
converter with an input coupled to an output of the anal og quajl lﬁ’éeﬂr? t he
anal og-to-digital converter conprising a first anal og-to-digital" érter
centered around a first point and a second anal og-to-digital converters
centered around a second point, both the first and second

anal og-to-digital converters being operable to receive an input signal
fromthe anal og equalizer, the analog-to-digital converter further J

i ncl udi ng 43- deovlanalpgtadigital sontsirer comprdieg mebns vpambleiin Actordamce withdhe of
the first anal og- to-digital converter or an output of the second

anal og- t o-Taeiyprd of amoencceficlaims 8dafBat i on | ogi ¢ coupl ed bet ween the out put of
t he anal og-to-digital converter and a second input of the anal og

equal i zer, and a decoder with an input coupled to the output of the

anal og-to-digital converter. 20. The read channel of claim 19 wherein the
second anaddeg- threfidghaanel furadisk divei comprisingohedriseopembieincenoriance wittound
either the second point or a third point. 21. The read channel of claim 19
or 20 whertBe methad afiany pne pficlaissdhie Ehal og-to-digital converters conprise
n-bit anal og-to-digital converters, the analog-to-digital converter

further conprising a coarse mbit anal og-to-digital converter, so-that the
output of the analog-to-digital converter conprises the output of the
decoder and the output of the coarse analog-to-digital converter. 22. The
anal og-to-digital converter of claim19, 20 or 21 wherein the decoder
conprises a viterbi decoder.

16




15 4.July 2005 23. An analog-to-digital converter conprising neans

operabl e in accordance with the nethod of any one of clains 8 to 13. 24. A
read channel for a disk drive conprising nmeans operable in accqordance with

t he met hod of any one of clains 8 to 13. 16 Efficient Anal og-tg-PjY&(ﬁél '

Converter for Di giffpdieRy 3 ieso-ABPIRNGT Cohverteal fog-Dipitildystenmonverter 16
i ncludes first and second anaf’og-to-di gital converters 22 and 24 both of

whi ch recei‘%/@@gg%iput signal. The first analog-to-digital converter 22 is
configured ntered around a first signal |evel point while the

- second anal og-to-digital converter 24 is configured to be centered around a
second si gnal Ipé\/%]al%foﬁ‘f‘.g“ CORYSHEL O sy éé‘ilr%é‘ggﬁf‘ﬁﬂflémfl?%ﬁq“&ﬁggt e
anal og-to-digital converters 22 —and 24 and sel ects_between the %i_r %t
anal 0g- t o- diogyarters Poande?4 kath 9D whishiseseivran ipput sg@bnbihe Bishrdea9-deElt al
converter 24 output. Figure 3. o )
5  converter 22 is configured to be centered around a first signal level point while the
second analog-to-digital converter 24 is configured to be centered around a second signal
level point. A decoder 26 receives inputs from the two analog-to-digital converters 22

and 24 and selects between the first analog-to-digital converter 22 output and the second

analog-to-digital converter 24 output.

Figure 3.
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