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

i s encoded and sDiietlsigmal prodesbrsdrd be@ommd Mie pBBﬁaﬁ%Eiﬁg?i‘?/ﬁintahﬁHe vty ad

fromthe drive and processed digital processing circul An

ribebas T SR T ST R A

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(




processing circuitry. SUMVARY OF THE | NVENTI ON The present invention
provides an efficient analog-to-digital converter for digital systens.
This anal og-to-digital converter includes a nunber of advantages over prior
art devices. The concepts of the present invention can be uti FiB8R908 a
nunber of applications. For exanple, the read channel of a disk drive

m ght i ncl ; % otNa IWy( o} . ! vids pr esent
invention(gﬁé?g?gﬁgﬁggﬁg&%Pgh?ékgﬁgwggﬁégs g%?? éﬁg&?ﬁg Hﬁggé%ﬁe of the
enbodi nment -00--f0-di gital converters described herein. Different aspects
of the prd%@%$§ﬁ%9%ﬁt$%n have advant ages over prior art techniques. For
exanpl e, since the anal og-to-digital converter only perforns fine
resolution digitization at certain signal |evels, the converter can be

i npl enent e it h fewer transistors. In one exanple, a prior art
analog%xyﬁb%ﬁ@%BkgéﬁJgﬂ@Qﬁvpﬁgﬂo%bs i npl emented with sixty-three
conparat ors can_ now be .inplenented with only twenty-one conparators. This
reduction is tHE PRRBIERVEFOR BFRY: ﬁ9§ﬁ‘ﬁ%aﬂl@é%§"a@@ o fssigital power
consunption, a feature that is especially useful in nobile devices such as
cel l ul ar tsestephodsanging-teobiilal comvepier imckides anurolesof adicstages oves posapect  of
the present invention, there is provided an analog-to-digital converter
havi ng an demped 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 input signal, a second analog-to-digital converter
configured to %F%&'iﬁe SF R éﬁaﬂtiﬁvéﬁ%ﬁ)ﬁ%ﬁnB?h{i‘ﬁzedtiﬁ@n&néer;éﬂaﬁ ﬂ%ﬁﬁns.second
anal og-to-digital converter "being operable to receive sard i Bu Signal

and a 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




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 the
second anal og-to-digital converter, the decoder being operable to select
between the first anal og-to-digital converter output and the &dBlR05

anal og-to-digital converter output. In accordance wi th anot her aspect of

Lhe presenicch Gl aidiBiLebterBeOl L edoioth REL0OL Rt Gkl b8 a0 anal o9

signal, the nethod™co I'sing, pro ng an anal og n ranges from

a first si . . on Lgnal | eye reating, a.first i gital

i gnal by SegberiBilind 2Ry BRSCH0R RS oY Bhe e BhoiGu el Soyere

portion of the analog signal covering. a range that enc asses _| ess than

t he range ?F%ﬁef?fgia%“gé’f’upq?‘g@ém opput pidhe e %ﬂﬁg@g nverteretiei ng a
second digital signal by digitizing a second portion of the anal og signal,
t he seconddeﬁeﬁi?ribéwg@Pe@%'é typpdtch betwireihe fish oralogip-digital serpertetatput ndii f f er ent
than the range enconpassed by the first portion but is also less than the
range fr onthekecond aralogstoedigital cenwetteraitpiie second signal |evel, and sel ecting
between the first digital signal and the second digital signal. In
accordance w t h lyatcadaidesvitlasmpehér s3pedtiof tipy gresnit inveneoh, there it pervédéds

provi ded an anal og-to-digital converter conprising, an anal og I nput node to

recei ve . anmathalof didigzak ahhaklopangns the MatRJf donfiriskig Pi vihiﬂg% dnglog second
| evel, a coarse mbit analog-to-digital converter configured to digitize

-the anal Ogsié‘iagﬂf’ak rdrip88Troea ﬁks{t%fcgnaﬁfegaatb o R¥Gd §igﬁﬁlh§ve§,ﬁ(§9ﬁgjgsé gpgl level,

a fine n-bit analog-to-digita onverter center ar ou st gnal |evel,

the fine LY .8 ~di gi r figur igiti a
bor t1 on okl SRR Galeislngl it RRAELH gl S dne ke fofldrl i iné
switchable n-bit anal og-to-digital converter, that i.s switchable to be
cont o od SrOoR e Eharing e e IR RERNEE lors Rin e ralge fam ESER, |t he
fine svvit(ihale n-bitdanaloq-to- . . .

: evel to the second signal Tevel, 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



digital converter configured to digitize a portion of the anal og signal
around either 2a 4 July 2005 the "+1" signal level or the "-1" signal

| evel , a decoder being operable to receive a first digitized portion of the
anal og signal fromthe fine n-bit analog-to-digital converter4 5
receive a second digitized portion of the analog signal fromthe fine

swi t chabl «bi 4 anal ot 9-di gi b riar c r [ . rable to
gencrate R obt BACHPRLS 11 HsmBPRELb Srrods BoiE BRI R SRREEG
portion of_.the anal.og sign or. the second. digitized portiqgn.of the anal og
si gnal an lﬁpﬁﬁ%ﬁfﬁe&ﬂ’%stmfg%ﬁhﬁaﬂ%“)ga}gﬂaﬁﬁw&bﬁ ne @?G%Eﬁ%'ﬁo" %he coarse

m bit anal og-to-digital converter and the qutput signal fromthe decoder.

| n accor daffEerisr andforegel¥ied sesopd digidfed pratipn a5 Higrana g drom therfing s
provided a read channel for a disk drive conprising, a variable gain

anpl i fi er,svitchabledl-biy angjogito-digitahcomvester,ithe de¢adenbeing wpbrable to genematst put  of
the variable gain anplifier, an analog-to-digital converter with an input
coupl ed ofart twepuirsigied thed cainprises, eitheethedirat digitized gorfidnadf the arslog eignal
conprising a first analog-to-digital converter centered around a first

poi nt - and @ thesanad Agtingt partidh of thal analudvesig had aendied odiat avdslfk second
point, both the first and second anal og-to-digital converters being

oper abl e tQryROme Rl of RRoaRledidlt dralfB. e ARPLAGeREURId (BE buphDe

anal og-to-di gital converter further including a decoder operabl'e to sel ect
bet ween eig rlfl%ﬂ‘l&l%td%ldb &f the first analog-to-digital converter or an
out put of the secon ana‘i‘o'g-to-di gital converter, adaptation |ogic coupled

MR R M N O R e SR
of the anagrg‘%-dteg _agi:e? | (t:h%lnnglo 0¥g rcltis rdrive 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:

2b



BRI EF DESCRI PTI ON OF THE DRAW NGS The above features of the present

invention will be nore clearly understood from consideration of the
foll owi ng descriptions in connection with acconpanyi ng draw ngs g‘? i ch:
2b 4 July 2005 Figure 1 is a block diagramof a read channel 4yi hat

utilizes an anal og-to-10 digital converter of the present invention;

Fi gures 2a-2d r4r i j

wavef or ms thatf"%ﬁﬁe Ibléqé’?%ﬁﬁ%@éﬁﬁ‘g;ﬂ%%ﬁn@%&n ot SR R0 (e
present in 11[ " gyz 2, e ustrtates a first errbodl nent

anal og-t o- g&g %"ﬁ Ffié?f SSP ‘PH%“ Pfesent invention; Figure 4 illustrates
a waveformthat_.can SI ng. an anal og-t o- d| gital converter of
the present in/aEYEY '2& 6%9 pﬂgfp}yﬁs@gglge dcbenExemplsn yaygtorms

anal og-to-digital converter of the present invention; and Figure 6

i |1 ustrat ebatran e digivzaddyi the malegww-@gxt@l@oavmemf theguesentigvensiont he present 2
invention. 3 4 July 2005 DETAILED DESCRI PTI ON OF THE EMBODI MENTS The

maki ng and use . Ffukl3allpstessnt firyt aiefdimegdnalopasdizial congerter df g meedt bel ow
in detail. However, it should be appreciated that the present invention
provi des nghtiogPP! i cabl e inventive concepts that can be enbodied in a wde
variety of specific contexts.

Figure 4 illustrates a waveform that can be digitized using an analog-to-digital
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.




5 The specific enbodi nents di scussed are nerely illustrative of specific
ways to nmake and use the invention, and do not |imt the scope of the

i nvention. The present invention will first be described with respect to a
specific application, namely a disk drive read channel. The b4drky 208Acept s

will then bg Fs RN T‘i?ﬂa%ﬁi ‘re)ﬁqpmgstand how t hey can be
utilized in other contexts. 10 Figure |}I)’ ustratesS a bl ock diagram of a
first enbodi ment. syst.em 10 t can be used .for a disk drive read channel.
' thi s syst om T oRRERBEY ricdind Bschly BRGeg Floo irttol g8 Pl SR
(V&) 12. The, oytput of VGA. 12 is appl/ied to anal og equalizer 14 which is
in ‘turn cSﬁfﬁlll'e]go{‘)’ﬁve&rl'a?h(ggﬁtQ?—@P@qctaé% BehilepreEnt nsERtonprovidesmany j s
preferably an ADC as described herein. 15 The output of ADC 16 is coupled
t o bot h adapnliseble invewigieconsepiibatian be smbadied e Wizl varigty of bgswific contexts.
adaptation logic is coupled to analog filter 14. The system 10 can be used
as to flet dbt sreldeenbedinehtsdbicassedac: hemly iHusiaske ofispeafi¢ eags to nmakgned i
drive, CD or DVD or tape drive). The variable gain anplifier 12 wll

anpl i fy theneSh@ndbn,tad i aoripit trscapeotthyieraidd. equalizer 14 will equalize
the signal levels. 20 One feature of this architecture is that the

equal i zer 14 1 sTROBRLAL Rl kARl Girst Y disdiibed AiRORkANo bEFAMEORRAURERANA 00

equal i zers are nore power efficient than digital finite "1 npul’'Se response

(FIR) eaualizals  Bucoaualizing (e, hog ShiehShanah widpind:0 RL g™ 10

t he anal ogn?lg conversion, 1t TS nor e“signal | evel
will be very close to -4 4 July 2005 .one, of the target signal |evels. It
is noted, HOdehrap D %ﬁnﬁc}@ﬁ’c‘gﬁg%&“%e '{tﬂ‘ée‘ﬁﬁnég}éq‘ifori‘tﬁV%nt ion could be applied
to systens that use digital finite inpul se response (FIR equalizers. The
ADC 161@ypi cal | fighees! Hlusteasasiadiodiriagramiof apirst smpedimedesysien Hithptogn be used
accept abl e error
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 the received signal prior to performing

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




rate performance. Therefore, a typical prior art parallel-conparator type
ADC woul d utilize 5 63 conparators (26-1). The present invention provides .
a technique for sinplifying the anal og-to-digital converter i rrpl enment ati on
by taking advantage of the unique properties of the disk driv8J8lygiRp. As

a first exgigufehe ih@etwidnlal RSSEINE if MAdd, hbRe Y SthRPo A& pHiSTshedrERAt BvaiRh
format, which is an exanple of a PRI VE (partl al response maxi mum

i kel i hoodo,d 6% parq?ﬁlstem;fhﬁtusm@fa@ﬁﬁmmnﬂhv%@& W pege.

applicable to ot al response encoding tec n|q

. particularly i N nt disk.drive
~(e.g., magneti cnh&@ééc} ?gﬁ%ﬁ?@%gr P%u\?lg}sil%%mr%ﬁg]t %erg?(gﬁwv\?eagcegﬁa&geﬁ?rt al
versatile disk .drives e z do in transf functi on of PR4
channel i stitperisrmange. )BIE%&%F}&% al PRYAY %@LC%PPH?@Y?-{B?% é%“éfhe
mnus the bit of two gycles earller An exanple of a 15 coded bit stream
i s showh h&¥eompaggiers (2 11)1Tbe pregeny inveptiqn grovidgs pteghnique for gmplifyimg theo 1 1 0
PRCQutput -1-110001011-10100-200-20011-1 sSone
typi cal outrpig-toaigfbromyertarémpleowntation 5y giing a@varithee of deamips psapeeties of
properties that can be utilized. First, after the initial convergence 20
of the equgkid&kRidnassigdal.m ng recovery, the sanples receive by the

anal og-to-digital converter 16 have only three possible anplitudes, nanely

0, +1, or -1. |RspPHAE IeW»ﬁli'éthhMé 8&tehy10 Ly PRYRIQ) BRhae and
i rrperfect equalization. Thé anplitude distribution, however, i's still

W N STl bk RS OUPT PERGS Bokll B8e) 8 Sk TRl A BRRTE T ThOC

present invention rop 58 arators’ around
these | evel s and have fe a rs i.n other
10" present invention would also be r(a%pflcatb? to other parua responge encodmg 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



The PR code has anot her useful property. By virtue of the transfer
function, there can never be a patternof the type "+1 x +1 " or "-1 x -1",
where x can be anything (i.e., +1, 5 0, or -1). Thus, if a +1 signal is
recei ved, an assunption can be made that the symbol received tddubl ¥R

cycl es | at giropistd to heveandrh eompas@toos araund thédaubveloindaraos feever ¢dhparBorsih athey, | f
a -1 signal is received, an assunption can be made that the synbol
received tweyighs0Cck cycles later will be either a 0 or a +1 (but not
another -1). 7 In fact, this property extends beyond three consecutive bits.

Assume, for the ’[‘tb]@ PR Rfie hainbitR} @Qﬂlk}?&gﬁh gk VAR oq%ﬁe}a]tra?ltsfef ﬁmscﬁgrﬁ tl{%ﬁ% .

t hought of as including an odd chann even channe

every other bit is assianed to either the .odd chanpel or the even.channel.
1 a0, “ner e poveh B REREA RE BRE s I b 4% 0T AR Rop Y SHBIER 02571
(or +1), regard|e of ow many intervening Q bits are received, Taking
into acé‘ou'rfg"f h@sﬁbﬁ»bfﬁe"fqﬁ‘%g"? ‘%FC%EWF&I» P} AEUDPloR RN bR AP255 thad thysymbal _
converter 3. 15 can be constructed. A block diagramof one such systemis
~ shown in Firgeeiwd Te clegiseystes dptermyigiheciBer ad praldSbuimet arpthesg-19-oSinibrly df
converters. The first analog- to-digital converter 22 is centered about
zero and t he skasandcane, agassengiigi ¢aal bequatiedhdt dire Rhbol mcawed whvatdak dydebe

centered. around either +1 or -1. In the preferred enbodi nent, both of

these anal qgef @ilidje@ithétla (Carraver (bef sot3Rothard 184 are three-bit ADCs.
Accordingly, these ADCs 20 wll determ ne the signal |level wthin one of

elont levels. e eeDidRobAnRhRlAL Bhjohd Rkl oA Bk t Rt foRtheGRRMAT L er

centered around he' conparator 1eve I's conponent

GRRETRCIET MY RN A RS ) o T
| channel, such that every bther 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 agalog—
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




ADC. The ADC 24 is preferably a swi tchabl e anal og-to-digital converter that
can be switched between +I and -1 depending on whether the |ast non-zero
synbol received at the respective odd or even channel. As an exanpl e, the
decoder 26 could include circuitry (not shown) to control the4A 5

bet ween +1 gnd. The A@)d@@isq;@z@f@cub@-a%fwiee%lg&ﬂ@to&ﬁlﬁta%mﬁfe&eﬁ? afR! 1 ed to a
decoder 26. The decoder will sélect the output of ADC 22 if the Signal

| evel was g 10y i ut put._of JADC.24 if the
signal | ev&%%gé&%éﬁ{egﬁggmgr bg%n%f t(1)re1r%‘$‘ﬂe§€€/‘¥ 8%’*?%5 E}? '%%gsﬁggooléﬁcrefveégt Ih8t her
circuitry, wll.al append. hi gher order bits, that _represent, which signal
Cevel (i) e roopestiy® o o e Fiaqieh 5% aelbApgiple Hhedtesahh 2 St Ao e waY Knfner
order bits,,as well as th its 10 determ ned by ADC 22 or ADC 24 wil |l
conpri se tﬁ'@o‘éﬂ)(@F@n%ﬂﬁél?et‘gperzé%i@’éeéﬁt*'dtqnénl-of the signal level (e.g., in
six bits). Figure 4 illustrates an arbitrary signal. As indicated by the
hash madks 28, Jheanpugpl A 2hand AR 34 are kechapaliwiporcledidyi £6) Thodecedérer s
22 and 24 performnore precise nmeasurenments of the signal |evel within
each pr edetvaiintlnedhawutptovwf ATHE2if tlohosigria lemgl s cehtbrad broahé d0'byr wilisedashed
lines. (It is noted that the figure is not drawn to scale for a six bit
anal 0g- t 0- Gugput af ADOMAF thelsighal et adbdiire@ as e iadpe- 1alor eady Tdi gialigs t hat
the signals will nost likely be within those wi ndows, the system avol ds

the cost of, deketipupiy gl Ao %%&H@highér%f@ér,b@%%lfat Ieﬁg&aﬁyf{i& sfi@r[wgv%l-o(i.és an

exanpl e, assune that ‘the precision~of a six-bit require neasure
the 20 si | emel . .a.traditional flash anal og:-to-digital converter
Lhis measuranbt - otedBiedn dBS s AORie of B Rt Bkl e s EEMES) * e
circuit of Figure, 3, [ch us two, three-bit conparators, only requires
fourt edf cé‘ﬁﬁ?&?’é‘?‘&g&% fgl]owgé-?-i vall fasnpﬂf%t%efszgﬁ drgitalrepigpsptasiont 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



wor ds, this enbodi nent of the present provides 78% reduction in the nunber
of conparators needed, and also a simlar reduction in the power consuned.
At the sanme tinme, the circuit of the present invention provi deﬁ a&fi ﬁg
resolution of the signal |evel neasurenent. This fine resol ut JHYZRR° be

‘used for autonmti.c gain control and 5 clock recovery. These sa oals are
' r@ﬁ’ P? eq;yw%f‘ew For

achi eved witHds Buserpqdimeqt ) the pregept provides 787 pidycy (or all) of
t he wi ndows, this goal can easily be acconplished by increasing the nunber
of bits of cpHeamiorencedasyprft $lema siFHiap rdueian igitheatowes 6pRsmedr s 22 and 24. A
potential problemexists with the schene of Figure 3. If there is an error
in 10 det ecti ng\tahesskmertinae, the cinchie of ik podsels[iaveniioreptblideha finadeogution-afithg t al
converter 24 could be placed in the wong position two clock cycles later.
This error syl leverakeeasurditeroUuThigtfinefresolition khmBe fided $dt RENVRE g8 WEEHICHE
during that cycle. One solution to this potential problemis to include

separ at § AlXSkGRRVAY e Thak e sodlSretbRIBAl Wil R i@yl and -1. Such a -
scheme is illustrated in Figure 5. In this schene 15°three ADCs 22, 24a and

e YA e T mr

it also elimna e nee ave edgé df m ght be.
In other words,.fhis .architecture can.he ed wt ny_encodi chene. In
fact. the ceramish Biftreie B tiaoaatatsat BF bt o P i 5 Sl y
digital stream by si ngl y renoving the anal og-to-digital converter 24b. So
| ong at t hé%%‘te@r%zég‘é 4not 20 require any precise information about the
signal levels during transitions, the systemcould precisely determne
signal |evels atA pdienti@d] pmbletn dxasteivth tharschdnnerifbgee énblodiemesan aforithe present
invention is shown in Figure 6. This enbodinent is simlar to the one
shown iyp Fidgiettnogd +Inortaha] the bwitttebledfs fish bmod-loadifitdADénv@2er 248could 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
15  three ADCs 22, 24a and 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




4 Jul'y 2005 centered around zero and a switchable fine flash ADC 24 that
can be switched between -1 and -1. This enbodi nent al so i ncludes .a coarse
three-bit flash analog-to-digital converter 32 that covers the entire
signal range. The coarse ADC 32 is included so that in cases wdduly 2G0fer e

are | arge, Sk arfulocr MO AISAIB I LS A IEraXIA BL00RBa BRb Bl o @

conplete loss of 5 information. e clrcurt o so i'nclude

odd mark regjste : rk. register,.36. These registers are
provi ded t o e bR BYF BoflRey b BreE i i ATEF I R oG Ratr Ty
information,ig determ ned fromthe coarse ADC 32 and js proyided to the
decode circdft E/cozgsrgpﬁgheé‘ 1%%%1%@3?'cu ¢ ferrsea P briZieinckiderhic B 1n peses where
information back to the 10 switchable ADC 24. In this enbodi nent, the
decoder 26 B BEESTOSsE-E- BPISRCreaid crerst the sypterh decsmot suffieea complets leswifd be
passed through fromthe coarse anal og-to-digital converter 32 and the |east
si gni fi cant inférmatiobi t s coul d be passed through from either anal og '
to-digital converter 22 or analog-to-digital converter 24 depending upon

. the level of theTkd@rai oDBigng Glilgh inicldek anldtR! dhbrkdedi@ervanatiiafBvel miki ch fine
anal og-to-digital converter output 22 or 24 to pass through could be nade

by utilizin 36. 1Rk §<@n . _ i git ’ r
32" A though ot shown Ehthe Tl gures. T hareabaracn il kB BOREELFY be

nmodi fied by, conve{i. | og-to-dightal , converter .24 into
fwo anal og: oL ahb St dfniite el o R SRk AP Cae By SRR 4 5. 1
Lhis modi t§ SEPTHTHINZA S8 CeOe ATRORRAD BLE s s EomRE R Gt
conparators of that circuit would still be significantly fewer than a full
si x- bi 10 answishelleACgd4-al converter that requires 63 conparators. -9

Int this embodiment, the decoder 26 could output 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
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 _coulcl 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.




4 Jul.y 2005 The present invention can be nodified in a nunber of ways. For
exanpl e, 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 cgﬁg’eioﬁ%c 32

‘and two four-bit fine ADCs 22 and 24 would use only thirty seven 5

conparat ors, st i The pregang Hventianap be sradjfigddn ecanwmbenpl warsnterexamele. hefing|
six-bit ADC. Many other conbinations could alternatively be used dependi ng
upon the sy staog-®o-digital comreeints2 an\Bi) @ cbiriss anabvgetot-digital harsveliersd?, dedér i bed

with reference to illustrative enbodi nents, this description is not
i nt ended t ogheratomsdier thatod fowar thanrihiderttss TS Eanyfi, aQydertidi fncluded atisee Hnd
conbi nations of the illustrative enbodi nents, as well as other enbodi nents

of the 10 i gyRALAO 32t twh e RRRATRUDEL2IPEES PN ukd &8y it} £Qe@r t upOn
reference to the description. It 1is therefore intended that the appended

" PR 8 R 0%, BN S s A %

d de,. th | 0g-t 0-di,gi A ising:.. af
 Gnal og- o APGFT B ERES P M GePuE b $ERURE b SR PRI BT o nt

the first anal og-to-digital converter being operable tgo receive an input
signal ;: a second“ngItygvEnieyhas Feednscricdeyitesirsngs F(é@i“ft@“t‘i‘ée@é?f{]‘@%‘a,
around a second point, the second anal og-to-digital converter being
oper abl e t othiedssinpiogas notiintpaded4d brednstruesid adimidiog sknse.i Vieriawd imeglificafipnsst
i nput coupled to an output of the first anal og-to- digital

and combinations of the illustrative embodiments, as well as other embodiments of the

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.
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converter and a second input coupled to an output of the second

anal og-to-digital converter, the decoder being operable to sel ect between
the first analog-to-digital converter output and the second

anal og-to-digital converter output. 2. The anal og-to-digital cGrivEr09P of
claiml wherein the second anal og-to-digital converter is switchable to be
centered around either the second point or a third point. 3. The

anal og-to-WHd‘thlﬁlc'-é’éMEQr'ﬁ'er of claim2 where the determ nation of whether
the second anal og-to-digital converter is centered around the second point
or the thitd pdﬂrﬂnai%wrﬁﬂa@' sonvertenrhaingarinprigadeanden edeitnede. dhgnal

val ue. 4. The anal gg-to-digital converter of any one of the preceding

cl ai ms whénalog-tewligitat GonyerierrempsisiBed anal og-to-di gital converters conprise
n-bit anal og-to-digital converters, the analog-to-digital converter

further conpri &g analogdeigity senvedergopfigured n be centeregomound afirst paintt hat t he
out put of the analog-to-digital converter conprises the output of the
decoder aflf istanainglerdigital Coavedisnbaiag aprirblg 1o feceiveiandnpysignekt er . 11 4 July
2005 5. The analo @}O_ ?c;ggl tal converter of any one of the preceding clains
further corrpriﬁsr?ﬁg anplagdoSigiial sgoverteErafigured toceceniessd aspoeadt o be
centered around a third point, the third analog-to-digital converter being
oper abl e P8Ik dhe$srend apglogrirgiattalicopugrter being pRerablmtargeeive saidinpat sigemver t er
of any one of the preceding clains, wherein the analog-to-digital
converterai“g a conponent in a hard drive read channel, the input node of
the anal og-to-digital —converter being coupled to an output of an anal og
equal i zer. 7. FRECodeRINGHding firgt inayt coypied i an owtpubefithe fiest analegrio- digtaledi ng
clainms wherein the output node of the anal o?-to-di gital converter is

coupl ed t PHRTEIANG scondinrub eiplertiosnautput of the sespnd analeg-ti-digital zi ng an

anal og signal , the method conpri si n?:
onverter, 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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provi-di ng an anal og signal that ranges froma first signal level to a
second signal level; creating a first digital signal by digitizing a first
portion of the analog signal, the first portion of the anal og signal
covering a range that enconpasses |ess than the range fromthéJPg’rQé)p5
signal level to the second signal |evel; creating a second digital signal
by digitizing a second portion of the analog signal, the second portion of
t he anal og®si gnbite amlag-fordigital camgstet bfeanyi anedif tHequrecadinghalainistfertiiexnge
enconpassed by the first portion but is also | ess than the range fromthe
first signeamprisingla third ansleg-4e-digitdl conyertdr cbafigeled tarbe eetered anngndetthieken t he
first digital signal and the second digital signal. 9. The nethod of claim
8 wher ei n paiRt, thadhistarsiagHatdigitalpeieder beipngopérable tespoive saidinmadigiaki gnal .
12 4 July 2005 10. The nethod of claim8 or 9 wherein the anal og signal is
encoded such that the analog signal is near a |level of +1, 0, or -1 such
that if a first signal bit is encoded at a first non-zero encoded signal
level therf.a neble analegAerdigital genvertbr of ang ove véthe preceding clainnsbwierein td ock
cycles later cannot be at the sane |level as the first non-zero encoded

si gnal | evasalogite-digitekcomeerterds efconipanentd) a bant drive redrbcheinnel, tre iamainode sf gnal
I's encoded using a partial response encodi ng schene. 12. The nethod of any
one of cl dherandog-to-digitahenvsirier beiog snudledtosargetdputiof ar moaldgeéqualigeng a schene
that includes three encoded signal levels. 13. The nethod of any one of
clainms 8 to 12 and further conprising creating a coarse

7. 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




digital signal by digitizing the anal og signal between the first signal

| evel and the second signal level. 14. An anal og-to-digital converter

conprising: an anal og i nput node to receive an anal og signal that ranges

froma first signal level to a second level; a coarse mbit 4July200

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- t o- #0.gi t Bte wetred of dainc 80t 8 vdukrein themhalog' signat isgerebdédswh thatiifee f i ne
n-bit anal og-to-digital converter configured to digitize a portion of the
anal og si gardlog signaliistheahe levet ofst g Rabr +bsush;that iff4 firet Sighal bitébéreodediat a

anal og-to-digital converter that is switchable to be centered around

ei t her a "first'nonizgraendoded signal lavel thien anept abnizerpatignal hié rédeivedanievemabl e
n-bit analog-to- 13 4 July 2005 digital converter configured to digitize a
portion of nurmkerghelpeucyslegiater carmahbe et thheamelieyel asthe fisstqroatzereengoded t he
-1" signal |evel; a decoder being operable to receive a first digitized

- portion ofsignablexelal og signal fromthe fine n-bit anal og-to-digital
converter and to receive a second digitized portion of the anal og signal
fromthe fine swtchable n-bit anal og-to-digital converter, the decoder

bei ng operable to generate an output signal that conprises either the first

digitized Hfpor therm@hod pleclaimed, Scprefidgmgreiothe aralegesigmal isiengoded esinger t i on of
the anal og signal; and a digital output node for carrying the output of the
coar se mmaﬂlagfﬁpg@ﬁet@cdﬂigmsdllem%onverter and the output signal fromthe
.decoder. 15. The anal og-to-digital converter of claim 14 operable for use
with said the anal og

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 encoded with digital data. 16. The anal og-to-digital converter of
claim 14 or 15 operable such that the output signal of the coarse

.anal og-to-digital converter is used by the decoder to select between the
first digitized portion of the anal og signal and the second di fiJlyz208>
portion of the analog signal. 17. The analog-to-digital converter of claim
14, 15 or 16 wherein the coarse mbit analog-to-digital converter

conpri ses @gital capventer cofigrieg-te gigitizgia rartianoefies aeglogsignalpcoundmpithepthp ¢

anal og-to-digital converter and the fine switchable n-bit anal og-to-digital
convert er +BotSF9“é‘Uﬁ¥ﬁ‘|°§§19t ht" &igrel levelnal og-t o-digital converters. 18. The
anal og-to-di gltal converter of claim 14, 15, 16 or 17 operable with said
anal og si gnal |&J9eg0deEkRInG\PReTableda Faceive afissistigitized nasianaithe analeg sigorl

encodi ng scheme. 14 4 July 2005 19. A read channel for a disk drive
conpri si nngOfathPafmeaer'ba@aA?Qﬂan’ma! reevertenand taresgiveUEcPed digitired partien p t

i nput coupled to an output of the variable gain anplifier; an

anal og- t o-18¢ gnalag Stsaﬁ'\fm the figerswitshabie piit apalegttedigita! tawvgmrpih'@ degodaie

anal og equalizer, the anal og-to-digital converter co ising a first

anal og- t o-REing ererakie lnganetate ap oxtost san@lrtwmmnwwtheg&erﬂrst fizgdsecond
anal og-t o- dlgltal converters centered around a second point, both the
first and POBESH haaiaing tienal ppthefecershdigitized gortien althe garlagisignaband ecei ve an
i nput signal fromthe anal og equalizer, the anal og-to-digital converter
further incl ud digtahoute fersaneyingdhe auiput efdhe é@@'é? "b'@!? oralep-rdigital an

out put of the first analog-_ to-digital converter or an output of the second
anal og- to_cap\éﬁr[eépnql;gw;? ,S}gnal 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.
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adaptation | ogic coupl ed between the output of the anal og-to-digital
converter and a second input of the anal og 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 anal og-to-digital @¢daVed0er is
switchable to be centered around either the second point or a third point.
21. The read channel of claim19 or 20 wherein the first and second

anal og-t o-H.gi t & read channel for g diskrdoive compriting: anal og-t o-di gi tal converters,
the anal og-to-digital converter further conprising a coarse mbit

anal og-t o- di gi tavariablegain emplifies, t hat the output of the anal og-to-digital
converter conprises the output of the decoder and the output of the coarse
anal og-t o- di gi t20 angiegequabizer with a fitakbinputdoupled do ai gitpal of tlevagiabler gaii ¢l ai m
19, 20 or 21 wherein the decoder conprises a viterbi decoder. 15 4 July
2005 23. #WplifiRkl og-to-digital converter conprising neans operable in
accordance with the nethod of any one of clains 8 to 13. 24. A read
channel for a dsaalng-ledigigheenvertenwitean inpobesuplsiddo ian catpuboithe@ealagt h  t he
met hod of any one of clains 8 to 13. 16 Efficient Anal og-to-Digital

Convert er agplizerghe analgyta-digital copETRACIMpriging affist agalogtadigitalaioneaterert er 16

includes first and second anal og-to-digital
_ 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 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
con.verters 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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converters 22 and 24 both of which receive an input signal. The first

anal og-to-digital converter 22 is configured to be centered around a first
signal level point while the second anal og-to-digital convertﬁr éﬁ i
configured to be centered around a second signal |evel point. Au é%@ger 26
receives inputs fromthe two anal og-to-digital converters 22 and 24 and
sel ects between the first analog-to-digital converter 22 output and the
second analog-to-digital converter 24 output. Figure 3.

23.  An anafog-io—digital converter comprising means operable in accordance with the

method of any one of claims 8 to 13.

24.  Aread channel for a disk drive comprising means operable in accordance with

the method of any one of claims 8 to 13.
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