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Effi ci ent Anal og-to-Digital Converter for Digital Systen‘?FpEQEp(gzﬁi%o S -

| NVENTI ON The present invention relates generally to anal og-to-di INUV 2000
converters and nore 5 particularly to an efficient anal og- t&%g \éa@_{:
converter for digital systens. BACKGROUND OF THE | NVENTI ON gnal
processors are begoffidign QDEH . i ! i i de f
applications includi ndg;i rﬁc}6§kwd??l\%§ﬂ @gplvgﬁ}rr %ngg&ﬁahéﬁ#é’"%g

others. The digital 10 signal processor typically operates on digital
signals that have been derived fromanalog signals. The conversion from
the analog signal to the digital signal is often perfornmed by an

anal og-to-diFQl‘%Lé] OEGrREINMENABDON. A nunber of techni ques have been used to
i npl enent an ADC. For exanple, one type of ADC is the so-called parallel

conpar at or type. Tha ptdsest igdeanitioa relates gerdraidy toru;mu_toojé_d{qtatmg@vén%rsaagglnﬁ&g to a
nunber of conparators, the number being 2"-1 where n is the nunber of

digital blt%ahﬁutaelvg@a@éﬁic&%m@@ht@awﬁaﬁc&nﬁ@ﬁ@rfgpﬁpﬁaﬁsh sal so receives a

different reference voltage that ranges fromnear t st vol t age t hat
can be expected to the |owest voltage that can be expect ed The out puts of
each of the conparators can be logically conbined to generate the n

digital bit i i es an ADC is a read channel of a
di sk dri ve.ﬁ%AhE&@SL @b@ﬁoﬁ‘%%a‘lbﬂ data is encoded and stored on a
di sk drive nediu eﬁta must then be read fromthe drive and processed
di gital processi ﬁéi P@B?tﬁ*?ﬁesﬂﬁs YR PEERJOINS Mirg porylar. being used in a wide variety of

applications including hard disk drives, cellular phones, modems and others. The digital

10 signal processor typically operates on digital signals that have been 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 implerment an ADC. For example, one

type of ADC is the so-called parallel comparator type. In this device, an analog input

IS voltage is applied to a number of comparators, the number being 2"-1 where n is the number
of digital bits to be generated. Eaph of the these compara:ors also receives a different
reference voltage that ranges from near the highest voltagz that can be expected to the
lowest voltage that can be expected. The ourputs 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-digital
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-1 - converter is often used generate the digital circuitry that is
processed by the digital processing circuitry. SUMMARY OF THE | NVENTION 5
The present invention provides an efficient anal og-to-digital converter for
digital systens. This anal og-to-digital converter includes a nunber of

advant ages URhet bikn aick godeN RS iohi] Aol e AREGec A ADBLgA L0 ol 0 Lal

converter inclu irst and secon ana 0g- |ta converters both
of which receive an input signal. The flrst anal og-to-digital converter is
confi gured? FﬁeﬁggégﬁFgged around a first signal level point while the
second analog-to-digital converter is configured to be centered around a
second signal level point. A decoder receives inputs fromthe two

anal og-to-digital converters selected between the first anal og-to-digital

converter SUHMMARMEOK AHEENYENTHAN 0og-to-digital 15 converter output. The
concept$§ of the present invention can be utilized in a nunber of
applications. Hbe pessemphegntioherowdes aheficieht oflag-didgitdcorerter fittdidgint| ude
an anal og-to-digital
systems. This analog-to-digital converter includes a number of advantages over prior art
devices.
In a first aspect, an analog-to-digital converter includes first and second analog-

10 to-digital converters both of which receive an input signal. The first analog-to-digital
converter is configured to be centered around a first signal level point while the second
analog-to-digital converter is configured to be centered around a second signal level
point. A decoder receives inputs from the two analog-to-digital converters selected
between the first analog-to-digital converter output and the second analog-to-digital

15  converter output.

The concepts of the present 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 preseﬁt invention envisions a novel disk drive system that
includes one of the embodiment analog-to-digital converters described herein.

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

For e;cample, 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 prior art analog-to-digital converter that was implemented with sixty-three

comparators can now be implemented with only twenty-one comparators. This reduction is




converter. Accordingly, the present invention envisions a novel disk drive
systemthat includes one of the enbodi nent anal og-to-digital converters
described herein. 20 Different aspects of the present invention have
advant ages over prior art techniques. For exanple, since the

anal og-to-djgital converter only perforns fine resolution digitization at
certain si gh%mum@@?@mw@n@@wmdéﬁo & Edupreon impowrReRNSEMPIioh affeaturt dwers
transistors. In one exanple, a prior art analog-to-digital converter that
was i npl emespesihliyiusdfuisnxegbileifeviseconpas atllnts idephonesmnkdendbifel compatead Wit h
only twenty-one conparators. This reduction is -2 the nunber of conponents
al so leads to a reduction in power consunption, a feature that is
especially useful in nobile devices such as cellular tel ephones and nobile
conputers. 5 BRI EF DESCRI PTI ON OF THE DRAW NGS The above features of the

present invention will be nore clearly understood from consideration of
t he foll:ow iy N PP iQ?PWﬁ h acconpanying drawings in C
0 mhicﬁ: IgJﬁiE%SF%&EQEF%CQFglag?g%¢b ‘a $ead channel systemthat

utilizes an anal gio- 0 _digital converter of. .the present ipvent,ion;
Fi gures 2a-2d, r@% ?\éedt%‘?%ueégﬁf}t SRR V‘%‘O&i‘ﬁﬂﬁ% e SRRl \é")‘{%ﬁ%‘?ogrtﬁf)m
waveforns that can be d%ﬁit[zed by the anal og-to-digital converter of the
present i nvERSIAGAOIGhs Bllawing drserpitons inconpeddion gy erepanying drawings in
anal og-to-digital converter of the present invention; 15 Figure 4
i |lustrateswhichhavef ormthat can be digitized using an anal og-to-digital
Figure 1 is a block diagram of a read channel system that utilizes an analog-to-
10 digital converter of the present invention;

Figures 2a-2d, referred to collectively as Figure 2, show exemplary waveforms
that can be digitized by the analog-to-digital converter of the present invention;

Figure 3 illustrates a first embodiment analog-to-digital converter of the present
invention;

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

20 invention.



converter of the present 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 20 invention. DETAI LED DESCRI PTI ON OF THE EMBODI MENTS The mneaki ng

and use of the present| referred enbodi ments are di scussed below in
detail. HoREEHALED WW@W&?&FQHBQWEN@"%M%M i nventi on

provi des nmany applicable inventive concepts that can be enbodied in a w de
vari ety of speciThe makimgtaed use ofBhd heeseplyqiréfenedenbaetinent aredisassss ddloaria
merely illustrative of specific ways to nake and use the invention, and do

not limt tdeeilsciopevaf it thvald by aiprécisted ﬁ?th@'pﬁb%@fﬂtin\ieﬂﬂ&ﬂ\Fﬂo@ﬁle!‘frdahyfi rst be
described with respect to a specific application, nanmely a disk drive read

channel . ThgoRAGln—ABEREep It Lian é?ﬁoo%i%a%%qdéga&e%%fsbgcgﬁ% Esfdas. can

under stand how they can be utilized in other contexts.

illustrate k. di f jrst e i ent st 10 that can be

used 1 or - gt haRt reflacd ¥ nehlip PEMET D oT¥ S hetoat Pk B 6

applied to variable in amplifier (V .12. .The output of VGA 12 is

appl i ed to BnEVIYOBLALIP IS H%f t{}\%?ct‘?ﬁg Pg@erﬁnvef‘ﬂ?rh coupl ed to

anal og-to-digital converter (ADC) 16, ADC 16 is preferably an ADC as

descri bed her ei n-he pesqianysatipnvilbfirsaperdassribed wigh prserst tor H6eikic agplisrten.on

l ogic 18 and viterbi decoder 20. As shown, the adaptation logic is coupled

t o anal og frahtebra digk driveacalchianml 10 he amsibeonasmsiwibthen be deganded sahateheces of

data read froma disk drive (e.g., magnetic drive, CD or DVD or tape
reader can understand how they can be utilized in other contexts.

10 Figure | 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 approprate 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 equalizing the received signal prior to performing

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



drive). The variable gain anplifier 12 will anplify the signal to the

appropriate level and equalizer 14 wll equalize the signal |evels. 20 One
feature of this architecture is that the equalizer 14 is conpl etely anal og.
This is a popul ar trend because anal og equalizers are nore power efficient

than digital ife r S FI R) ual i zers ual i zing the
recei ved sP en%gtgiﬁafﬁ ag?gall'b Fo?h‘? gred éweaﬁ%t chr&eg]sgﬁhaprgsgw\}gyegtl@ﬁ it
isS nore I|kelg t hat the si gnal IeveI will be very close to -4 one of the
target sigRatdpedraliedtqysieBsibatdae dighakelindie impHkt resprnse fTIR) saualigesspr esent
invention could be applied to systens that use digital finite inpulse
response (FIR) d&geal ks opicThiehaDCed@utgpdicat biys ihasdeata ahivent@ptabfe esiox
bits in order to achieve acceptable error rate performance. Therefore, a

typi cal prire pafdrmpadealThetef@emgp@blofride ypepaADE) - svdntachtort tirbd ZBC Ro0@3 utilize
conparators (26-1). The present invention provides a technique for

si npl i fyi ng3t-B@paRRkaas-1 P-THeGirtht GOBMBINREvileR t@ém&&etfbpﬁmpb{fﬁ@hh@g
advant age of the uni que properties of the disk drive signa a first

exanpl e, Lo BIRHIBLIHE! i f1Em UL SR AU MG 8RB HeONRucly dﬁgprég fes ofWNI Ch

IS an exanp partial response, “maxi mim I-gnal
formt. The %qh resent. invention would al so be applicable to other parti al
response eﬁl?:eo 7 %"Y estghlﬁ'i gques. The PR4 format is parti cularly interesting
because it is used in many present disk drjves netic disk

. 9.,
drives, tape driAsSHISEYARIG WaivaR agrumpalatdhgsygien) kOatvse%ngtsrgnél farmawt.
drives). The z-domain transfer function of an ideal PR 1 channel is 1-z'2.
I n ot her worldd is aeaxdmpie dedPBML (partgétasponsnetaamumrikethond sighel fhimpatofThe wo
cycles earlier. An exanple of a 15 coded bit streamis shown here.
10 present invention would also be applicable to other partial response encoding techniques.

The PR4 format is particularly interesting because it 1s used in many present disk drives

(e.g., magnetic disk drives, tape drives; compact disk drives and digital versatile disk

drives). The z-domain transfer function of an ideal PR# channel is 1-z%. In other words,

each coded bit is determined as one minus the bit of two cycles earlier. An example of a

1S coded bit stream is shown here.

jnput. 110010 1000110111101 0000110
PROutput. <1t 10 001011101001 00-1 001141

Some typical output waveforms are shown in Figure 2.
The code has some ixoperties that can be utilized. First, after the initial convergence
20 olf the equalizer 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 distribution, however, is still

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



lnput: 11 001010001101111010000110PROQtput: -1-1
1.0001011-10100-200-12001211-1 sone typical output
waveforms are shown in Figure 2. The code has sone properties that can be
utilized. First, after the initial convergence 20 of the equalizer and
timng recovery, the sanples receive t he an an to-digital converter 16
have only tPFﬁF@éesﬁBg%Y%P@%WW[?&%%@“?%WE?VC Qgha(YF fe gCPWPEﬁaEP(Ef ine@ghery pj g
is not perfectly true due to noise and |nperfect equal i zati on. The
anpl i tude d¢&e%S bution, however, is still wthin small ranges around these
three |l evels. Thus, one aspect of the present invention -5 proposes to have
mor e conpar at or sThaP®urede hhvaetieeusdfiel mopbriya\By fieweo! the rpasfetfongionntheeher
regions. The PR code has anot her useful property. By virtue of the transfer
function, thgheverean pﬁt&\t@bfdhe@epal tern" of " he -1y pehetett can bekny@ing'(i.é., X1,-1 ",

where x can be anything (i.e., +1, 5 0, or -1). Thus, if a+l signal is
recei veq, g,as U”ﬂ?lh!; Qf‘a@ﬂﬁo% 1@@6‘&%&1% ﬁsﬂ%pﬁ%ﬁ’@ﬁ bér%&é‘é Mﬁﬂh&%ﬁnt&‘dl“k ,
cycles later wi be either "a 0 or -1 (but "not another +1 larly, if

recei ved t\l\rB éY ater w e el er-a or a

another -1). |n fact IS exten beyond t hree.cqonsec ve bits.
Assune, for-L tsr@aea@ela?g ST %%”éecgtve B Sl e
t hought of as including an odd channel and an even channel, such that
every ot herlatst will e eithsr yfepa b it pAEINOsE-Bdd channel or the even channel .
I f so, neither channel can have a +1 (or -1) until it first receives a -1

(or +1), regardlladsctahis poapertpranygndsriiegondthiasgodsdsiitie: Eise Asewnt, ferthe sake of

a -1 signal L$ reS%‘lo‘éF gcl?s{lat@?@Hf'i?ﬁt it E@%{Eel KB%‘E' ol dMBhef B *1‘15)( bssXxngJCl% ifa

10 explanation, that the data stream can be thought of as including an odd channel and an even
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), 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 levels 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



Taking into account these properties, a sinplified flash anal og-to-digital
converter 15 can be constructed. A block diagram of one such systemis
shown in Figure 3. The systemof Figure 3 includes two anal og-to-digital
converters. The first analog- to-digital converter 22 is centered about
zero and the_ second_anal ,og-to-gi gital converter 24 is swtchable to be
centered. dldundherDiess sPreferabh’a yiichafle pradogiordaital ppaviriee it casdeh of

t hese anal og-to-digital converters 22 and 24 are three-bit ADCs.

Accor di ngl ywitheslsetw®a +d ando! depdndidgoarviietter thedas ingnakrol sgundbl matditddnt die  of
ei ght levels. The ADC 22 is preferably a flash anal og-to-digital converter

cent ered arrespactivielved oz even dhemed.. AThe e:congianiad ddcoll @8l dulf intlDiscieampaRsnt
are equivalent to those of a six-bit ADC. The ADC 24 al so includes

conpar at or shgwg) © chiiddl tid ADEI Makedt+ 1t gdt-pose of a six-bit -6 ADC. The ADC
24 is preferably a switchable anal og-to-digital converter that can be

S tcheg bet Weenmtlougavﬂs st ADensndiare Qﬁla%g%m?gpugg?om&%d& 7 e Qe ibol

: dec éie
received at the respective odd or even channe an exanp he d&coder
26 could include circuitry. ( ,).rtéowné’a 0 control the ADG 24 b en +1
and 1. 5 T EEe{iht Stah! kD02 I Bk Y -LPE iere LSpir” e v ot
26. The decoder _wi| ]| s&: ect tre output of ADC 22 if the si (lgnnal | evel was
cent ered arBui of 6D (hithe signgt lsxel waseentgise graung eitagnt 405 11 nEhegiegpist.
| evel was centered around either "+l " or "-1 ". The decoder, or other
circuitry, asiother girgotrappdatorpptndrhigher erdebbitsshatimepreseapwbisbsignahle et (isd. gnal
level (i.e., +1, 0, or -1) was received. The conbination of these higher
order bits,+RB9, wel) wasretdieedi T chbiletien of thed HigheADEe2RitQhs ADCaR the Witk |
conprise the entire digital representation of the signal level (e.g., in
six bit®) . 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 required to measure the

20  signal level. In a traditional flash analog-to-digital converter this measurement would be

accomplished using 63 comparators (28-1=63). The circuit of Figure 3, which uses two

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



Figure 4 illustrates an arbitrary signal. As indicated by the hash marks
28, 29 and 30 on the y-axis, the anal og-to-digital converters 22 and 24
perform nore preci se neasurenents of the signal |evel within each

predet er mi ned wi ndow, the w ndow being 15 illustrated by the dashed |ines.
(I't is noted that the figure is not drawn to scale for a six bit

anal og-t o- diqdd, &is &aFvEmERTof XheShrBsat prat Rieglegknecaslgr @k neady: ¢l ct at es t hat

the signals will nost likely be within those w ndows, the system avoids
the cost ofc, ﬁéﬁfo’i@ B8, Bh& a8 ARRhilar k&N RlioPM¥BRe pOGeRBhbEd @Nge. . AS an
exanpl e, assu that the precision of a six-bit ADCis required to neasure

the 20 signal | . Lt f | 0g-to;digital nver.ter
this measuremantAet&kﬁ)el‘uia'(‘]{c‘“gLerlq e’g%eg%%}ti%g &d r%sglﬁ{]la@%@o% ECRETa RS r?S?ER’fEé’gﬁh.e The
circuit of Figure 3, which uses two hree-bit conparators, only requires
four teen_ coMAT B sy aTent, 55 Arereslyioncan oe Hotd e pBs EXRFRAERRHI mont
of the present provides 78% reduction in the nunber of conparators needed,
and al s@ a dedfireeveryediess semeigaals pee ssbitsed wohdasmeiekuitar. the sanme time, the
circuit of the present invention provides a fine resolution of the signal

| evel measur enerf it isTdesizalfle trewides sbmt (@l afthbevindoed, thir gcalitanrmsilycbegai n
control and 5 clock recovery. These sane goals are achieved wth | ess
circuitry. dctorhplished Biesicreabihg tHequmt@est s og tHedfineatdolutih dnhlogubagams, this
goal can easily be acconplished by increasing the nunber of bits of the
fine resol W otheaded g@-J40-digital converters 22 and 24. A potenti al

probl em exi sts with the schene of Figure 3. If there is an error in 10

detecting a +1 Of Biendul phiifert BhiSEAR G Cilthedr BR300 Rralllot
10 detecting a +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 illustrated 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



placed in the wong position two clock cycles later. This error woul d nmake
the output of the fine flash converter useless during that cycle. One
solution to this potential problemis to include separate ADCs centered
around the signal levels for +1 and -1. Such a schene is illustrated in
Figure 5. In this scheme 15 thre ,, 24a and 24b are utilized. Wile
this schemeceEsg ??“Fllgyze %mﬁg?@g%‘ﬁ%ﬁ? épa%,‘hﬁttcaalbééwéﬁleﬁiih?a’(@§ #lhe
need to have any know edge of what the bit mght be. In other words, this
ar chi t ect ur@&dcan This eonbedinint plsamrludes e gparee tedeebitilashnndlagtq-digitel mohene of
Figure 5 could be used wth any arbitrary binary digital stream by sinply
removi ng t ha2 einadoverstiloe ditige ¢ighal congeeThecoR2dbADSH Y ioiglatkd th ehasshenvilees
not 20 require any precise information about the signal |evels during
transi ti onsihetehee Bywteatr; 04, doisprraicdeinreleayitnacsd mhalrdavahpidd 1ckhsr 0
and 1 levels. An alternate enbodi nent of the present invention is shown in
Figure 65 ThisSmagBPodiment is simlar to the one shown in Figure 3 in that
it includes a fine flash ADC 32 -8 centered around zero and a sw tchabl e
fine flash ADC 2 - - t n and 1. This enbadi ment
al so includes a i’%%irlgcélt% %r% @?ﬁ)?‘éﬂa# Aa%g eg%rém%gﬂaé(-rﬁgﬁtief é‘ﬂarbdoarﬂ/eé/lg?g}mq‘ 32 that
covers the entire_sjignal range. The .coarse ADC 32 is included so that in
cases wher eCgfEre EE © regiyers areRIpYided logememep "é@eééﬁegﬁ“é@?‘é?@,b“t‘ﬁ@ &\t em
does not suffer a conplete loss of 5 information. The circuit of Figure 6
al so i ncl udesa dn Tdéd Rtierei§idsteaningd fpmitha sowseADaidandriggiogided t@Be These
registers are provided to renenber whether the | ast non-zero bit was a +1
or a -1. Thidscodetiorungt 2@ n!iesdedederimunsd2d fughert suppleo s ef&kDEL82 barkdoitlse
provi ded to the

10 switchable ADC 24.

[n this embodiment, the decoder 26 could outbut 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 could 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 still be significantly fewer than a full six-

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



decode circuitry 26. The decode circuitry 26 further supplies this
information back to the 10 switchable ADC 24. In this enbodi nent, the
decoder 26 could output six bits. The nost significant three bits could be
passed t hrough fromthe coarse anal og-to-digital converter 32 and the |east
significant three bits could be passed through fromeither

anal og-t o-di gi t airh@ﬁ:my@m iBkn@eh @ beanddifgt inQr flintet 8f wadN R taimplé, tikependi ng
upon the level of the signal being digitized. The 1 determ nation of which

fine anal ogalfedlioalib@ll GORMRII P! cae Ghalgdid- 8RB LI fOUT d e

made by utilizihg the information fromthe coarse a g-to-digi

converter 3 i he fiqure t he enpodi t. of Figure
6 coul d be Ao HARE R B0k Bl AR iR b ok R v o P et of
converter 24 int anal og-t q-dLgit al onyerters 24 a and 24b as was
shown in Fi GO ‘g[.)&IJrr aflﬁéwag%%@’ga@gs@ﬁéﬂ%ﬁéwegl-dﬂefe 2plydhigy s&Yenconver t er
24 is a three-bit ADC, this nodification would add seven conparators. But
the twen?y- EPHRrAOERFHI AEGAST BN f9rAt PEFant RRrovRsgng o¥eria full k-t 4RG iMamt | y
fewer than a full six- bit analog-to-digital converter that requires 63
conpar at or s othefcorhigngroes entld ligreati vebinbecesad Hepemdihic fuped thersy stema ndypiire o nteay s .
For exanple, the fine analog-to-digital converters 22 and 24, or coarse
anal og-t o- di gi t alwWgi@HRrihentidr halksh descgbewih eefeA& th Niawative @nwydihdrad)
three bits. For exanple, a systemthat included a three bit coarse ADC 32
and two fourybhfscibith SRESinRAdaNE RAoHQMEE 'S EmAokehdd r\ia}‘ioﬁﬁfn@@iﬁ@at};o&lﬁ |

comparators, still a greater than forty percent | mprovenment over a

i Xx-bit ADC. : [ N I I Lvel d di
pon the’ syar i gl o RRTRLAL DR BRI ol § B BB D0

with reference to il]ustrative enbodi pents, .
18 invention, wdl %e apparent to persons s[gﬁeé %n the art upon reference to the description. It

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

embodiments.
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this -description is not intended to be construed in a limting sense.
Various nodifications and conbinations of the illustrative enbodi nents, as
wel | as ot her enbodi nents of the 10 invention, will be apparent to persons
skilled in the art upon reference to the description. It is therefore

i ntended that the appended cl ai ns enconpass any such nodifications or
enbodi nents. WHAT |S CLAIMED I'S: 1. An anal og-to-digital converter having

an i nput nagdRTaskCEMES it node, the analog-to-digital converter
conprising: a first analog-to-digital converter configured to be centered

around a f{rst mbﬁéuog-t&a@u&lIc@ﬁ&e@émboagtaﬁ-wbuwhbaé ah@BN 8LicBE ndfe) fhg oper abl e
to receive an input signha a second anal og-to-digital signal configured to

be cent er eghaidPterdigital E6HRREr cafpritling:t he second anal og-to-digital converter
bei ng operable to receive said |nput signal; and a decoder including a

first input COL@h@daﬁaﬂo?fb -Qigitdd ebnrter B&wffguFeﬂto%éaéeﬂga‘ré@ardéth'atff?ét pofrpnverter
and a second i nput coupled to an output of the second anal og-to-digi'tal

convert er, thé figst dp&16§-26- di@ﬂél%n@&fﬁr%@tr@ dperatid Rfrechied ‘éﬁ%ui E'ignéﬂ rst

anal og-to-digital converter output and the second anal og-fo-digital

converter out puj secdnd BABlogAa aRfitat ngnabﬁ@ur%\w&&ie@a afduRl B sbc¥iter i n the
second anal og-to-digital converter is switchable to be centered around

ei t her t hepsificpeGeBNdAanalg-B-diGitdl SoMRingt beilg oﬁ%b%ﬁ@'n@&ﬁe%a@d @bli@dignal:
converter of claim2 where the determ nation of whether the secon oP

anal og-to-gHqui tal converter is centered around the second point or the
third point is nmade by exam ning a previously received signal val ue.

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 wherein 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 converter is 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 claims wherein the
first and second analog-to-digital converters comprise n-bit analog-to-digital 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 comprises the output of

the decoder and the output of the coarse analog-to-digital converter.
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4. The anal og-to-digital converter of any one of the preceding clains
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 the analog-to-digital converter conprises the output of the decoder and
the output of the coarse anal og-to-digital converter. 11 5. The

anal og- t o-li gi e difaMveLtotditabEorv@itePsfaryforlelts tH Sresétifgcigin®d fiRnéur t her
conprising a third anal og-to-digital converter configured to be centered

around a tdahiphising@ third ab&@gl@ﬂigﬁal%ﬁb%b@nﬁ’dtﬁéé &) bec N EEd BFoupRidtir@Per abl e
to receive said input signal. 6. The anal og-to-digital converter of any one

of the pregwaflthe tifParnEog-ohgit Botvedter Bé]fl%@ﬁeﬁaﬁledcb%éeﬁ)e s(h%“hﬁﬁﬂtts%ndl.s a
e

conponent in a hard drive read channel, e input node of t

anal og-to-digital converter being coupled to an output of an anal og
equalizer. 7. The anal og-to-digital converter of any one of the preceding

cl ai ms wheg.ei n ThaearldgatdigiafeorvertbNéef siydne®df tie SHeBedimd cISIRTYY RMERSN fhe
coupled to an input of a viterbi decoder. 8. A nethod of digitizing an

anal og si gimalog-tbhmyitabédrverteasBrdofipdgentin @\Hafd BEverdadRRamE!, ShaMplit AdiRtof
ranges froma first signal level to a second signal level; creating a first

digital sitg@ahalbg-tdiaigitélicbhmteabéinPa:‘ouﬂeatté an olfput rarcdiilCedtiatiztr! . t he
first portion of the analog signal covering a range that enconpasses | ess
than the range fromthe first signal level to the second signal [|evel
creating a second digital signal by digitizing a second portion of the

anal og si gnal , THeh#hafetorriaPEdriveReOdf dnjendRkROpretaing clgimsaihdiSinand ange
that is different than the range

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 digital 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 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.

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

encoded signal.
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enconpassed by the first portion but is also |ess than the range fromthe
first signal level to the second signal |evel; and selecting between the
first digital signal and the second digital signal. 9. The nethod of claim
8 wherein the anal og signal conprises a partial response encoded signal. 12
10. The method of claim8 or 9 wherein the analog signal is encoded such
that the analog signal is near a level of +1, O, or -1 such that if a

first signg. blfhelﬁemeagﬁad.nahoagﬁﬂééﬁt@éhg&gr ol %%dé&gﬂéﬂth%fstﬂgl then

a next non-zero signal bit received an even l'ock cycles | ater

cannot be aiauag@?rmrgqqéa%%ve%flh@ bi Lﬁgudmnaﬁ#é ﬁrs?e RSGS is éh&mh eyel .

11. The netho claim8, 9 or wherein the anal od signal I's encoded

using a pPairét rith-2efS BACHHRA BRMAAERS tHES ABxt n%gize;rchﬁ tbhqgcéﬁed;‘é(;}ﬁ evdpe of

clainms 8 to 11 wherein the analog signal is encod using a ene that

i ncl udes thingser @neiIoEesy ciisIa@t cArfbEbE at tha-samiefeVBihl itk ﬁl’gt Wzé??%ggéde‘al aims 8

to 12 and further conprising creating a coarse digital signa

di gi ti zi nglqmb@g,al og signal between the first signal |evel and the second
signal |eve 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

| evel to a second |evel; a coarse mbit analog-to-digital converter

confi guredif o dfHy héthed bh&aif'8] P& £0 @hérein the analog signal is encoded using a

partial response encoding scheme.

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 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 a ‘0’ signal level, the fine
n-bit analog-to-digital converter configured to digitize a portion of the analog signal
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-
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fromthe first signal level to the second signal level; a fine n-bit

anal og-to-digital converter centered around a '0" signal level, the fine
n-bit anal og-to-digital converter configured to digitize a portion of the
anal og signal around the "0" signal level; a fine switchable n-bit

anal og-to-digital converter that is switchable to be centered around
either a "+1" signal level or a "-1" signal level, the fine swtchable
n-bit anal qigitd @ofviriér BbAfRIUrdtDI\RIIiARS a FEHIbM B1HhE GnhiRg idial arénd el ihedn Of
t he anal og signal around either the "+1" signal level or the "-1" signal

| evel ; a deqodgjnabriéGreRer-fdignd) ®evepcei ve a first digitized portion of the
anal og signal fromthe fine n-bit analog-to-digital converter and to

recei ve a seconsldédiiet béing operabietd reeive &1firsBaigliosd pbitibR bf fheMalo&idriane

swi tchabl e n-bit anal og-to-digital converter, the decoder being operable
t 0 gener at forathedfiiednibit ahaIBglto-tigRhl coPBHdrang ©Birk&ive 4 BBcdrd diditizldHdriicest
portion of the anal og signal or the second digitized portion of the anal og

signal ; anme@ndiogistgaabl foorh e firkslGitdhable Gabif Aidieh-fobdigitt cBiWertef, thd'8eSRRF S€
m bit anal og-to-digital converter and the output signal fromthe decoder.

15. The ansdisgoperable b baheranuesitpit stinafthai e8rghised @ithAdY the firdt dighifedvi th said
t he anal og signal encoded with digital data. 16. The anal og-to-digital

converter gdrtieH fitAe 5|_4ale? sighalgrahé bécond igitiZeB ortioneof il Mllog Sihsdlaandef t he
coarse anal og-to-digital converter is used by the decoder to sel ect between

the first digita aigRalutdut @8déforlcBRyiRG HeOsLtSIt DR e catsd MbiteaRiytodigial | zed
portion of the analog signal.

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.
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17. The anal og-to-digital converter of claim 14, 15 or 16 wherein the
coarse mbit analog-to-digital converter conprises a three-bit

anal og-to-digital converter and the fine n-bit analog-to-digital converter
and the fine switchable n-bit anal og-to-digital converter both conprise
three bit analog-to-digital converters. 18. The anal og-to-digital converter
of claim14, 15, 16 or 17 operable with said analog signal is encoded with

a partial {@sSpoRsRad CR¥AENDral disd dfeednfitiemdi Ng scheme. 14 19. A read
channel for a disk drive conprising: a variable gain anplifier; an anal og

equal i zer with avhlidoid gailRHplii@upl ed to an output of the variable gain
anplifier; an analog-to-digital converter with an input coupled to an

output of the anpheflog 8§HERLERREN a life IMPLREARDIEI 0 GhGutith o RBAFAINE g8RTPT | ST Ng
a first analog-to-digital converter centered around a first point and a

second anajfgiflep- di gital converters centered around a second point, both
the first and second anal og-to-digital converters being operable to

receive an inpuin shdlodto-digRaNcbRerRP MitRAnSAMACbESE td difoRPaY d%hd Sidibgi t al

converter further including a decoder being operable to select between

ei ther an QjjaRsdr, Bk atnEE)g_ftbfd;ﬁitaﬁé’lﬁllv@Her ddtptishgt Pfirs CRAYY-{oSigif Fé}g&eRHF put of

the second anal og-to-digital converter; adaptation |ogic coupled between

t he out put cepterb arctingladfisttpdiriadh laedeco A ¥RAIbENo-digitsl cBnvtfePs Eertérab tardifngt he
anal og equalizer; and a decoder with an input coupled to the output of the

anal 0g- t 0-gls&ddnalpofr® e thRrfirsthd sEBsnd SRslog-RRGgRdI cOhvertedd RRiIAF oplISHIRItS t he
second anal og-to-digital converter is
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
converters comprise n-bit analog-to-digital 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 comprises 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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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-to-digital converters conprise n-bit analog-to-digital converters,
the anal og-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
anal og-to-digital converter. 22. The analog-to-digital converter of claim
19, 20 or 21 wherein the decoder conprises a viterbi decoder. 15 23. An
anal og- t o-7H. gi t &k ak&1BY-&5- &lgﬁal%@ﬁWrte'i'cB&gﬂQﬁ@&e%ﬁ@bB@r’aSle‘|ﬁ‘ aBESTRATERNGEH et N
the nmethod of any one of clains 8 to read channel for a disk

drive conphéthbddf aMpdre SfuriimBlsaci1B. accordance with the net hod of any one of
clains 8 to 13. 16

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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