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SYNCHRONOUS READ CHANNEL 

BACKGROUND OF THE INVENTION 

In the storage or transmission of digital information, 

the bits or symbols of the user data are actually transmitted 

or stored via a physical media or mechanism whose responses 

are essentially analog in nature. The analog write or 

transmit signal going into the storage/transmission media or 

channel is typically modulated by channel bits (typically run­

length limited or RL~ bits) that are an encoded version of the 

original user-data bits (non-return-to-zero or NRZ bits). The 

analog read or receive signal coming from the media is 

demodulated to detect or extract estimated channel bics, which 

are then decoded into est~mated user-data bits. Ideally, the 

estimated user-data bits would be an identical copy of :he 

original user-data bits. In practice, they can be ccrru?ted 

by distortion, timing variations, noise and f
. . 
.!..aws :.:: :r;.e mec:..a 

and in the write/transmic and read/receive channels. 

The process of demodulating the analog read signal into a 

stream of estimated user-data bits can be implenenced 

digitally. Digital demodulation in magnetic mass storage 

systems requires that the analog read signal be sru~pled at a 

rate that is on the order of the channel-bit rate. ~-1aximu.'T'.­

likelihood (ML) de~odulation is a process of constructing a 

best estimate of the channel bits that were written based on 

digitized samples capcured from the analog read signal. 

FIGURE l sho·.·1s a::i exemplary read signal 100, •.-::-i.ich is a 

positive-going pulse generated by an inductive read head, fo::­

example, from a single media transition such as transition 1C3 

from North-South to South-North magnetization of track 104 on 

a rotating disk. ~~pically, the write signal modulates a 

transition in the state of the media to write a channel bit of 

1 and modulates the absence of a media transition to write a 0 

channel bit. Thus~ transition 103 corresponds to a single 

channel bit of vo.lue 1 i:1 a stream of O's. 
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It is common to use run-length-limited (RLL) encoding of 

the original user data bits, which are arbitrary or 

unconstrained, into an RLL-encoded stream of channel bits. It 

may be desirable that there be no less than d zeroes between 

ones; that is, that the media transitions be spaced by at 

least d+l channel bit times. This constraint can help keep to 

a manageable level the interference effects among the pulses 

in the analog read signal. On the other hand, because media 

transitions provide timing information that must be extracted 

from the read signal to ensure synchronization of the 

demodulator with the pulses in the read signal, it may be 

desirable that there be no more than k zeroes between ones; 

that is, that there be a media transition at least every k'th 

channel bit time. An RLL(d,k) code is a code that can e~ccde 

an arbitrary stream of original user-data bits into a strea~ 

of channel bits such that the encoded channel bit strea~ 

satisfies these two constraints. A..~ RLL code has a 

theoretical capacity which limits the ntm"ber of user bits 

which can be represented in a given nlli~ber of RLL bi~s. The 

capacity is a function of the d and k constraints with d=O and 

k=infinite being the limiting (unconstrained) case with a 

capacity of exactly one. The capacity of an RLL (1,7) code 

for example is just slightly greater than 2/3 and is exactly 

2/3 for any practical implementation, meaning that every pair 

of ~ser bits will map to exactly three RLL bits. 

FIGURE l, sample set 101 shows the values of fo~r samples 

in the case of side sampling of read signal 100; i.e. 0.333, 

1.0, 1.0, and 0.333. Sample set 101 is equivaler.t to the set 

l, 3, 3, 1; that is, only the ratios among samples are 

significant. A signal model gives rise to an expected samp~e 

sequence for a single or isolated transition in media sta~e. 

J:ypically, only a few samples of an isolated ~edia transition 

are non-zero; in this case, four are non-zero. In a side­

sa..~pled signal model such as l, 3, 3, 1, timing circuitr1 in 

~he demodulator attempts to maintain a lock on the incoming 

signal such that two adjacent samples c:;. opposite sides o!:: the 
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peak of an isolated pulse have equal amplitudes and samples 

are taken at roughly equal time intervals, each a single 

channel bit time. Synchronization of the samples with the 

spacing of the bits written on the media is maintained by a 

timing recovery loop which is in essence a phase-locked loop. 

Other sample timing arrangements may be useful. In center 

samplin~, the timing circuitry tries to lock the sample times 

to the read signal pulses such that one sample occurs at the 

peak of each pulse. Sample set 102 shows the values of four 

samples in the case of center sampling of a similar read 

signal 104; i.e., 0.5, 1.0, 0.5, and 0.0 (or 1.0, 2.0, 1.0 and 

0.0 depending on the arbitra~y normalization used). An 

expected sru~ple sequence c: l, 2, l, 0 corresponds to the 

signal model known in the prior a~t as Extended Partial­

Response Class IV (EPR4). Such sample sequences are samples 

o= a continuous-time analog read-signal waveform such as may 

be produced in the readback circuitry of a magnetic storage 

device. For a system that is bandwidch limited to l/(2T), 

where T is the sample spacing in time, the sampling theorem 

declares that the continuous time waveform must be 

superposition of sine functicr.s {sinc{x) is defined as 

sin(x)/x for X<>O, and as l for x=O), with one sine functior. 

centered at each sa.~ple poir:.t and of amplitude equal to that 

sample ·value ar:.d ·,.,;it:: ::e:::-c:· c:::-ossings at all othe:::- sample 

points. ;..s an exa.rnple, lr-:. sa-turat ion magnetic recording, t!"le 

current ir1 an inductive write head takes on values of +l and 

-1. The basic excitation applied to the recording channel is 

a step in current from +l to -1, vice versa, in the analog 

w::::-ite signal. This step in write current produces a 

transition in the magnetization state of the media as it moves 

past the head. When an inductive read head is passed over 

this magnetic media transition, a voltage pulse is induced by 

the bandwidth li~ited differentiating interaction of the head 

with the magnetization o~ t::e media. By suitable filtering or 

equalization, the sequence of s~mples on an isolated 

transition response pulse can be made to { ... , 0, 0, 1, 2, l, 
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0, 0, ... }, in which case the recording or t~ansmissic~ 

channel matches the EPR4 signal model. Another sample 

sequence well known in the prior art is the Partial ~espcnse 

Class IV signal model ( PR4) , which corresponds to an expecte·:i 

sample sequence of 0, 1, l, 0. Further, as one is designing 

or taking measurements on a write/media/read channel, it may 

be desirable to take into account the exact response, noise 

and distortion characteristics of the channel in selecting the 

signal model to be implemented in the demodulator. Th~s, 

there is a need for a demodulator that is prograrrmable as to 

the signal model, or expected sequence of sample values for an 

isolated media transition. In situations such as mass 

information storage in magnetic media, signi:icant storage­

system speed and capacity gains can be realized if tte 

info::::mation bits can be closer toget:r.e:::- in posit icn/ ~ .:..:ne c::-: 

the media. further, as media transitions are more closely 

positioned, the writing and reading processes become mo:::-e 

sensitive to the distortion, timing variations and noise t~a: 

are inevitably introduced in the processes of writing, 

storing, and reading. Also, as the transitions becc~e close=. 

the ability of the media to fully transition from, say, Kcr:h­

South magnetization to South-North mag~etization may be :axed. 

Also, as the media transitions become closer, i~terfere~ce 

effects increase among adjacent or nearby transitior.s. ::'IG:J?.::: 

2 shows how positive-going pulse 200 from first media 

tra~sition 201 combines with negative-going pulse 202 frc~ 

second transition 203 to produce analog read signal ~Q~, v:~icr. 

can be viewed as the interference of the two pulses. Adjace~: 

media transitions always give rise to read pulses of o~~osi:e 

polarities because they always are created by tra~si:.:..o~s cf 

opposite types, for example North-South changes to Scu:h~Nort~ 

in transition 201, so adjacent tra~sition 202 must be Soutr.­

North changing back to North-South. R~ad signal 204 ~ig~t 

give rise to a sequence of samples such as 0. 333, l. C. 0. ::;~-:: 

-0.667, -1.0, 0.333. To the extent that the reac prcc;.::::ss :s 

linear (and it may not be entirely linear), the volta~e 
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waveform induced in the read head will be the superposition 

a sequence of pulses, where each pulse is the response to an 

isolated magnetic transition on the media. Clearly, 

engineering a high-performance read channel is a comp~ex 

challenge given the combined effects of the limited sampling 

rate in a digital demodulator, possibly incomplete transitions 

in the media, interference among read-signal responses to 

media transitions, and distortion, timing variations, noise 

and flaws in the media and in the write and read channels. 

The prior art uses a method known as partial-response 

signaling to increase media transition rates. Partial­

response signaling is described in the book "Digital 

Transmission of Information", by Richard E. Blahut, 1990, pp. 

139-158 and 249-255. This method allows the analog respo~se 

of the storage/transmission media and o: the write/tra~s~it 

and read/receive circuitr/ to a media transition to overlap 

with the response to adjacer.t transitions associated with 

subsequent information bits. If properly implemented, this 

method can achieve higher information bit rates/densities t~an 

the alternative or requiring the ~edia transitions tc be 

spaced such that the read signal responses do not overlap. 

Such a method requires a sequence detector which can make i~s 

decisions not on a bit-by-bit basis but by exair.J..nJ..nc; the 

context of the surrounding read signal. 

In a magnetic disk drive, the surface of the magne:ic 

media is logically divided into concentric rings called 

tracks. The distance around the track varies as a fu~ctio:"l c~ 

the radius at whic~ the track lies. Since it is desirable to 

keep the rate of revolution of the disk constant to avoid 

mechanical delays in accelerating and decelerating the disk, 

it is necessary to either store an amount of data on eacG 

track which is proportional to the length of the track (th~s 

requires a different data transfer rate for each track) or to 

vary the physical tra:"lsition spacing on the media so that 

pulses are widely separated at the outside diameter and 

crowded very close at the inner diameter of the recordi:1g 
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surface (this is wasteful of the magnetic media which is cn~y 

sparsely used at the outer diameter) . A practice known as 

zoned recording is a popular compromise between these two 

extremes. In zoned recording, a group of tracks {a zone) is 

established in which every track in the zone holds the same 

amount of data. Thus each zone requires a different data 

transfer rate, but the number of data transfer rates which 

need be supported is reduced (more coarsely quantized) . This 

still leaves a variation in the physical spacing of 

transitions between the inside and outside diameters of each 

zone resulting in a variation in pulse shape. 

Partial-response signaling has just recently been 

incorporated into mass storage devices and then in a limited 

form. One prior-art magnetic disk drive using partial­

response signaling only supports PR4 (pulses with the sa.r.:ples 

of ... , 0, 1, l, 0, ... ) . PR4 signaling has only very li~ited 

inter-symbol interference evidenced by only two non-zero 

samples in the pulse. To increase the capacity of the media, 

the user of a PR4 read channel must increase the equalization 

cf the pulses (slim the pulses) in order to limit the inter­

symbol interference of adjacent pulses so that any pulse only 

affects two read signal samples. The increased equalization 

also enhances the noise accompanying the signal, making t~e 

detection task more difficult and errors more likely. U.S. 

?atent 4,945,538 by Patel covers a similar situation but ~i:h 

2?R4 signaling and an RLL(l,7) code. This improves the 

allowed amount of inter-symbol interference, increasing·- to 

three non - z e :::-o s amp 1 es of ( . . . , 0 , 1 I 2 , 1 , 1 I 2 , 0 , . . . ) . Bot J-: 

of these techniques will allow an increase in capacity bu: are 

limited in the variety of pulse shapes which can be detected 

and therefore limited by how much equalization (pulse 

slimming) ~ay be performed before the effect of equalizing the 

noise (noise enhancement) becomes intolerable. 

Th~s, there is a need for a flexible read channel whict 

can acccrr.modate a wide variety of pulse shapes as will be seen 

in each zone. There is also-a need to allow larger amc~~ts cf 
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controlled inter-symbol interference between pulses (pulses 

with more than two or three non-zero pulses) in order to 

continue increasing the capacity of the recording media. 
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SUMMARY OF THE INVENTION 

A synchronous read channel having a single chip 

integrated circuit digital portion which provides digital gain 

control, timing recovery, equalization, digital peak 

detection, sequence detection, RLL(l,7) encoding and decoding, 

error-tolerant synchronization and charmel quality measurement 

is disclosed. The integrated circuit accommodates both center 

sampling and side sampling, and has a high degree cf 

programmability of various pulse shaping and recove::-y 

parameters and the ability to provide decoded data using 

sequence detection or digital peak detection. These 

characteristics, together with the error-tolerant sync mark 

detection and the ability to recover data when the sy~c mark 

is obliterated, allow a wide variety of retr.1 and recove~.1 

strategies to maximize the possibility of data recovery. 

Various embodiments, including an errbodiment incorporati:::g the 

analog functions as well as the primary- digital :u~ctions of 

the read channel in a single integrated circuit, and preferred 

embodiments utilizing a reduced complexity, progranrnable 

modified Viterbi detector supporting a broad class of partial 

response channels are disclosed. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIGURE 1 shows a state transition on a medium such as a 

track of a disk drive and its associated pulse in an analog 

read signal. It also shows two digitized sample models of 

such read-signal pulses. 

FIGURE 2 shows two adjacent medium transitions a~d their 

individual and combined read-signal pulses. 

Figure 3 is an overall block diagra~ of the present 

invention. 

Figure 4 is a block diagram illustrating the details of 

the gain control circuit 32 of Figure 3. 

Figure 5 is a block diagram illustrating the details of 

the timing recovery circuit 34 o: Figure 3. 

Figure 6 is a block diagram illustrating the details o: 

the spectru.~ smoothing filter 42 of Figure 3. 
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DETAILED DESCRIPTION OF THE INVENTION 

There is attached hereto as Appendix 1 a preliminary data 

sheet ent:i.t.led Sample ti-.mplitude Digital R/W Channel, Part 

Number CL-SH4400 (hereinafter the CL-SH4400), the contents of 

which data sheet are incorporated herein by reference. This 

data sheet provides substantial information with respect to a 

preferred embodiment of the present invention as embodied in 

integrated circuits about to be introduced: Therefore, 

portions thereof will be referred to herein from time to time, 

either as providing support for the description to follow, or 

a specific example of the application of the descriptions 

provided herein and ~~ other co-pending applications also 

incorporated herein by reference. 

The CL-SH4400 is a speci:ic e::tbodiment of the preser.t 

invention designed to work with a companion analog integrated 

circuit and a disk controller to fo:::711 a state of the art high 

density magnetic disk drive. In that regard, the un:u;ueness 

of the present inve~tion, ~hile used in a digital read-write 

channel, is primari~y related to its read capability and 

versatility. 

The cornpanio~ ir.tegrated circuit with which the CL-SH4400 

is specifically intended to operate implements a VGA (Variable 

Gain ?.mplifier), a tu~able analog filter, an analog to digita: 

converter, a timing VFO (Variable Frequency Oscillator), wri:e 

pre-compensation and servo demodulation functions. 

Accordingly, in a read operation, the CL-SH4400 does not 

receive an analog signal but instead receives already 

digitized read infor~ation in the for~ of digiti3ed analog 

read channel samples. Further, while the timing Variable 

Frequency Osei l lato:::- and the Variable Gain ;. ... -r.pl if ier are. or. 

the companion integrated circuit and are not part of the 

present invention, the timing VFO and the Variable Gain 

.ll. ... "npl if ier a.re eac!-1 digitally control led through digital 

control signals generated in the CL-SH4400. Accordingly, in 

the specific enbodi:.ient to be described, digital control 
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' ,.... ...... .:. feedback signals for both the VFO and the VGA are generated 

the CL-SH4400 even though the control loops for the ti~ing 

recovery and the automatic gain control functions are ac:ually 

closed within the companion analog integrated circuit. In 

that regard, it should be particularly noted that the 

automatic gain control signal may alternatively be generated 

on the analog companion integrated circuit, as the same may be 

readily generated in the analog domain rather than in the 

digital domain. Accordingly, particularly the generation of 

the digital gain control to be described as part of the CL­

SH4400 is an optional design choice readily relegated tc :he 

companion integrated circuit if desired. 

Figure 3 provides a block diagram illustratir.g t~e 

general organization of the CL-SH4400. This diagra.~ is 

similar to the blocl< diagram on page 1 of .~ppendix l, :::cug:;. 

expanded somewhat to show additional details thereof. ~s may 

be seer. in Figure 3, the digitized read data for the C~-SH4~0C 

1s provided in an N-bit parallel form as digitized read da:a 

DRDO and DRDl. Each of these two signals in the preferred 

embodi~en: disclosed 1s a 5-bi: digitized read data si;~al. 

These two N-bit signals represent digitized samples of a read 

signal directly from a read head of the st~rage device a:ter 

analog ar.ipl if icat ion and analog f i 1 ter ing. Those skill ~·i ',.... 

the art will recognize that the purpose o: the analog 

amplifier and the analog filter is to scale the signals tc cr:e 

input range of the digital to analog ccr.verter and to 

attenuate frequencies above the Nyquist frequency (1/2 ::!-:e 

sample frequency) to avoid signal distortion d...:.e to ali;si::.:;. 

In general, the analog filter will per~orm pulse s~a~in; as 

well. The digitized read data signal D?DO 1s a digiti=ei reac 

signal sample effectively taken near tl::e center o: a cl-:a:;.::el 

bit time (defined by the VFO frequ.ency), subject however to a 

small amount of timing error or intentional timing se: poi~: 

offset in the VFO. The digitized read data signal D?Dl is 

the corresponding digitized read sample effectively take~ r.~a~ 

the center time of the previpus logical cha~~el bit, s~=~e~: 
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of course to similar timing errors and timing set point 

offsets. These two digitized read data signals are processed 

in the CL-SH4400 in a parallel or simultaneous manner so that 

ultimately in the CL-SH4400, two successive bits of digital 

read data will be derived fro~ one set of DRDO and DRDl 

signals which together with successive bit pairs are decoded 

by a run-length limited (RLL) decoder and derandomized if 

applicable {e.g. if initially randomized) to provide the NRZ 

data output stream of the device. The processing of two 

digitized read data samples simultaneously doubles the 

throughput of the CL-SH4400 for a given clock rate without 

doubling the circuitr'_.l required, particularly in the sequence 

detector, though the present invention is not specifically 

limited to processing of two digitized read data sa.~ple at a 

time. One could process one digitized read data sa.ople at a 

time, or alternatively process more than two digitized read 

data samples at a time, if desired. In that regard, the 

nwnber of N-bit digitized read data sample connections to the 

chip normally will equal the number of samples processed a: a 

time, though such sig~als could be Llultiplexed so that the 

nu.'Ltber of N-bit digitized read data sa~ples connections to :he 

chip is less than the number of sa.~ples processed together. 

In one mode of operation, multiplexer 28 couples the DR=o 
and DRDl signals directly to a transition detector 22 which 

processes the successive samples to de:ect the presence cf 

transitions in each of ~he two digitized read data signals. 

In the preferred embodiment, the transition detector 22 is of 

the type disclosed in co-pending U.S. application for pa:en~ 

entitled Digital Pulse Detector, filed May 8, 1992 as Serial 

No. 07/879,938, the disclosure of which co-pending appli~ation 

is incorporated herein by reference. The EackgroLlnd, 

Specification and Drawings from that application are attached 

hereto as Appendix 3. The output of t~e transition detector 

is a low or high level during the respective bit ti~es 

(delayed as described in the co-pending application) depending 

upon whether a transition {providing a h~gh level outp~~l o= 
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no transition (providing a low level output} was detected. 

The output of the transition detector 22, the peak detected 

signal PKDET, in this mode would be coupled to multiplexer 24 

and through a sync mark detector 26 to provide a sync byte 

detected output SBD if a sync byte was in fact detected, and 

to couple the two bits to the RLL decoder 28 which decodes the 

bit stream to provide the NRZ data out digital data. In the 

pref erred embodiment run length constraint violations are 

detected and optionally multiplexed onto the NRZ data out 

lines. These may be used by an error correcting syste~ within 

the disk controller. In the preferred embodiment, an error 

tolerant sync mark detector 26 is used. This detector, 

described more fully in paragraph 4.9 on page 27 of Appendix 

1, is designed to achieve a level of error tolerance for the 

synchror..ization f;.:nct:ion equal to that achieved for the data 

field by the error-correctior.. code implemented in the disk 

controller. This is achieved in part by emplcying an error­

tolerant Synchrcnizaticn Mark pattern for minimum cross­

correlation with tr.e preamble and for minimum auto­

correlation, a:-id by making the nu.rnber of four-char..r:.el-bit 

groups which must be detected programmable. As described in 

paragraph 4.9 on page 27 of Appendix 1, the synchronization 

mark recovery procedu.::-e may be used t:o recover data wher. a 

severe defect has destroyed the entire synchronization ~ark. 

When using this mode, the CL-SH4400 first goes through a 

normal timing and gai:: acquisition procedure while counting 

channel bits. The syr:.chronization mark is assumed to have 

been detected when the count matches the synchro~i3a=icn mar~ 

recovery count. By varying the synch:::-onizatior. mark :::-ecount, 

the nicrocor.troller can vary the assumed starting point of a 

header or data area until the correct starting poir:t is tried, 

whereupon the sector will be recovered if there is no other 

error beyond the capability of the error correction code in 

the disk cont.::-olle.::-. 

In the CL-SH4400, the NRZ data output is user selectable 

as a serial bi':. strea..'1l, a 2-bit parallel strea.:-:1 c::- d:.::.ra.cte.::-
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wide (8-bit wide) digital data. If the data was randomized 

prior to storage, the data randomizer 30 ~ay te enabled to de­

randomize the data from the RLL decoder 28 be:ore being 

provided as the NRZ data output. 

The output of the transition detector 22 in this mode is 

also provided to the gain control circuit 32 and the timing 

recovery circuit 34. Also the N-bit digitized samples DRDO 

and DRDl are coupled through multiplexer 20 to the gain 

control circuit 22 and the timing recovery circuit 34. The 

gain control circuit 32 is shown in more detail in Figure 4. 

The gain errors (the difference between the progra:n.~able 

desired signal level referred to as the Gain Se~ point, and 

each digitized data signal) are determined for each digitized 

read data sample by the gain error circuit 33. The o~tputs 

PKDET of the transition detector 22 provide re:ere~ces to 

control the multiplexer 35 of the gain cc~trol circuit 32, as 

the gain adjustme::its are deterr:tined by the si·;:::al arr:plitudes 

of transitions and net the signal levels between transitions. 

The automatic gain control signal VGAC (5-bits in che 

preferred embodiment) for coupling cack to t~e cc~panion 

integrated circuit fer ar.a:og amplifier ga~n control :s 

provided by the digital gain loop filter 37, tte details of 

which are shov.n in paragraph 4. 5. 2 on page 1 S of .;~per:.C.ix l. 

Jl.s shown therein, the gain loop f il te:::- incll:.ces a. lccp f i l te:::­

coefficient which is independently prograrr::'la::.::.e for t :::-acking 

and acquisition. The manner of actual calcula::on o: the gair:. 

error 1n the CL-SH4400 is set forth in detail in paragra~h 

4.5.1 on page 17 of Appendix 1. The indiv~d~al gain errors 

are also coupled to a channel qt~ality circ~i: 4.6 as t'.!e 

signals GERR so that gain control performance can be measured 

to determine the best choice of loop filter coefficier:ts.and 

other parameters of the channel with·respec: to the 

performance of the automatic gain control locp. 

The timing recovery circuit 34 i::i the C~-S!-i,1400 1s shcwr. 

in greater detail in Figure 5, and is genera.~ly i~ accordance 

with the timing recovery circuit disclosed ir:. ~ c~-pending 
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U.S. patent application entitled Timing Recovery Circui~ Fo= 

Synchronous Wave Form Sampling, filed September 30, 1992 as 

Serial No. 07/954,350, the disclosure of which is also 

incorporated herein by reference. The Background, 

Specification and Drawings from that application are attached 

hereto as Appendix 4. Timing recovery and maintenance of 

synchronization, of course, can only be done upon the 

detection of a transition, as the absence of transitions 

contains no timing information. The timing recovery circuit 

controls the read clocks which are synchronized to the read 

wave form. In the timing recovery circuit, a phase detector 

39 digitally computes the phase error in the sampling insta~:s 

of the analog to digital converter on the companion chip frc~ 

the digitized sa..~ple values during transitions, as i~dicated 

by the signals PKDET. Providing timing error correccio~s o~ly 

at transition times reduces the noise (jitter) in the riming 

loop. The sequence of meas~~ed phase errors is digi~ally 

filtered by filter 41 to produce a frequency cont=ol signal 

which is fed back to the companion ccip, in the p=e:e:::-red 

embodiment as the 5-bit f:::-equency control signal FCTL. 

The timing recovery circuit has two modes of ope~ation, 

acquisition and tracking. The appropriate range and 

resolution of. tr.e frequency control signal FCTL to the an.:i.lc;; 

companion part is not the same for the two modes. I:1 the 

acquisition mode, the necessary frequency control ra~ge is 

larger (wider range of possible frequency settings) ~ha~ in 

tracking. Conversely, in tracking the required resolc:.tion 

(minimum step of frequency) is finer. To meet thes·2 

conflicting requirements without unduly increasir.g the nur.be:::-

of bits in the FCTL interface, the resolution and range a:::-e 

made to depend on the mode of operation, and a sign~l ACQ is 

used to commu!1icate to the analog companion part whid: r.io::.·L:: oi: 

operation is being used. When the operating mode is s~i~ched 

from acquisitio:-i to tracking, the last freque:-icy setting 

during acquisition is stored in the companion analcg par~ a~~ 

the value on the FCTL bus during tracking is take~ ~s an 
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offset from the stored setting. In the preferred embodiment 

(CL-SH4400) the range and resolution are decreased by a factor 

o: 8 between acquisition and tracking. 

In addition to the co-pending application just referred 

to, this is also described in paragraph 4.6.1 of page 19 of 

Appendix l, with the digital filter for the compensation in 

the timing recovery loop being described in paragraph 4.6.2 

thereof. The timing recovery circuit 34 also includes a 

programmable timing set point. The timing· set point per.nits a 

wider range of sampling strategies which enables the support 

of a wider range of pulse shapes. The timing set point is 

useful on retry in the event of the detection of an 

uncorrectable error. Also the digital filter includes two 

coefficients which are independently progrru'llllable for 

accr~isition and tracking. These are also usable in a retry 

strategy to change the bandwidth a..~d hence the response time 

o: the timing loop. Like the individual gain errors G~RR, t~e 

individual timing errors TERR are also coupled to the channel 

ql.!ality circuit for contribution to the quantitative analysis 

of the channel quality with respect to ti~ir.g recovery. Cne 

alternate embodiment of the timing recover/ block incl'.ldes a 

frequency error detector. The frequency error detector is 

used to decrease the time required for the timing loop to lock 

to the channel bit frequency and phase during the acqc.isitic~ 

~eriod before encountering data. 

As variations on the mode of operation just described, 

the two N-bit digitized read data signals DRDO and DRDl ~ay =e 

passed through a pulse shaping filter 38 prior to be~ng 

co~pled to multiplexing block 20. The pulse shaping f.ilte~ 

prcvides digital filtering at the cost of. a small amount of 

delay with two user selectable coefficients PCl and PC2, 

ir.dependently programmable in the filter structure of Fig~re 

4.7-1 on page 21 of Appendix 1. This pulse shaping filter, cf 

course, 1s 1n addition to any filtering done in the analog 

domain, and is an example of the flexibility and adaptabili:1· 

o~ the present invention. In particular, the effect cf th~ 
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pulse shaping filter may be eliminated by multiplexing bloc~ 

20, or alternatively, the pulse shaping filter may be used 

with coefficients user selected, and thus variable, to provide 

the best performance of the overall storage system read 

channel with the flexibility to accommodate changes in pulse 

shape when changing from one recording zone to another, and to 

allow coefficient variations as part of overall device 

parameter variations for systematic retries upon the detection 

of uncorrectable errors in the subsequent error detection and 

correction (EDAC) operations. The pulse shaping filter of the 

preferred embodiment is a finite impulse response digital 

filter which means that the outp~t is a function of the 

current and past inputs but not a f~nction of its own past 

outputs. The delays necessary· for t:-ie filter to remember the 

past inputs are shared by delay 36 to provide a separate delay 

path to multiplexing block 20. T~e delay path through delay 

36 provides an amount of delay e~~ivalen~ to the delay of 

pulse shaping filter 38 (Figure 3 hereof differs from the 

functional block diagram on page l of Appendix 1 in that the 

delay circuit 36 is sho~~ to alsc connect to the pulse shapir.g 

filter to ill~strate the sharing of memory elements betweer. 

the delay and the pulse shaping filter in the preferred 

embodiment.) Multiplexing blo6: ::rn is provided to give a 

maximu.rn of flexibility in ~odes o: -.:sage, by providing a 

separate source o: input for the transition detector and the 

group of blocks ccmprising the seq-..:ence detector 40 (by way of 

spectrum smoothing filter 42), tb.e gain control circi..:itr_y' 32 

and the timing recovery circuit:::-.:· 34. The multiplexing bl8CK 

is designed so that all blocks may operate upon the raw input 

sar.iples provided by DRDO and D~D:, o= alternatively the pulse 

shaping filter may be placed in o~e of the multiplexing 

block's output paths with the delay placed in the othe= path. 

The delay is necessary in this case so that the trar.si tio•. 

detector's outputs a=e synchroni::ed with the sample values 

reaching the gain control circuitry a:.d timing recovery 

circuitry. Finally, the puls·2 s:-ic.~ing filter may feed both 
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the multiplexing block's output paths. In general the 

multiplexing block could be designed so that by programming 

the multiplexing block each block at the multiplexing block's 

outputs (transition detector 22, gain control 32, timing 

recovery 34, and sequence detector 40 by way of spectrum 

smoothing filter 42) could receive raw input samples, delayed 

raw input samples, or filtered input samples independent of 

the data received by the other blocks. In the preferred 

embodiment of the present invention however, the gain control 

circuitry and the timing recovery circuitry have the 

capability of compensating for the pulse shape in an effort to 

increase the accuracy of the gain and timing recover/ loops, 

and to reduce the amount of circuitry, the gain control 

circuitry and timing recovery circuitry assume the same pulse 

shape for which sequence detector 40 is progra•med. This 

basic pulse shape received by the sequence detector is only 

marginally affected by the addition of the spectrum smoothir.g 

filter, which is designed to reduce only the head bumps at the 

tails of the pulse and does not seriously affect the center c: 

the pulse except to correct for head bt:.mps due to neighboring 

pulses. In that regard, the present invention includes a 

channel quality circuit 46 for measuring the quality of the 

read channel as earlier described. This provides not o~ly 

quantitative channel evaluation, but in addition al:cws 

selection of read channel parar:ieters such as, but not li~ited 

to, the coefficients PCl and PC2 in the pulse shaping filter 

to best adapt the read channel to the characteris~ics of the 

storage medi~r:i and the pulse form and characteris~:cs being 

read therefrom. 

The present invention further ir.cludes a seq~ence 

detector 40 which receives as its input the two N-bit digital 

read data signals DRDO and DRDl as may be modified by the 

pulse shaping filter 38 and as may be additio~ally r:iodified by 

the spectrum s~oothing filter 42. In that regard, the 

spectrur:i smoothing filter 42, as shown in Fi~ure 6 hereof ar.d 

Figure 4.7-3 on page 22 of Appendix l, contai~s two delays F~: 
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and FD2 and four coefficients SCl, SC2, SC3 and SC4, a:l of 

which are independently programmable. The delays may be 

programmed from 0 to 23 channel bit intervals. The entire 

spectrum smoothing filter, or just its precursor correcting 

portion 43 {SCl, SC2 and SDl in Figure 4.7-3 of Appendix 1), 

can be disabled. The spectrum smoothing filter is designed to 

reduce the undershoots from the finite pole tips of a thin 

film head, or to reduce the bumps from the secondary gap of a 

single or double-sided MIG head. In the frequency domain, the 

filter acts to smooth out undulations caused by head bumps. 

If the precursor is disabled, the delay of the filter is 

disabled, whereas if a head which is not subject to head bumps 

is used, the post-cursor may be disabled. 

The pulse shaping filter and the speccrun snoothing 

filter together form a digital equalizer which can modify the 

equalization done in the analog filter of the cornpanior. 

integrated circuit, and along with the conpanion integrated 

circuit provides support for changing equalization needs frcm 

head to head and zone to zone of the magnetic storage device. 

The parameters for the pulse shaping filter and the spectru.~ 

smoothing filter are loaded and/or varied by microcontroller 

44 on initialization and during head seeks. 

The sequence detector 40 is a partial response seq~ence 

detector. This allows the analog response of the read channel 

to a storage medium transition to overlap with the response to 

adjacent transitions associated with subsequent informat~o~ 
' .... 
01. 1...S. In comparison to most prior art read char.nels for 

magnetic storage media, the use of a partial respcr.se detector 

allows higher information storage densities in corr.pariscr. to 

the prior art alternative of requiring the mediu.~ transitions 

to be sufficiently spaced from each other so that the re~d 

signal responses do not overlap significantly, thereby 

allowing each transition to be individually detected 

irrespective of the nearest neighboring tra~sitio~s. 

The particular sequence detector used in the preser.: 

invention is a uniquely modified form of Vite~bi detector 
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which substantially preserves the full performance of the 

Viterbi algorithm in a substantially reduced complexity 

sequence detector. The basic Viterbi algorithm is described 

in the book "Fast Algorithms for Digital Signal Processing" by 

Richard E. Blahut, 1985, pages 387-399. In accordance with 

the Viterbi algorithm, a Viterbi detector does not attempt to 

decide whether a medium transition has occurred immediately 

upon receipt of the read sample or samples that correspond to 

that transition. Rather, as samples are taken from the read 

signal, the Viterbi detector keeps a running tally of the 

error between the actual sample sequence and the sample 

sequence that would be expected if the medium had been writ:e~ 

with a particular sequence of transitions. Such an error 

tally is simultaneously kept for several possible transition 

sequences. As mo~e sa.~ples are taken, less likely choices for 

transition sequences are pruned from consideration. r: a se: 

of possible sequences of medium transitions is appropriately 

constrained, then the location of each medium transition 

becomes known with a high degree of likelihood within a 

reasonable time after taking the samples corresponding to that 

transition. Because of the time delay between a sample 

acquisition and the determination of whether that sample 

represented a transition or an absence of a transition, the 

gain control circui: 32 and the timing recove1::r circuit 3'~ are 

both still referenced to the output of the transi~ion detec~or 

22, w~ich has a more i:nmediate response to the occ~rrence o: 
a transition. Also, while in general the output of the 

sequence detector, when used, should be more accurate in 

ultimately determining whether a transition occurred at a 

particular bit tine, an error in the output of the peak 

detector will have little effect on gain and timing. 

Specifically, failure to detect a transition will only 

slightly delay gair. control and timing error corrections, and 

an isolated false detection of a transition will only slightly 

perturb the gain control and timing accuracy. This should be 

more than made up by the increased accuracy of the bit stream 
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detection by the sequence detector's consideratio~ of ~ha: 

comes before and after a particular digitized read data 

sample. 

If the present invention is realized in an embodiment 

wherein digitized read data is processed a single bit time's 

worth at a time, a Viterbi detector of a conventional design 

may be used, or if two or more bit time's worth of samples are 

to be processed simultaneously, as in the preferred emi:::odirnent 

of the present invention, a conventional Viterbi detector 

could be modified for that purpose. However, in the preferred 

embodiment of the present invention, the uniquely ~od~fied 

form of Viterbi detector used is that disclosed in a co­

pending application for patent entitled "Method and Apparatus 

for Reduced-Complexity Viterbi-type Sequence Detecto::::-s" filed 

March 16, 1992 as Serial No. 07/852,015, the disclosure of 

which is incorporated herein by reference. The Eackgrou~d, 

Specification and Drawings from that application are at:ached 

hereto as Appendix 5. 

In a typical Viterbi detector implemented using the ADD, 

COMP.;;..q::;, SELECT (.~.CS) method, each state i:::. the e;qected 

sample sequence model is associated with a hardware module to 

perform the functions of adding new branch error ~et::::-ics to 

path error metrics, comparing path error metrics, a~c 

selecting the path having the lowes: path metric. ~n t~e 

sequence detector used in the pref e::::-red embodiment ~n 

accordance with the co-pending application, an ACS ~cd~le may 

have two or more sequence model states dynarr.~cally <;sscciated 

with it such that at some times, one sequence model s:a:e is 

associated with it, and at other times, another sequence model 

is associated with it. This reduces the n~T~er o: ACS mcdules 

required and also reduces the size and complexity cf the 

detector path memories which must store one path for each ACS 

module. Groups of sequence model states may be chosen to 

share an ACS module without significant loss in pe::::-forrnance as 

co~pared to the conventional Viterbi detectcr. These 

detectors support a wide range of sample models ty =~~ki~G :he 
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expected sample sequence of an isolated medium transition 

programmable through control 44. By way of specific exru~ple, 

the sequence detector used in the CL-SH4400 disclosed herei~ 

will support the PR4, EPR4 and EEPR4 sample models, among 

others. In addition, the alternating polarity of pulses is 

enforced, as is a minimum run length constraint of d=l. 

The d=l constraint in the RLL(d,k} coding is an important 

constraint in the present invention, especially for 

applications where the storage system uses.thin-film magnetic 

media. For thin-film magnetic media, there is an effect known 

as partial erasure which puts a practical limit on how close 

two magnetic transitions may be written. The effect is due to 

a ragged (or zig-zag) boundary between regions of opposite 

magnetization. As the transitions become too close, the zic­

zags begin to overlap and the area of opposite magnetic 

polarity between two transitions starts to disappear. The 

result is that as the read head flies over the partially 

erased transitions, the amplitude of the corresponding read 

signal pulses is d:minished. This is a non-linear, data 

pattern dependent effect which :s difficult to compensate for. 

The d=l constraint remedies this situation by preventing 

magnetic transitions in two consecutive channel bit times. 

The drawback is that the d=O constrained code may typically 

represent 8 NRZ bits with 9 RLL bits (rate 8/9) while the d-1 - -
constrained code can only represe:-it 6 NRZ bits with 9 RLL l:· i r. .s 

(rate 213). For e:<ample, to store 8 NRZ bits, the d=O 

constrained code will sto::.:-e 9 channel bits while the d=l 

constrained code will sto:::-e 12 cha::.nel bits :.n the same amc~_!:--1~ 

of space, hence the d=l channel bit interval is 3/4 the si~e 

of the d=O channel bit interval. Fortunately, the magnetic 

transitions have a minimum spaci::.g of 2 channel bits and 

therefore the minimum dista::.ce cetween two transitions has 

increased by 3/2 with respect to the corresponding d=O 

constrained code. This makes the d=l constrained read char.~el 

a good solution for increasir.g storage capacity in 
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applications where the minimum transition spacing ~s close 

enough for partial erasure effects to be noticeable. 

As noted on page 26 of Appendix l, the sec;uence detector 

utilized in the CL-SH4400 can be programmed to operate on any 

channel response which can be well represented by sequences in 

the form of a, b, l, c wherein the selection of a, b and c 

allow the ability to accommodate pulse asymmetry which might 

otherwise require that the read signal pass through an analog 

or digital phase equalizer prior to entering the sequence 

detector. The levels a, b and c also give the ability to 

select between center and side sampling. Center-sampled 

pulses are notably those for which the sample levels a, b, ~, 

and c are selected such that 1 is very near the peak of the 

pulse, b and c are roughly halfway down their respective s~des 

of the pulse, and a is near zero, for exa.'Tlple, the sa.:T.ple 

levels 0, 1/2, 1 and 1/2. Side-sampled pulses are notably 

those for which the sample levels are selected sue~ that l ar.d 

b (which is about 1) straddle the peak o~ the pulse, for 

example the sample levels 5/16, l, 1 and 5/16. This choice of 

side versus center sampli:::.g also affects the manner i:-: w!"lich 

gain error and phase error are calculated in the gain control 

loop and timing recovery loop {the details of chis appear i:::. 

Appendix 1). The option to choose between side and center 

sa.~pling allows the user a wider range of possible trade-offs 

between the amount of equalization {filtering) used to s:Bpe 

the raw pulse shape into the target pulse shape of the 

seque:-,ce detector and the amount of noise enha:i.cement whic!-1 

arises as a consequence of shaping the raw pulse. Eence t~e 

read channel can be more suitably matched to the stora]e 

medium to provide better performance. 

Referring again to Figure 3, for w=iting information to 

the storage mediurn, the NRZ input data is provided tc a :::-un 

length limited encoder 48, in the CL-SH~400 through a use= 

selectable serial line, a two bit parallel form or an eig~~ 

bit. b:/te parallel form. The run length limited encoder 

provides the desired run length limited coding, in the 
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preferred embodiment an RLL (1,7) coding, randomized before 

encoding or not, depending upon the enabling of the data 

randomizer 30, with the encoded data being provided to 

multiplexer 52, in the preferred embodiment in a two-bit wide 

form. In the case of writing to the storage medium, the 

serial enable signal SER_ENA will be deasserted so that the 

multiple~er 50 and 52 will provide the encoded data bits 1 

(the most significant of the two parallel data bits) and 0 

(the least significant of the two parallel data bits) to the 

companion integrated circuit to write the same to the storage 

medium. 

When not writing, the serial enable signal SER_ENA may be 

asserted, at which time multiplexe=s 50 and 52 are switched so 

that serial control address and data may be transfe==ed on the 

SER_DAT line to the companion integrated circuit synchronous 

with the associated serial clock signal SER_CLK as the output 

signals of the two multiplexers 50 and 52. Multiplexing of 

these two chip pins of the single chip CL-SH4400 integrated 

circuit helps reduce the pin count without loss of pe=formance 

or flexibility. This serial interface is provided to 

eliminate the need for the companion integrated circuit to 

interface with the bus of the microprocessor and eliminates a 

potential coupling between the noisy ~icroprocessor bus and in 

the sensitive analog circuitry o: the read channel in the 

companion integrated circuit. This also provides a benefit in 

pin count since the microprocessor bus interface would reqi~ire 

numerous additional pins on the companion integrated circuit. 

Each of the control registers of the companion integrated 

circuit are mapped to corresponding register addresses in the 

integrated circuit of the present invention, when one of these 

registers is written to, the serial interface initiates a 

serial transfer write operation, sending the data to the 

appropriate register in the companion integrated circuit. The 

pref erred embodiment of the present invention includes two 

modes, one in which a status bit which can be read to 

determine whether or not the serial transfer write operation 
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is complete and another in which the integrated circuit of the 

preferred embodiment forces the microprocessor to pause while 

the serial transfer write operation is in progress. 

Similarly, a read of a register in the companion integrated 

circuit is performed by reading the corresponding register in 

the integrated circuit of the present invention. This 

initiates a serial transfer read operation. In the first of 

two serial interface read modes, the integrated circuit of the 

pref erred embodiment will signal the microprocessor to pause 

until the serial transfer read operation is complete at whic~ 

time the serially transferred data will be accessible at the 

In a pins of the integrated circuit of the present invention. 

second mode, the integrated circuit of the preferred 

embodiment will return the data left over from the previcus 

serial transfer read operation, and once the current read 

operation is completed, it will initiate a new serial 

interface read operation with the address just supplied. Tte 

preferred embodiment includes a status bit which can be read 

to determine whether or not the new serial transfer read 

operation is complete. Once co:nplete, the microprocessor :nay 

initiate a second read operation to retrieve the data 

originally desired and to initiate another serial transfer 

read operation at a new address for fut~re use if desired. 

Swn.~arizing the two modes, in one mode the microprocesscr :s 
made to wait, in the second mode the microprocessor must rea~ 

the register twice, once to supply the register address ar:d 

second time to retrieve the data and possibly supply the nex: 

register address. 

Also attached hereto as Appendix 2 is a preliminary da:c. 

sheet for another embodiment of the prese:J.t invention, r:amely 

part nuITber CL-SH3300, which data sheet is also incorporated 

herein by reference. This integrated circuit incorporates t~e 

essential functions of the CL-SH4400 and the companion 

integrated circuit in a single integrated circuit. 

In the embodiments hereinbefore described, numerous 

parameters were described as being programmable, ar.d as s;1-.::-., 
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as being useful for varying on retries in the event of the 

detection or repeated detection of an uncorrectable error. 

Obviously additional programmable or fixed parameters may also 

be incorporated, such as by way of example, additional filter 

coefficients in the pulse shaping and other filters. It 

should be noted that particularly certain parameters, such as 

the par~eters of the pulse shaping filter 38 and the spectrum 

smoothing filter 42, may be made adaptive, or a combination of 

adaptive and programmable. By way of example, coefficients 

may be made adaptive, while the time constants of the adaptive 

characteristics and perhaps offsets, wave shapes, asyrmnetries 

and compensation for nonlinearities are made programmable. In 

that regard, it should be noted that given an uncorrectable or 

repeated uncorrectable error, there is no harm in further 

attempts at a successful read with different parameters, side 

versus center sampling, filtering versus different, less or no 

filtering, etc. Further, nor.nally one would use the sequence 

detector on read for its superior detection capabilities over 

a peak detector. However in the case of hard errors wherein 

the errors in the output of the sequence detector exceed the 

error correction capability of the EDAC code used, a further 

retry strategy may include switching to an output derived from 

the peak detector, as previously described, rather than the 

sequence detector. This will add noise errors characteris:ic 

of transition detection effectively within the single bit-time 

of the possible transition, but will eliminate whatever 

additional propagation of the hard errors (for example media 

defects) may be caused by the sequence detector. The effect 

of the noise errors may be substantially eliminated by 

multiple reads, followed by a majority vote to cancel all or 

most of the effect of the noise errors, yielding an 

opportunity for a successful error correction when the same 

could not be achieved with the sequence detector in the path. 

Here again, pulse shaping filter characteristics may be varied 

and multiple retries of the peak detector multiple reads 
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executed, as reasonable exhaustion of all opportunity for a 

successful read is better than a fatal error. 

There have been disclosed and described herein pref erred 

and alternate embodiments of a new and unique synchronous read 

. channel which include a sequence detector with a flexible 

architecture capable of implementing a broad range of partial 

respons·e polynomials. While an embodiment of the present 

invention which supports only one or two partial response 

chan_nel s would be highly useful, the detector used in the 

pref erred embodiment of the present invention supports a broad 

class of partial response channels, including but not limited 

to PR4 (1,7), EPR4 (1,7) and EEPR {1,7). While the sequence 

detector is normally operative upon a read, the output of a 

digital pea~ detector may be enabled as the output o: the read 

channel if desired. These and other inventive features of the 

invention will be apparent from the preceding descriptior.. 

Thus while a preferred and alternate embodiments of the 

present invention has been disclosed and described in detail 

hereir., it will be obvious to those skilled in the art that 

var-ious changes ::.n form and detail may be made therein without 

departing fron the spirit and scope thereof. 
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CONTROL.LED DOCUMEt: 
CL-SH4400 . ....:'2{j__j~~~ 
Sampled Amplitiuit Digital R1:1ll1M'9f R _ {) / ~ _ ClRRIJS LOGJC 

FEATURES 

Channel Flalblllty 

• The CL·SH4400"provides the digital cora of a 
highly flexible, hlgh-pericrmanca sampled-am­
plitude read/write d'lannel at d'lannel rates up 
to 96 MHz. 

CompfetJI RLL. lht•ctor 

• Rate 213 RLL ( t, 7) recording code 

Programmable digital equalization 

Programmable SoITarge!TM seciuence de!ec· 
lion 
Digital gain ccntrol 

Digilal timing recovery 

Error "!'ol•ranc. 

Error-tolerant synd'lronlzation 
Charmer QUality c!rcuitTy for error rate testing 
and filter/detector calibn!Jion 

Erasure pointer generation 

H.ad Support · 

Monolithic. ~posite, ttiin-film, MIG and MR 

Functional Block Diagram 

Sampled Amplitude 
Digital R/W Channel 

OVERVIEW 

The CL·SH4400 Sampled-Amplitude Digital Chan­
nel Is a VLSI component designed to wonc w?ttl a 
companion analog par: and a Disk Controller 10 
provide !tie majonry of drive and controller h.ar::!­
ware necessary to build a s1ate-of-ttle-art. hir;:n­
densi:y, ma~ne!ic disk drive. The CL-SH4400 im­
plements t.'1e dio;;i!al portion of a sampled-ampli­
ILlde reac:twrile d"la:inel employinc adllance:l par­
tial response polynomials L'l.d SoITarge!n.t 
sequence detec:ion technolQ\lY. I! &:..1pports data 
rates up to 64 Mtlla. 
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CL-SH4400 
S«mplt:d Amplitude Digital RJW Channc l 

The Cl·SH4400 Sampled·Amplltude OigltaJ Channel provides tne digital core of a highly t!exJOle, high· 
perlormance sampled-ampllrude read/wrtte channel which provides data rates up to 04 Mbls. A compan­
ion analog part, !tie VM6400, Implements !he frequency synthesizer, variable gain ampllllar, timing VFO, 
tunable analog lllter, analog-to-<Sigftal converter, write precompensation, and servo demodulation func­
tions. The CL·SH440CNMS400 chip set supports hard-sectored magnetic disk drive appflcations employ­
ing embedded .servo techniques and zone bit recording. The funcUonal partition of ttle CL-SH440C/ 
VM6400 chip set is shown In Figure 1. 

VM6400 CL-SH4400 

ClAIH CQNnQ. VG.A OICUT AL ClA.IN CON'mCI. 
I 

nw1Na R.ecovarr VFO OICllTN. TIMIHQ RSCCVERY 
I 

TIJNASU: AHAL.Ca F1I. TEl'I TRAHStTIOH 0£TECT'OR 

I-CT A.TO-Q C:OHV1:RTOR P!'lOQ DIGITAi. EOU~ 
I 

P1IO<l SYHniE 5IZCr'I SEC\JENQ! CETEC'mR Kitt 
WRITE PRECOMPEHSATION RU. Ci.Tl l!NDl!C 

l u.a 
~RVO OEMOOIJU.TOR QWcHE. QUAUn' 

•Wt<? 0"'1' 4C. 'l2l'I lo9'<% 
.arr IAMP\..£.S -.vMWO"I 

Figure 1 CL·SH4400JVM6400Functlonal Partttlon 

The CL-SH4400 provides dir;ittaf gain control, timing recovery, equali:tatian, sequence detectlc:i, AL!.. 
(1,7) encoding and decoding. error·loferant synd'lronization. and channel quality mea.su:'l!mer:t The hi;;n 
de;ree of prOQrarnmaJJility of eac.'i of t:iese func:ions allows the CL·SH44CO to support tlignly 111~:.."Ve 
ctianne!s tailored for each drtYe. head., and zone. 

The lorr:iat ct a !y;:llcal sec:or coolaining one embedded :servo area i:s shewn In Figum 2. Dunr::;; a 
reacl(wr1te) o;:>eration. 1:ie Disk Controller rsadS t:'le offset of trie servo area from Ule 10. It oaasserts 
Read(Wrtte) Ga!e aM.er t:'\e specified number of bytes have been processed and recs.sserts It atter a pro­
ara."!'lmed nurr.::ier ol bytes equal to lhe length or !tie servo araa. The VM6400 and exte~aJ drc:.i!:ry read 
a:id decode uie servo bursts and servo data. Outing a read operation. !he CL-SH4400 frae.::e:s l1S ca.in 
control and timing recovery states wtule Read Gille Is dea.sserted. 

I ~ j s-rM: I c I Cl'!: I ~ ! ---' I ~ j OMA I ~ I ~ 1--.E ! ~ I a.TA j -.a J 

Rgure 2 Typical Secior Form.st 
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CL-SH4400 
Sampled Amplitu~ Digital RJW Cha.mu:! ~~-~ClRRJJS LOGIC 

ADVANTAGES 

B•n•flts 

• Flexible architecture Implements broad range at partlal response polynomial3. 

• Provfdas slgnificant lmplementallon and perlormaoce benefits over conventional peak detection. 

• RLL (1,7) eode reduces nonlinear effects associated with dosely-spaced transitlons. 

• Programmable equalization, sampling, and detection altematives provide op'jmum mat.:!l to C:-:ar:ne! 

Characteristics and pennit implementation of adaptive channels. 

• SclTarge!''" sequenca detection ac--..ommodates a lower signal-to-noise ratio than hard tnresnotdin-;i 

of individual samples and allows significant intersymbol interference without negative wisec:1,;ei::es. 

Detector supports a broad dass of p~Jal response Channels lndudln<J PR4 (1,7), E?R4 p,i) ar.:: 
EE?R4 (1,7). 

Error tolerance features supl)Ort !tie higher soft error rates and higher defect dens:ties enCOt;n:ere-::: 
at higner recording densities. 

One/iwc/Eight-bit NRZ Data interface connec::s to a broad ranqe of Disk Controllers. 

Intelligent power management minimizes operational and idle power consumption._ 

Kt1y Ft1•turt1s 

One-l:llt, two-bit or eight-bit NRZ Om in1ertace 

Raia 213 RLL (1,7} ~rding code 

Digital Gain Control 

Digital Titning Recovery 

Digital Equalizer 

SolTargetn. Sequence Detector 

Error-tolerant syncnronization 

Programmable t;aln, liming. equalization, sampling. and detection altematives 

Channel QUality circ-Jit for fiHer/equalizer/deteC".or calibration and error rate estimaticn 

Erasunt pointer generation 

Support for monolitrllc, composite. thin-film, MIG and magneto-resistive head tectmolocies. 

Intelligent power management 
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The CL·S!-14400 Is avaRable In a 100-pin Plastic Quad Flat Padc (PQFP) padtage. The pin diagram below 
shows this package. 

Pin Diagram for ltle 100-Pin Ptastlc Quad Flat Paci< (PQFP) Padcage 

--..... -----_.,. 
-~­Cl" 

!UT' ..,.....,.,,.... ....,. --r.c:r ...,.. .,.,.. 
w-=u:· 

CL-SH4400 
100-Pin CF? 

MCZl 

""""' oc:" 
«<CD ...,.. --c _,., 
a.a< 

"""" -c .... .... 
"""""" -""""'' "'"""' .,..,.., 
~ 
QC) 
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2. PIN ASSIGNMENTS 

The following conventions are used In the pin assignment tables. Asterisk (j denotes a negative true si;;­
nal. (I) Indicates an Input pin. (0) indicates an output pin. {00) indicates an open-Orain out.put pin. (UO) 
indicates a bidirectional pin. All unused inputs must be tied to !tie inactive state. Va; or GND. 

2.1 Mlcrocontroller Interface Pins 

SYMBOL PtN TYPE 

AST" 

M/NM" 

DESCRIPTION 

RESET: Assertion of this signal stops all operalions wit:'l:n 
the CL·SH4400 and deasserts all output control signals. Ail 
bidirectional signals are set to the high-impedance s:are. 

INTELJMOTOROLA: This signal selects the microcon:rolle~ 
Interface to be used. When this signal is hign, il seie:::s L'1e 
Intel bus control interface. When :t11s signal is low. ii seie:::s 
the Motorola bus control interlace. An internal pullu;J a110 .... -s 
!his signal to be legally "floated" to selec: L'le default Intel 
bus control Interlace. 

MULTIPLEXEO/NONMULTIPL.EXED: When this signal is 
hign. AD<7:0> is the multiplexed address/data bus ar.::: 
A<7:0> is the latched address out;iut bus. When tnis sicnal 
Is low, AD<7:0> is tne data bus and A<7:CP is ttle a:i:::ress 
Input bus. An internal pullup allows this siQnaJ 10 be legally 
"floated" to select the default multiplexed bus mode ol oper­
ation. 

SH/L" STROSE HIGH ACTIVE/LOW ACTIVE: This input sele::::s 
uie polarity or tne CS (Cata Strobe) and A5 (A:::::iress 
Strobe) input If in Motorola mode. A high on tne inp~l v.1:1 
select nigh active OS and AS while a low on tl"le in;Ju! v.1:! 
select low aclive DS and AS. An internal pullup allows r:i.:; 
signal to be legally •f!oatec:l" to selec: the delaull h1;;n aC";ve 
mode of operation. 

cs· 

ALE/AS 

CHIP SELECT; This signal must be asserted for all m1:::-o­
controlfer accesses 10 the CL-SH4400's rec:ster.;. 

ADDRESS LATCH ENABLE/ADDRESS STROS::.: 0:-i t:-:e 
trailing edge of Ulis signal, !he CL-SH4400 latc!les L'le 
address present on uie AD or A bus. as selected ':rf M.'NI.~·. 
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WR"fR·W' 

RD"/DS 

ROY/DTACK" OD 

VO 

A<7:0> uo 
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DESCRIPTION 

WRITE STROSE/REAO_WRliE: When I/MC" is high, tnis 
signal Is WR"; when cs· and WR" are asserted, the data 
on the AD bus will be written to ttle speclfied register. When 
t/MC'" Is low, ttlis signal Is R-W'. whicl'l determines the 
direction at data transler wtlen accessing tne CL-SH4400's 
reQisters. When C~ and OS are asserted end R·W" is 
hlqh, a ragister read operation is In proQress. When CS" 
and OS are asserted and A·W- is low, a register write oper­
ation ls in progress. 

READ STROBE/DATA STROSE: When I/MC" is high, U'lis 
signal Is RD": when cs· and RD" are asserted, ttie data 
from the specifie<:l register will be dnven onto tl'le AD bus. 
When I/MC" is low, this signal Is OS. whic.'i determines tne 
data timina of a ~·ster access. When cs· is asser.ed a.1c 
R·W" Is high, me leacina eaae of OS indicates wtien t11e 
Cl·SH4400 may s:art C:nvino data onto L'ie AD ous. When 
CS" Is assertsid and R-~·r Is low, the trailing eaoe of DS 
Indicates when L'ie CL-SH-4400 may latc.'i data from tne Au 
bus. 

READY/DATA ACKNOWL!:DGE: When l/MC" is nicn. ITllS 
signal Is the microcootroller Reacty line: when lttis sional is 
dea.sserted, tne local micmcontroJler shall insert wait stares 
lo allow time for trie CL-SH.WOO to complete t.'1e reoues:e:: 
access. When VMC" is low, L'iis signal is t!'le Jata .A.clc:iowl· 
edge signaJ; tnis signal is asserte<l wnen the CL·Sn44GC 
has completed Itta recr.iested access. 

MICROCONTROL!.ER ADDRESS/0A7A B:.JS: When fl.'.' 
NM" is hic;h. AD<7:0> is ttle multiplexed address/Oata bus. 
When IWNM" is low. AD<7:0> is t!'le data bus. 

MICAOCONTROLLER ADDRESS: When M!NM" Is hi;~. 

A<7:f:J> Is the latched address output bus; i1 prasents tne 
eight address bits lalciled by ALE. These si~nals are pro­
vided for general system use and are avarla!Jle recarcless 
of tl'le state of CS". When MINM" Is low, A<7:0> Is :ne 
addre53 Input bus. 
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2..2 VM6400 Interface Pins 

SYMBOi. 

ORDP<S:ll> 
DRDN<5:0> 

ADCLKP 
RDCLKN 

FJCLK" 

WRRCLK 0 

PIN 

EN OAT <0>/SER_CLK 

EN DAT< I >/SEA_DAT 

SER_ ENA 

FCTL<4:0> 

ACQ 

VGAC<4:0> 

TYPE 

0 

VO 

0 

0 

0 

0 

DESCRIPTION 

DIGl'TIZEO REAO DATA: This dlfferentiaJ bus carries tl'le 
sampled read signal in two's-complement form. These 
lnpuls must be driven to a !ogle ·o· when not in use or wne:-.­
ever the sample value is invalid. 

READ Cl.OCK: Both edges of this differential signal cocxs 
ORO Into the CL-SH4400. RD_CLK is one-half tl'le c:ia.:-.ne! 
bi! rate. This clock must be glitcn free a!ld dnven to a va:.::: 
state when not In use. 

F/J Cl.OCK: This signal is used 1n cenera1in1; R3:::t . ..'<: 
RACLK and NCLK. FJCU< Is one-thir::J er two-ttli~s me 
ctaannel bit rate. This clock must be glitch tree and driven !.;} 

a valid state when not In use. 

WRrrE REFERENCE CLOCK; This sii;;r.aJ clocks t:'le Ft .. !.. 
encoder ol the CL·SH4400. WRRCLK is one-ha!! t.ne C'la'l· 
nel bi! rate. This clock must be glitd1 tree and driven 1::: a 
valid state when not In use. 

ENCODED DATA BIT O/SERIAL CLOCK: lt.fh1ie 
SER_ENA is deasserted, this signal ca mes :he leas:-sigr:.I· 
leant RLL-eneoded wri:e data bit to tl1e VM6400 and is w~I· 
tem to the disk after the mcs!-signilicant cil. W!':iie 
SER_ENA Is asserted, ttlis signal c!oc:Xs SEM_0A7 
between the CL-SH4400 and ttie VM6400. 

ENCODED DATA BIT 1/SERIAL DATA: While ScM_E:fl.A 
Is deasserted, this signal earlies !tie mosl·s1gnifica:i: R:..L· 
encoded write dala bit 10 tt'le VM6400 and is wntten t::i :~~ 
disk before !tie least-significant brt. While S=::=t_ENA LS 
asserted, this signal transfers control 1nformatJon betwee.1 
the CL-SH4400 and the VM6400. 

SERIAL. ENABLE: This signal is asserted for senaJ con:r;! 
Interlace operations.. 

FREQUENCY CONTROL: This bus controls tl'le VM64CC's 
variable frequency oscillator/timing recovery circuitry. 

ACQUISITION MOOE: Controls the range and precision cf 
the FCTL bus. 

VARIABLE GAIN AMPLIFIER CONTROL: This bus c::n· 
trofs the fine aain ot the VGA in the VM64Gv. 
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2..3 • Preamp Interlace Pins 

SVMBOl. PIN TYPE 

P_cs· 0 

0 

WGO" 0 

2.4 Disk Controller interlace Pins 

SYMBOL PIN TYPE 

AG/RG" 

WGN/G" 

NRZ<O>INRZ l/O 

NAZ<1> l/O 

NRZ<7:2> uo 
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DESCRIPTION 

PREAMP CHIP SELEC'r. This signal is asserted while RGI 
RG· or WGfWG• Is asserted. 

READ GATE OUT: This signal is asserted while RG/RG" is 
asserted. 

WRITE GATE OUT: This signal Is asserted while WG/WG. 
isassenect. 

DESCRIPTION 

READ GATE: When this signal is assertec!. tne read patn 
dn::ulll'y Is enabled. 

WRITE GATE: When this signal ls assertee!. tne wnte pa:tl 
cfn::ufll'y Is enabled. 

NON-RETURN TO ZERO Brr OINRZ Data: In Eigt:t·Bit 
NAZ Mode and Two-Bit NAZ Mode, this signal transmits( re­
ceives) the least-significant unencoded read (write) data bit 
to(from) the Disk Controller. In One-Sit NAZ Mode. t.nis bit 
serially transm!ts(receives) tile unencoded read(wrtte) data 
tc(from) tne Disk Controller. The tri·state driver ls enabled 
by assertion of RG/RG". 

NON-RETURN TO ZERO arr 1: In Eiglll·8Jt and Two-Sit 
NRZ Modes, itiis signal transmlts(recerves) !."le second· 
least~ignlficant unencoded read(WT1te) data bit lo(from) tne 
Disk Controller. The tri·state driver ts enabled by assertion 
of RGffiG•. This signal is not used In One-Bil NRZ Mode. 

NON-RETURN TO ZERO BITS <7:2>: In Eigrit-Blt NP.: 
Mode. ttiese signals transmit(receive) tne six most-signifi­
cant unencoded read(wrile) data bits to(lrom) tf'le Disk Cori­
trollar. These signals al"9 not used In Two-Bit NRZ Mooe or 
One-Bit NRZ Mode. 
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SYMBOL. PIN 

NRZP 

WPERFI 

saa· 

NCU< 

RSCLKIRRCU< 

WSCU< 

SEQ_OUT 

TYPE 

110 

0 

0 

0 

0 

DESCRIPTION 

NON-RETURN TO ZERO PARITY: In Eight-bi! NRZ Made. 
this signal transmits(receives) the parity bit for the N?.Z 
data byte on NRZ<7:0>. 'Nhen the parity of NRZ<7:0> is 
eYen and Even NRZ Parity mode Is selec:ed, NRZ? is low. 
This signal Is not used in Two-BU NRZ Mode or One-::il 
NRZMode. 

WRITE DATA PARITY ERROR: in Eighl·bit NMZ Moce. 
this signal Is asserted when a parity error is ctete~e:l on :!1e 
NRZ Interface (NRZ <7:0> and NRZP). This s.ignaJ is net 
used In Two-Bi! NRZ Mode or One-Bit NAZ MOde. 

SYNC BYTE DETECTED: In Eighl·bit NMZ Mode. r:nis s:;· 
nal is asserted 10 qualify the hex ·03· byte on 1ne N;::..z O:.;s 
as the synchronization byte. This signal ls also valid in Two­
Bit NRZ Mode or One-Bit NAZ Mode. 

NIBBLE CLOCK: In Eight-Bit NRZ Mode. this si;nal is ;ire­
sented tor use by the Disk Controller. This signal Is far:ir­
high In Two-Bit NRZ Mode or One-Bit NMZ Mode. 

REFERENCE BYTE CLOCK/READ REFERENCE: 
CLOCK: In Eight-Bit NRZ Mode. this signal is used ta coci< 
out NAZ<7:0,P> to the Disk Controller. In One-Bit or Two­
Bit NAZ Mode. this signal Is used t:J dock NRZ er 
NRZ<1:0>. respectively. to and from tl"te Disk Cont~lle:. 

WRITE BYTE CLOCK: In Ei<;;ht-Bit NRZ MOde. Olis si;;~aJ 
Is used to dock In NRZ<7:0.P> from the Disk Controlle~. 
This signal Is not used in One-Bit or Two-81! NMZ Mode. 

SEQUENCER OUTPU"r. This cignal is connec.ed to me 
SeQuencer Ou:;Jut of ttle Disk Controller. II is use':l 10 :-.::n· 
trel the Synd'lronizalion Marl< Recovery MOC:e. Pa:.'1 Me~· 
ory Length and Channel Quality measuremenL 
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2.5 Power, Ground, and Mfsc:ellaneous Pina 

SYMBOL PIN 

+SV 

Vss 

N/C 

ENA 

CLKIN 

TYPE 

NIA 

NIA 

NIA 

DESCRIPTION 

POWER SUPPLY (Vccl· 

GROUND 

NO CONNECT 

ENABLE: Oeasserticn of tt'lis signal places tt'le CL-SH4400 
In a power-<iown state. 

Cl.OCK IN: This signal is used tc develop the clock fer t.'le 
VM6400 serial control interface. 
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3. REGISTER TABLES 
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An overview of the lnteraC!lon of the Cl.·SH4400, VM6400, and the Disk Controller during write and read 
operations Is given below, fellowed by more detailed descriptions al Individual fundlonal blocks. 

The malor functional bloc:Xs of the CL·SH-4400 lndude: 

NRZ Data Interface 

Transftlon Detector 
• Gain Control 

runing Recovery 
Digital Equalizer 

• So1Targe1"" Sequence De1ector 
Synchronization Mark Detector 

ALL Encoder/Decoder 

Pointer Generation 

Gnannel Quality 

Serial Control Interface 

4.1 Write Operation 

When Write Gate Is asserted. the Dis~ Controller must first emit zeros on trie NRZ Data interface for tr1e 
desired length of the preamble. The RLL Eneoder In ttle CL·SH4400 creates the pream!lle pattern spec· 
lfied by the Preamble Select bits ("1010 .. .". •100100 .. :. or ·10001000 .. :) and emits It on the Encoded 
Data inlerface. The Disk Controller must Ulen emit a number at hex "FC" bytes on tne NRZ Oat.a interlace 
equal to the Synchronization Mark Length, during wttich the CL·SH4400 emits the Synchronization Marl( 
Pattern on the Encoded Data interface. If necessary, me Synd'lronization Mark is delayed t::ry one or two 
channel bits to allow the last "100" or "1 ooo· preamble group 10 be completed. After it has transferred the 
proper number of synchronization bytes, the Disk controller must emit data by1es on the NRZ Data inter· 
face. If the Data Randomizer Is enabled. the data bytes are randomized 10 equalize tl'le probabflity of oc· 
currence of worse-case patterns. The ALL Encoder in the CL·SH4400 encodes the data bits and me en· 
coded data bits are emined on tt\e Encoded Data interface. The preamble Ms. Synchronization Mar1< bi:S. 
and encoded data bits are all processed through the VM5400's wrtte precompensa!ion circuitry and trans· 
mitted to the write head. 

4.1.1 Write Precompensatlon 

Due lo !he nature of the SofTarget,,. Sequence Detector, wttld'l taJ<es llnear lnlersymboi Interference int:i 
account when calculating path metrics, write precompensation for linear !ntersymbol Interference is n:i: 
required. However, demagnetizing effects during wr1te can cause a shift in Iha location of a transition 
wtllch Is very dose to the preceding transition. The VM6400 provides write precompensation to counter 
ll'lis effect. 

4.2 Read OperatJon 

During a read operation, the VM6400 passes the signal from tl'le read/write preamplifier ttirougti a .van· 
able-gain amplifier and a tunable active filter, then emits digital samples irom a six·bit flash analog-to-<11C· 
Ital converter. The samples are passed to tne CL·SH4400 at me rate cl one sample every channel bit 1n· 
larval. In ttle CL·SH4400, the samples are fed 10 trie programmable digital equalizer which furtne~ 
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conditions the signal. The sample points of the anal[)(J to digit.al converter are determined by an osdlla!or 
lntemal to the VM6400 whose frequency/phase Is controlled by the CL·SH4400 to maintain proper sam­
pling. The digitally-equalized samples are fed lo ttie SofTargef1.t Sequence Detector in the CL·SH4400. 
The output of the Sorrarget111 Sequence Detector Is used to detect the SyndircoiZation Mat\c and to feed 
the RLL Decoder, whose output is the NAZ data which Is transmitted to the Olslc Controller on U'le NRZ 
Data interface. II the data randomizer is enabled, the data Is de-randomized to restore tt'le original user 
data before being sent to the disk controller. · 

4.2.1 Number Representation and Arithmetic: 

The two's complement number system Is used wherever neqative and positive numbers must bo!ti be rep­
resented. The input signal samples from the analog-lo-digital converter are six·bil two's complement num· 
bers interpreted as having a binary point after the second most significant bit SX.XXXX. Thus the range 
of representable numbers is from ·2 to +31116 in s1eps ot 1/t 5. Note that the binary pain! is 'virtual", having 
no existence In silicon. 

Rounding and truncabon are ;;erformec as considered appropriate in ea:::tl intemal o::>eration on a case­
by-c:ase basis. In some cases. inter.Tleciate results are carried wi:n o~eater prec:s1on t."lan :ne final resu!L 
Overllow is guarded against by satura:ing summers, by algorithmic bouncs. or by proba!)1iity ol oc::..ir­
rence as appropriate in eac.'1 internal operation. 

4.3 NRZ Oat.a Interface 

The Eiont·Bit NRZ Mode allows the CL·SH4400 to connect to a disk ~ntroller wtlich uses an eicht-bi: 
NAZ data interface. When in the Eight-Sit NFlZ Mode. the VM6400 provides me FJCLK sionaJ as a 1/3 
cnannel rate clock which ltle CL·Sl-44400 divides by two In frequency In developing NCL.K and divides 'J>f 
four in developing FiSCLK. whic.'1 ttle Disk Controller returns as WBCLK. 

The Two-bit NAZ Mode allows the CL-SH4400 to connect to a disk controller which uses a two-bit NRZ 
data interface. When in the Two-Bit NRZ Mode. !tie VM6400 provides the F3CLK s1ona1asa113 cnannel 
rate dock whidl the CL-SH4400 uses to develop RACLK. 

The One-bit NAZ Mede allows ttie CL·SH4400 to connect to a disk C1:lntroller whi~ uses a one-bit serial 
NAZ data interlace. When in !tie One-Bit NRZ Mode. the VM6400 provides tf'le F3CL.K signal as a 2iJ 
channel rate cioclc which the CL·SH4400 uses to develco RRCLK and divides by two to developed its m· 
temaJ two-bit NAZ docx. Data rate in tnis mode is limited to 40Mbit.slsec. 

4.4 Transition Detector 

Gain Control and TiminQ Recovery bottl require Information abOut the locations of 1rans11JOn res;xmses ir. 
the sample stream. Because t.rie gain and timing loops cannot tolerate uie delay of me Sofia~et"• Se­
quence Detector, a simple transition detector is provided. This transition detector is no! normally used for 
data recovery, although its output may be selected ifl place of ttie Sorrar;iet"" Sequence De!eC1or ou:PU'! 
by setting a control register bit. The pealc qualification threshold, V, ls also stored in a comrol re-,;iister. Ta­
ble 4.4-1 shows the conditions which must be satisfied 10 detec: a transition during sample period n unoer 
various conditions, wtiere: 

Y1 is tt'le signal sample for period J, and 
v is the Qualification ThreshOld. 

For an isolated transition response sample seQuence of (a.b.1,c). ttie transition detedor indicates a tran· 
sition when tt receives tf'le fourth sample (c). The choice of ei!tler c:?ndibon (~a) or (3b) -~uri~9-~_n1~r-san:· 
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sitlen pattern. Condition (3b) is Intended for use wlltl a '10001000 •• .' acquisition pattern. Either condition 
might be used for a '10010(L' acquisition pattern. 

Table 4.4-1 Transition Detection Rules 

Acquialtlon AcqulaltJon T111cldng 

SAMPLING SGN(Y ,..
1
}= 1 SGN(Y,,..1) • ·1 SGN(Y ,..

1
) 111 1 

Slde&ampled 1)Y,..2 >Yn 1)Y,..2 <Yn 1)Yn-2>Yn 

2) y n-1 > y n-3 2) y n-1 < y n-l 2) y n-1 > y n-J 

3) Y.,.2 >Y,,,_. 3) y n-2 < y""" 3) y n-1 > v 

Centllr 1)Y.,_1 >Yn 1)Y.,.1 <Yn 1) y n-1 >Y 
... mpled n 

2) y n-1 > y n-2 2) y n-1f< y n-2 2) y n-1 > y n-2 

3a) y n-2 > y n-3 3a) Y n-2 < Y n-3 3) y n-1 >V 

3b) Y,...2 > y"-" r 3b) Y,...2 < y""" 

Figure 4.4·1 Illustrates center sampling and side '4mpling for an Isolated pulse. 

• b 1 c 
Center Sampling 

a b 1 c 
Side Sampling 

Agure 4.4-1 

TnickJng 

SGN{Yn-1) .. ·1 

1)Yn-2 <Yn 

2) y n-1 < y n-3 

3) y n-1 <·V 

1) y n-1 <Y 
n 

2> y n-1 < y n-2 

3) YM <·V 
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4.5 Gain Control 

The differentiaJ variable gain amplifier (VGA) in the VM6400 amplifies the differential input signal from the 

read preamp to a consistent level whid'l ls fed to the !Unable act.~e filter. The VGA gain Is controlled by a 
digital to analog cooverter (DACJ with coarse gain stat!cat!y controlled 'ay a register in the VM6400 anc: 
fine gain dynamically controlled by the Gain Control circuit of tne CL·SH4400 through the VGAC bus. The 
Gain Control circuit is designed for symmetrical attack and deeay. The VGAC bus will sarurate instead cf 
cvertlow or underflow. 

The Gain Control circuit provides three modes: acquisition. tracking, and hold. In acquisition mode. whi:::: 

is automatically entered on the leading edge ol Read Gale, the loop should be pro0rammed to resoonc 

quicicly In order to allow fast acquisition. 

Proper gain is assumed to have been established a proc;rammable number of clocks after tne leacir.;; 

edge of Read Gate. The Gain Control circuit then switcnes to a tra::king mode in whic.'i Ula loc:::i s:io~!:: 
be pro0rammed to respond more slowiy In or::ler to minimize gain errors over data due to noise. Tr.:s 
dlange in response is accomplished by switdling to anolher set of loop filter coeHicients. It is also pcss.­

ble to freeze the gain during tracking mode by setting the loop gain to zero. 

In hold mode. whic.>i is entered while Read Gate is deasserted. Gain Control acion is suspended, aJlowin\; 
the VGAC bus to ·coast" at its current gain level. e.g. over gaps or servo bursts. Gain does not ·crooc· i:l 
hold mode due to U'le digital nature of the gain control loop . 

.C.5.1 Gain Oetec-..or 

The Gain Detector calculates tl'le ditterence in amplitude between the desired anc ac:ual signal levels. A 

gain update is ma::le whenever a transition is detec1ed. The gain update is neiJat1ve when me gain is too 
hign and positive when the gain is too low. Table 4.5-1 SllOWS how the gain error is catc-Jlated wnen a 
transition is detected during sample period n, wnere 

SGN{x) is + 1 for x :<'! 0. -1 for x < O. 
Yi is the signal sample for period i, 
Qa is the acquisition Gain Set Point value, 
Ot is !!'le trackina Gain Set Point value, 
a. b. and c are Detector Levels 1, 2. 1111d 3. 
and Tj Is 1 when a transition is detee1ed during sample 
period i and pulse shape compensation is enabled. O otherwise. 

The nominal value cf !tle Gain Set Point for side sampling is (1 + b); for center sampliniJ. i1 is ( 1 ). ~e 

appropriate value of the Gain Set Point for normal operation Is determined dunno calibration. Vary;nc t11e 
Gain Set Point may be a suitable tool for retry strateiJies. For example. a larger Gain Se! P::>in: could oe 
used to hold the gain ar'Jficially high. which might tend to compensate tor arop-oo: errors (at some C!>St c~ 
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signal-to-noise ratio). Note that the Gain Set Point affects tl'le loop gain and gain margin of the Timing 

Recovery dl'Cl.lit 

Table 4.5-1 Gain Error 

Acqul.itlon TrllCklng 

Side Sampled ·SGN{Y,,.1)(Y n-i•Yn-2) + ga • (• + c)T n-2 .SGNCVn-1)CVn-1+Yn-2l + Ot • (• + c)in-2 

Center S•mphtd .sGN{Y n-1 )Y n-1 + g8 • aT n-2 -SGNCVn-1)Yn-1 +'1t·•Tn-2 

4.5.2 Gain Compensation 

Compensation In !tie Gain Control loop Is accomplished with a digital filter wtlose structure may be rep­

resented t:rf Figure 4.5-1. The adder is designed 10 saturate rather than wrap on over/under flow. 

Figure 4.5-1 Gain Control Loop Compensation 

The :·domain transfer function of this filter is 

Cg Is lne loop filter coefficient and :: • 1 represents a delay of r..vo cnannel bil intervals (2115) because t:"lis 

cflgHal filter operates at one-hall the c:iannel sample rate. Coefficient Cg Is independently pro<Jrammal:Jle 

lor ac::iuisition and traoong. 

A linear discrete-time approximation to t!'le cpen-loop transfer function of the Gain Control loop is 

KrlK•cri .. -"""--"-

t' c z - 1) 

wtlere Kg is the gain of the gain deledor (equal to 2 for side samplino. 1 for canter samplinQ). K3 is 
ttle control gain of Ille VGA (equal to 0.46). cgls the gain ol the compensation filter, end n Is tne numoer 
of (2lfsl clock delays In the loop. This model can be used to predict the acquisition settling time, rrack.rnc 

bandwidth, and other properties of the loop for a given filter coefficient cu 
4.6 Timlng Recovery 

The Timing Recovery circuit controls the Read Clocks. which are synchronized to the read waveform. The 
Read Clocks are generated in the VM6400 from a dock produced by a variable frequency oscillator (VFO) 
wnicti is used to dock an analog-to-digital converter (ADC). The frequency syntneslzer· In tne VM6400 
establishes the center frequency of the VFO. A pnase detector circuit In tne CL-SH4400 digitally com­
"''' .... 1nA nl\,.,.A "'rror in tne ADC sampling instants from the sample values. The sequence ol measured 
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phase errors Is digitally filtered In the Cl.-SH4400 to produce a frequency control signal which is fed bad 
to the VM6400 over the FCTL bus. In the VM6400, !tie digital value from the FCTL bus Is converted via 1 

OAC to an analog signal which acts to offset the.VFO from its center frequency to establish the correc 
sampling frequency and phase. The phase detector, filter, VFO, and AOC together form a phase-locked 

loop. The Tuning Recovery circuit i.s de&igned so ltlat t."le FCTL bus will saturate instead ol overflow oi 

underflow. 

The 1iming Recovery circuit provides four modes: loclc-to-reference, acquisition, traciOng, and hold. Ir. 

lock-to-reference mode, a digital frequenC'f detector is used to lock Ille read VFO to the frequency syn­

tl'lesiZer clock. ensuring small frequency error wnen acquisilion mode is entered. 

In acquisition mode. which is automatically entered on the leading edge of Read Gate. the loop should be 

pr~rammed to respond quicl<Jy in order to allow fast a~uisition over the preamble. To furmer decrease 

acquisition time. the VM6400 provides a zero-phase start. 

Timing frequency and phase are assumed to have been acquired a programmable number of docks after 

the leading edge ol Read Gate. The Timing Recovery C:rc-..sil tnen switc.'1es to a trackino mode in wh1C: 

the loop should oe procrammed to respand mare sJow1y in order to minimize liminc errors over Clata oue 

to noise. This c.'1ange in response is accomplished by switcning to another set of loop filter coefficients. 

In hold mode. which Is entered while Read Gate is deassertecl, iiming Recovery ac:ion is suspende'.:!. 

allowing the FCTL bus to ·coasr at its current frequency, e.o. over gaps or servo oursts. 

4.5.1 Phase Detector 

The Phase Detec:or calculates the ::liHerence In phase between tne desired and actual samoling instan:s. 

A timing update is made w:ienever a transition is detec:ed. The timing update value is positive when !/le 

AOC is strobed late. indicatin!J that !he VFO frequency should be increased. The timing u;xlate value is 

negative wtlen t.'le ADC Is strobed earty, indicatin;i that tl'le VFO freQuency should be decreased. Ta!'Jle 

4.6·1 s:iows the eQuations used to calC'..sla:e tne phase error when a transition is deleC:ed dunno samp1e 

penoel n, wnere 

SGN(x} is •1forx2: 0, -1 forx < O. 
Y1 is tf'le signal sample for period !, 
18 Is the acquisition Timing Set Point. 
It is the tracking iiming Set Point. 
a. b, and care De!ector Levels 1, 2. and 3. and 
Ti is 1 when transition is detected during sample 
period I and pulse sha:>e compensation is ena!lle<1, O otherwise. 

The Timing Set Point Is used to accommodate pulse asymmetry. Ta,bje 4.6-2 shows ttle nominal values 

ot la and t1. The approprtale values of !tie Timing Set Point for normal oPeratioo are determine<1 d:.inni;J 
calibration. Varying the values of the Timing Set Point may be a suitable tool for retry strategies, 

Table 4.6-1 Phase Error 

Acquisition Tr-.::IUng 

Side Sampled SGN{Y ll-1)(Y n-2 • Y n-1) +la SGN(Y n-1l(Y n-2. y n-il •It+ cT n-2. aTn+2 

Cent.r SGN(Y n-l }(Y ll-2 • Y rJ ... i._ SGN(Y n-il(Y n-2 • Y n) +; + cT n-Z • bT n+2 • aT n-3 
Sampled 

- -·· 
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Table 4.6-2 Nominal Timlng Set Point 

Acqwaltion NorNnalfta Nominal 't 
Pattern 

Side Sampled 1010.-.. 1-b+c·a 
1001CXL ••. 1-b 1-b 
10001 ooo._. 1·b 

Center 1010.-•. 2 (C• b) 
Sampled 100100.-... C•b•a c-b 

1oooiooo .... C•b 

4.5.2 Timing Compensation 

Compensation In the Timing Recovery loop Is ac=implished wfttl a digital filter whose structure may be 
represented by Figure 4.6-1. 

Agure 4.6-1 Timlng Recovery Loop Compensation 

The z·domain transfer function of this filter ts 

c,zcz-, l +Ci 
F {Z) "' ------

1 Z(Z- 1) 

where r 1 represents a delay of two ctiannel bit Intervals (2/tsl because this digital filter operates at one· 
half the channel sample rate. Coetticients c1 and c2are independenUy programmal:lle for acquisition an::: 
tracking. 

A linear cfiscrete-ttme approximation to ttle ~transfer function ct. the Timing Recovery loop Is 

KPK0 (c1i'--c1z+ c2) 
Gt(Z) "" -'---------z"• 1 (Z- 1) 2 

where Kp ls the gain of the phase detector (1 to 2 depending on pulse shape), K0 is !tie control gain of 
!tie VFO (selectable in VMS400) and n is the number of (2/Ys) dock delays in the loop. This model can be 
used to predict the aCQUisitioo settling time. tracking bandwicJth, and other properties of the loop for a giv­
en pair of filter coefficients c1 and c-z. Given detector levels a. b, and c. the gain of the pnase detector 
may be computed as Kp = 1 + b ·3(a + c)/2 for side sampling. For center sampling, tl'le gain of Ula phase 
detector is Kn• 2 • 2a/3 • (b + c)/2. 
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4.5.3 Lock to Reference 

The center trequenc"I of the read VFO In the VM6400 tracks ::ie lrec:uency synthesizer automatically. This 
ensures that !tie frec:uency control range provided by the FCTl bus is approxlmalely centered around the 
nominal frequency fer each zone. However, the automate cen:er frequency tracking is not precise enou(;h 
to facilitate fast, reliable lock to a dala preamble. To tine tune !!'le initial frequency of the read VFO a.id 
ensure small frequenc-1 ermrs at the start of a lock to preamble, tna CL·SH4.400NM6400 Chip set provioes 
a Lock to Reference (L TR) mode in which !he frequency ot !he read VFO is adjusted to matc:i 1t1e frequen­
cy synthesizer. L TM mode should be used whenever tne VFO frequency is subiect to error, inducin;1 at 
power on. after periods of idle time, after a data rate c:'lange (inter-zone seek), and after any failure t:i 
achieve foci< as indicated by failure to defect the sync:ucnization ma!X. 

Lode to Reference (L TM) mode is invoked by seltinQ a bit in a control re-Jister in CL·SH4400. L TR moce 
should not be invokel,j dunno any read. write, or ser10 o;:iera:1on. When !.he leek is completed tl'le :::::n:::t 
t:it must be manually ::!eared lo re!:.lm to normal opera:.ion. 

The CL-SH.!400 SiQnals the VM5400 to enter LTR moce by asser:1r.o the AC::: line wtiile RGO" is aeas­
se:-:ed. The VM5.:oo tl'len ger.era!es a sinusoidal si;;~a: w1:r. tre-;;:;e~::/ equaJ 10 1/4 of the synuiesizer lre­
Quency, ano samples that signal with !he 6-bit flash AlD conver:er. ihe CL-Si-i4400 uses !he sample se­
c;uence lo compute !Jie frequenc-1 error be:weer. t:ie rea:! v:::o (v.nic.'1 docks ::ie AID converter) and tne 
frequency synthesizer. The fre{!uency error sicnal is fee: :la:k :t1rou-;11 t:ie dicitaJ timinc 1000 filter to dn11e 
t.'1e error 10 zero. The ciirec: pa:h c:>etficient in lhe ll:nini;; loo;: ::1:er {c1) is set 10 zero for L TR since ino:.::s 
represent frequency error measurements rather tnan lhe us;.;aJ ;:r.ase error measurements. A register is 
provided to prograr:i !he vaJue of tile ac....-umula:cr ;:;a:tl cne!fi~er.1 (::.Z) l:lr L 7n mooe. Ely suitable :::io1::e 
of :."lis coefficient. lrequency IOCl< limes of 100-200 c::annel tl1t intervals snouid tie adlievable. 

4.7 Olgftal Equallzer 

The digi:al e{!uali.::er can modify ~e eQualization done in r.ie a:1aJoQ filter of the VM5400 and. along wi~ 
11. proviC:es supper: for c:ianging equalization neec:.s from neac 10 head and zone to zone. The c1gi:al 
ecualizer is com::icsea of two specialized digital li!ter.;. caJle<! !he P:.ilse Sr.a::iing Filter and the Spec.:·..:~ 
SmooL"l1no Filler. The digi:aJ ~ual1zer parameters a:-e toaded r::y Ule microcontroller al initialization an::: 
d:.inng seek.S. Usin;, L'le Channel Quality arc-..:it, a pr~cure is ;>r.:>vi':!ea whereby t.'le microcontr:>ller ::an 
adapt the d1g1taJ equa!i;::er parameters. ihe intenl of t/'lis lea:ure is to allow ttie m1crocon1roller to tin::J ~ie 
best parameter se:s {those wnicn produce tne minimum error rate) for eac.'l disk drive. head. and :::one. 
Since pa:ame1er op:1r.-:::a~on is a slov. process. 1t is cone aniy c:.inr.;i r:ianula:::::.inno tes: an::: d:.;nr:;; ::::Je 
times. 

Figure 4.7-1 shows !he structure of ttie Pulse Snapint; F'ilter. The two coefficients PC1 and PC2 are inde­
pendently programmable. 

Figure 4.7-1 Pulse Shaping Alter Structure 
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Figun! 4.7·2 shows the Pulse Shaping Filter amplitude response vs. frequency for PC1 • (0, ±1116,:!:1/8. 
±114) and PC2 = (314, 1, 514). 

O~ 0. ! 0. lJ 0..:: o..::5 Q.l O.lS 0..C 

Flgure 4.7-2 Pulse Shaping Alter Response 

The spe~r..:m smoot!1ing lilter is designed to redua! the undershoots from the finite pole tlps of a triin-filr':'l 
head. or to reduce the bumpS from the secondary gap of a single or double-sided MIG head. Otl'ler uses 
may also be possible. In the frequency domain the filler acts 10 smooth out ttie undulation caused by tile 
"Head Bumps", tlence me name "Spectrum Smoottung Filter"'. 

Figure 4.7-3 shows the structure of the Spectrum Smoottiing Filter. The two delays SD1 and S02 and tne 
four coefficients SC1, SC2, SC3, and SC4 are lndependenUy programmable. The delays may be ore· 
grammed from 0 to 23 d'lanne! bit intervals. The enlire Spectrum Smoothing filter or just Its prec:Jrsor· 
correcting portion (SC1. SC2, and SD1} can be disabled.. 

IN 

Flgure 4.7-3 Spectrum Smoothing Fllter Structure 
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Partial response Is a communications and recording technique used to recover, as much as Is practical, 
the loss associated with intersymbol inrerference (ISi). Partial response models for magnetic recorc:ing 
channels are typically defined by polynomials of the form 

(1 • 0)(1 + O)N 

where D represents a unit delay. The (1 • D) factor represents differentiation by the transducer and the 
(1 + D)N factor defines tl'le ln!ersymbOI interference. N would be zero for a recording channel witl'lout in· 
tersymbol interference. N ls one for Partial Response Class IV (PR4) and two for Extended Partial Re­
sponse Class IV (EPR4). Higher orders of (1 + O) are also possible. The expansion of (1 + D)N defines 
tne sample points of an isolated pulse. Nore that wnen N is even there is a sample at the center al 111e 
isolated pulse and that wnen N is odd all samples are on the sides ol the Isolated pulse. 

Table 4.8-1 

N 
P.rt!al Rupon.aa 

HarM I Normallzed 
Polynomial Sample 

o I (t ·DI oeoci. 010 

t (t. 0)(1. 0) I PR.4 c 1 1 0 

2 11-0111. or I EPR-1 0 112 1 112 0 

l (I • 01( 1 • 01 l EEPR.4 0 113 1 1 t/J 0 

11 • DI (• • bO • OZ ...:D-11 SatT~Tl.I OablcO 

We can lake a more general view of ltle polynomial by varying coefficients. For example. 
replace U'le side coefficients ol [112 1 1121 witn K 10 obtain [K 1 KJ. As K varies from 0 to 1l2, the re­
sp0nse changes from !hal associated wilh the polynomial {1 • D) to that associaled with (1 • 0)(1 ... or2. 
The corresponding time and fretiuency responses are shown in Figure 4.8· 1 and Figure 4.8·2. respeC'JVe­
ly. Simifarty, replace the side coefficients of {113 1 1 1131 with K to oblain [K 1 1 Kj. As K varies trom 0 
to 113, the response changes from that associated wiUl Ille polynomial ( 1 • 0)( 1 + D} to that assooate:: 
with (1 • 0}(1 + 0)3. The corresponding time and frequency responses are shown In Figure 4.8·3 ar.::! 
Figure 4.8-4. respectively. We need no! equalize strictly to a large! defined by (1 - 0)(1 + O)N; a pulse 
shape in between may be a better match to a particular channel. Additional variability of Ille coeffic:ents 
can ac...""Ommodate asymmetric pulses, rendering phase equalization unnecessary. 

Al significant user densities, uie signal-to-noise ra!lo required for SofTargel,,,. Sequence Detector to pro­
duce a given error rale Is generally several dB lower ltlan that required for digital peak detec:1cr .. 
Figure 4.8-5 shows representative bit error races achieved by the Cirrus Logic SoITarget.,,,. detector pro­
grammed for EEPR4 and a digital peak detector as a func:ion of signal-to-noise ratio. ~so shown is U'le 
performance of each detector with and without uie Spectrum Smoothing F'tller (SSF). 
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Figure 4.8-6 shows !he Sorrargetni Sequence Detector. whidl reconslruC'.s tne dl.annel·bit strear.'I fr:;r:-: 
!tie analog· and digitally-equalized samples not on a bl!·by-bi1 basis from eact1 sample in tum but ratne~ 
with reQar:l to both !he C'.irrent sample and U'le surrounding sequence of samples ac:::ort!ing to a aec:sion 
rule wt1ict1 produces near maximum likelihood detec1ion performance. The detection algorithm deter· 
mines the best sequence of ALL 1's and O's corresponding to tl'le panem of samples. 

EQUALIZED 
SAM PLES , -

/ 

6 

RL~ 
DATA 

COMPUTE SELECT PATH SELECT 
PATH SURVIVOR FINAL 

I - - - I 
METRICS PATH MEMORY PATH , 

Agure 4.8-6 SofTargetTM Sequence Detector 

The Sorrarget™ Sequence Detector can be programmed to operate on any channel response whidl can 
be well represented by sequences of ttie form [a b 1 cJ. Center-sampled pulses nominally have 
a < b • c < 1 ; side-sampled pulses nominally have a < t, b • 1, and c < 1. Pulse asymmetry is ac.::cm­
moda!ed by specifying a::= O and b :ie c for center-sampled pulses, a :ie c and/or b ;it: 1 lor side-sampled 
pulses. Using the Channel OuaJily circuit. a procedure is provided whereby the microcootroller may ada:t 
!tie deteClor sample levels. The intent of tl'lls feature is to allow the microconlroller lo find !tie best Oetec:::~ 
sample level sets (those whietl producs !he minimum erTor rate) !or each disk drive. head. and zone. 
Since parameter optimization is a slow process, It is done only dunno manulaC:uring test and dunnt; idle 
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The state machine model for the SorTargi!!'"" partial res;>ense detector Is shown in Figure 4.S-7. Note that 
the model embodies several kinds of information. First. the isolated pulse sample values a. b, 1, and care 
induded. Second. the aftemaling polarity of pulses is enforced. Third, the minimum nm-length constraint 
of d= 1 is enforced. 

Figure 4.S-7 

To program the SofTarget"" deiec:or for PR4, set a. o. b .. 1, and c = 0. For EPR4 set a= :J. b = 0.5. ar.c 
c = 0.5. For EEPR4 one would set a = 113, b = 1, and c"' 1/3, although !he implementation reourres ::-:a: 
113 be approximated by 5116 or 611 S. 

4.9 Synchronization Mark Detector 

The error-tolerant synchronization strategy implemente<:l in the CL-SH4400 ls designed to achieve a level 
or error tolerance for tne syncnronizaticn function equal to thal acnieved for tne data field t:Jy L'1e combi­
nation of the SofTart;etn. Sequence Oe1ec:or in the CL-SH4400 and the error-correc:ion code implement­
ed in tne Disk Controller. This strat~ employs an error-tolerant Synchronization Mark pattern which is 
selected for minimum cross-correlation wi!h tne preamble and for minimum auto-correlation. The leng::i 
of the error-tolerant Synci'lronization Mark and t!le nurntier ol four-channel-bit groups which must be de­
tected are programmable. 

When Read Gate is asserted, l!'le CL-SH4400 begins to emit all ones on the NAZ Data interface. Whe~ 
the CL-SH4400 enters trackin9 mOde as specified t:Jy the Act;uisition Length, It begins to a!1empt to de!e~ 
the Syndlronization Mark Thres:iold. When the Sync:..,ronization Mark Threshold is met. the CL-SH-WX 
asserts Sync Byte Detected and emr:s a single hex "FC" byte over !/'le NRZ Data interlace. followed ::;· 
decoded data bits. Windowing ol the detection al the Synci'lronization Marx is pariormed in the Disk Con­
troller using the known length of !tie preamble and Syncnroni.2:alion Mark. 

The Synchronization Mar1< Recovery procedure may be used to recover data when a severe delec: has 
destroyed the entire Synci'lronization Mark. To use this mode. the Disk Controller asserts the Sequencer 
Output signal before Read Gate. The CL-SH4400 first goes through a normal gain and timing ac:::uisit1cn 
procedure while counting Channel bits. The Synchronization Mar1< is assumed to llave been oetecte<::! 
wtien !he count matches the Synchronization Mari< ReetlVery Count. By varying the Synchronization Marl< 
Recovery Count, the microcontroller can vary the assumed starting point of a header or data area unt:! 
the correct starting point is tried. wnereupon the sec:or will be recovered ff there is no olt'ler error beyon::! 
the capability of the error corree!ion code in ltle Disk Controller. A conservative strat9'i1'1 to limit the prob­
ability of miscorrection would be to limit error correction to a single burst when the Synehronization Mark 
Recovery procedure Is used. 
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The ALL-bit pattem of !he error-tolerant Synd'lronlzation Mark is programmed by the user In the Syncnro­
nization Mar1< Pattern registers. Cirrus Logic recommends Ule patterns shown In Table 4.9-1. 

Table 4.g..1 Recommended Synchronfzatlon Mark Patterna 

Acquisition Synd'lronization Mar1c Pattern 
pattern 47 0 
1010 .• _. 10010010 1ooqioo100010001jo10100101oocp100 10101010 
100100 .. _ .. TBD 

10001000 ... TBD 

When Ille Syncnronization Mark Leng'u'i Is programmed for one. two, or tnree NRZ bytes. me first twelve. 
twenty-four, or lt'lirty-six bits. respectively. of the par.em ere used. When the Synchronization Mar11 Len;::-: 
ls programmed for one. two. three. or four bytes. the Sync.'lronization Marl< Threshold shoul.::1 oe p:-:r 
grammed to require error-free detection of three, four, six, or eight lour-ctuinnel·bit groups, respeC:iveiy. 
In normal operation. 

4.10 ALL Encoder/Decoder 

Ourtng Wnte opern!lons. NRZ c:ata bits are Input tram the Disk C<>niroHer and encoded ac:::ordinc to me 
rules of a rate 213 ALL (1,7) cooe. The encoded RLL channel bits are tllen transmir.ed two al a time to tne 
VM6400 for write precompensa:ion and transmission to U111 wrlle head. 

During Read operations, ctiannal bits are output from the sorrarger"" Sequence Detector and deeo<Je:: 
accorcling lo the rules of the ALL (1.7) code. The decoded NRZ bits are then output 10 ttie Disk Controller. 

The ALL (1,7) Code Is encoded using one data·worcl look-ahead and one cnannel·btt look·bacX. an:! is 
deeoded using one Channel-word look·ahead. Table 4.10-1 shows the eneodsldecode mapping: x me.r.s 
me complement of the preceding Channel biL The maximum length of an NRZ elTOr burs: caused Oy a 
single ALL drop-out drop.in, or bit-shift error ls live NRZ bits. 

Table 4.10-1 RU. (1,7) Encode/Decode Mapping 

NRZ RLL 

00 010 

10 x01 

11 .xOO 

0100 010001 

0101 010000 

0110 x00001 

0111 xOOOOO --



··-·-···-··------------···-~=----=~= 

WO 94/186i0 PCT!US94/01084 

56 

CL·SH4400 
Sampled Amplit-.rde Digital RIW Charm.el ~~~CIRRIJS LOGIC 
4.10.1 Data Randomi.xer 

The RU Encoder/Decoder also Includes a Data Randomizer which processes unencoded user data to 
ensure that channel bit pattems with worst-case pattem sensitivity occur no more freQuently than would 
be expected from random user data. The Oata Randomizer employs two Unear feedback shift registers 
(LFSR's). One genera1es a SJ.bi! sec;uence which Is EXCLUSIVE·OR.-ed against the MSS of eac;.'1 pair 
of data bits. The other generates a 127·bil sequence which is EXCLUSIVE-OR-ed agair.st the LSB of 
each pair of data bits. The combination of the two LFSR's generates a 8001-bit sequence. The Data Ran­
domizer does nor affect error propagation. When tl'le Data Randomizer Is enabled, the probability of en." 
countering any specific panem of length n channel bits at a randomly selected location wiL"lin encOdec 
data is approximately 112n. 

During born read and wrile operations Sequencer Output must be deasserted over user data and assert!Y.! 
over headers. 

4.11 Pointer Genaratlon 

Normally, NRZ data bits are tra:ismined overtl'\e NRZ bus. '#hen erasure pointer generation is aC'.ivate:!. 
erasure pointer bits are transrnitled. Erasure pointer bits are generated by the detec!ion of a maximum 
run-leni:;th cons:rainr violatic;n In lhe RU.. Decoder. An erasure pointer bit In a given byte could indicate 
the existence of an error in t.'1at by1e, a previous byte. or a following byte. When the Channel Quality Mode 
tlil is set and uie Channel Ouahty Input source bits are "OXX", ltlreshold pointer bits are transmirted. 
Threshold pointer bits are generated oy the detection an input sample which differs from its nominal value 
trJ more than the Channel Quality Thresf\Old. 

4.12 Channel Quality 

n-.e nature and quality ot ttie d'lannel comprising the headt'dislc Interface. preamp, tunable aC:ive filter, 
ADC, and digi:al equalizer can be measured wilh the Channel Quality circuit, which is provided so that ttoe 
variable channel parameters (e.g. analog and digital equalization parameters. gain and timing set poin~. 
gain control and timing recovery coefficients, and detec:or levels) may be adjusted to provide the lowes: 
possible error rate. The Channel Quality circull is a very powerlul and llexible measurement tool. providi:i;; 
numerous options lo facilitale different kinds of measurements or the cnannef. By selec!ino approor.a:e 
options ii is possible to measure mean squared error (MSE), de!ennine eQualized pulse shape, d'larac­
ten::e asymmellies between positive and negalive pulses. pertorm margin testing, scan the media tor de­
fec-.s. measure DC offset. and measure the per1onnance of ttie Gain Control and T1mino Recovery loc::s 
and t:'le zero phase restart. Many of ltlese measuraments require that the sequence tllal was written t:i 
the medium be known as the sequence Is rl!ad. This Is accomplished by blocking data input to Ille CL· 
SH<l.400 during a Channel Quality write and generaling ttle written sequence entirely within the Da:a Ran­
domizer. Then on ChaJ1ne1 Quality read, Ille same sequence can be generated and used in controllinc :.'le 
Channel Quality circuit. Channel Quality measurements may be made using either a pseudo-random data 
secuence or a programmable two-by1e repeating panem trJ leaving feedback wittiin ttie Data Aandor:i::er 
enabled or disabled, respec!Nely. 

For detailed information on the use of ttie Channel Quality circuit In Its various modes. consult CL·SH4AOO 
Application Note xx. 
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4...13 Path Delays 

4.13.1 Write Path O.lay 

The patt'I delay for the Beacon during a write Is gtven In Table 4.13-1 

Table 4.13-1 

From To I OeL.y In CRRCUC'a 

NRZc1:0> ENDATct:O> I TBO 

4.13.2 Read Path Delay 

The pat.h delays for the Beacon during a read are given In Table 4. 13·1 with parameters of Pat.'i Memort 

Table 4.13-1 

From To Paranwtera I 0.lay In 
Pl.IL 501 PSF ROCLK'a 

OROd:O> FC'Tl..<4:0> TBO 

DROc5:0> VQAC..4:0> reo 
OR0<.5:0> NRZc1:0.. a Oisat>ted Eswbled TSO 

OR0<.5:0.. NRZ<l:'O> 12 o.a:ii.d Ellabled reo 
OR0<.5:0> NRZct:O-> 12 2 Etuil>led TBO 

OROc5:0> NRZ<1:0> 12 2 Oisll!>5-d TBO 

L.engtfl (PMLJ. Spectrum Smoothing Delay 1 (501) and Pulse Shaping F'ilter (PSF). 

4.14 Control Interface 

When tfle microcontroller accesses any of Ule VM6400 Registers. ttte CL·SH4400 asserts SER_ENA anc! 
!tie register address and data !)jts are transferred between the CL·SH4400 and the VM6400 over the E.~4· 
DAT bus. Refer to the Electrical Specifica!ion for detalls. 

4.15 Power Management 

Deassertlon of the Enable inpu1 disables all dala and dock input receivers. Wnting 'O' lo the Power Man· 
agement Mode bit disables all non-microcontroller data and clock receivers. Oeassert1on ol :tie Rea::1 gate 
inpl.Il disables tfle RDCLK inplJI receiver, thereby disabling all read circuitry. Deassertion of Ule Wrtte Gale 
Input disables Ule WRCLK input receiver, tt'lereby disabling all write cin:uitJy. 
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5. OPERATIONAL OESCRIPTION 

5.1 C.llbratfon 

The sampled--amplitude channel technology employed In ltle CL·SH440CYVM6400 chip-set makes it pos­

sible to Implement highly calibrated channels. These channels are calibrated In manufac:uting and during 

Idle times and therefore accommOdate greater variation in head/media parameters. 

In a CL-SH440Cl'VM6400 implementation, many equalization and detedlon parameters are under user 

control. These indude: 

In YM6400 

Tunable F"ilter Cutoff 

Tunable Filler Boost 
Zero Phase Start Delay 

Write Precompensa:ion Delay 

VGA Coarse Gain 

IQ CL·S~.UQO 

Gain Set Point 

T irnma Set Point 

Gain Control Loop Coefficients 

iiming Recovery Loop Coefficients 

Digital Equalizer Parameters 

Center/Side Sampling 

Detector Levels 

Transition Detector Threshold 

There are many possible tracteolls; the user decides which parameters are fixed during development. 

which are to be calibrated during manufacturing, whictt are to be re-calibrated during Idle times. and wti1:::1 
are to be varied during retries. Note that a different set of parameters, Including the choice of center sa:n· 

piing vs. side sam;:iling. may be used for each head and zone on a given dnva. Note also ttlat d:ferer.t 

sets of parameters may be used within a zone; zones cefined by changes in data rate need not corre· 

sp0nd with zones defined by parameter changes. 
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Bit 7 Chip Reset Assertion of ttlis bit places the CL·SH4400 in a reset state, deassal"..s all contr::I 
outputs and tri-states all bi-directional signals. The CL·SH4400 should be programmed before 
ttils bit is written wittl zero. 

Bil 6 Power Management Mode: 
0: Power-down Mode 
1: Operational Made 

Bit 5 Reserved 

Bi! 4 Clock In to Serial Clock Ratio: These bits ·specify ttie divider useo 10 generate Se~a' :::ell 
from Clod< In. 
O:One 
1:Two 

Bil J Ready Enable (WrlteYSerial Interlace Busy (Road): 
0: When writ1en with a zero Ready ts Disabled. This bit ls read as "O' wnen a Serial Cc:i:r:I 

Interlace access !s allowed. After a Serial Qlntrol Interlace operation is Initiated. ti1s bit is 
read as '1' until the operation is completed. After a Serial Qlntrol lntertace read opera:icn is 
c:Jmpleled, !tie microconrroller obtains ttse data bits transferred from lhe VM6400 try raadir.o 
any VM6400 Mapped Register, wnic:i wm Initiate another Sena! Control lnlerface read oper· 
a ti on. 

1: When written wlttl a one Ready is Enabled. This bit is read as '1'. The CL·SH4400 deasserts 
RDYIDTACK" during Serial Control Interlace accesses of VM6400 reoisters. The daasser· 
!Jon of ADYIDTACK· during a Ser.al Control Interface write operation forces !tie microco:i· 
!roller to wait until the data bits have been transferred to ttle VM6400. The deassert1::i cf 
RDYIDTACK" durlng a Serial Control Interlace read operaUon forces the microcontroller :c 
wait until the data bits have been transferred from ttie l/M6400 and presented on ttle mi::;:)· 
controller data bus. 

Bil 2 Gain Control Register Saturation (Read only): This bit is set If !tie Gain Control re<;iis:er sa: 
urates. It Is reset wnen the control status register is wrtttan. 

8;: 1 Acquisition Timlng Recovery Register Saturation (Read only): This bit is set tf t:ie A~~1s.-
1Jon Timing Recovery reoisler saturates. It Is reset wtien trie control status register Is wntter .. 

Bit 0 Tracking Timlng Recovery Register Saturation (Read only): This bi! ls set tf the Tra::i<J:i; 
iiming Recovery register saturates. It is reset wnen ttie control status register is wntten. 
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6.2 01 H NRZ Control 

Bil 7 Read/Write Gate Polarity Select: 
O: RG/RG" and WG/WG" are positive-true. 
1: RG/RG" and WG/WG" are nega!ive 

Bit 6 Endec Bypau: 
0: Normal operauon. 
1: The RLL Encoder/Oer..oder Is bypassed. Bits on !he NRZ Interface are treated as ALL !lits 

whic.'l are passed directly to the VMS400 during write operations and direc:Uy from ttle V11er.:1 

SeQuence Detector or Transition detector durtng read operations. Gain Control, Timin;; 

Recovery. and the llitertli SeQuence Detector will operate property only If tne ALL bits c:;n­

form to a minimum run·len~.h constraint of one. F3CU< must be a full d'larmel-rate coci< 
wnen !tie N?.Z Mode selec: bits are ·oo·, a one-half c.'lannel·rate dock otherwise. 

Bil 5 Data Randomizer Feedback Disable: 
0: Data Randomizer leedbaclc Is enabled. 
1: Data Randomizer feedbad<. ls disabled; the Initial contents of the OataRandomi.zer cons:i::..:te 

a two NRZ-byte repeated pattern. This bit should be set only when me Channel QuaJi:y 

MOde bit Is set. 

Bi! 4 Data Randomizer Load Enable: 
0: Initialize Data Randomizer to zero. 
1: Initialize Dara Randomizer to Data Randomizer Seed. 

Bil 3 NRZ Parity Mode: This bit is meaningful only If the Eighl·bit NRZ Mode Is selected. 

0: Even NRZ parity is generated and. if NRZ Parity Enable Is set, checked. 
1: Odd NRZ parity is generaled and. If NRZ Partty Enable is set. cneclced. 

Sit 2 NRZ Parity Enable: This bit is meaningful only If U'le Eighl·Bit NRZ mode is selected. 

O: NRZ Parity is not cnedtec!. 
1: NRZ Parity is checked. 

Bits 1 -0 NRZ Mode Select 
00: One-bit NRZ Mode is used. 
01: Two-bit NRZ Mode Is used. 
10: Eight·bll NRZ Mode is used. 
1 1: Reserved 
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6.3 02H Synchronfz.atlon Mark Control 

Bits 7..S Preamble Pattern SeJect 
00: 1010 ... 
01: 100100 ••• 
10: 10001000 •.• 
11: Reserved 

Bits.5-4 Synchronization Malic Length: These bl!S specify me lengtn ol U'le Sync°'roniz.ation Marx. 

00: One NRZ byte (twelve channel bits}. 
01: Two NRZ bytes (twenty·four d'latmel bits). 
10: Three NAZ bytes (tt'lirty·six channel bits). 
11: Four NRZ bytes (tony-eight channel bits). 

Sits J.O Synchronization Mark Threshold: These bits specify one less t:ian tJ'le numoer of four-c.ar.· 

net-bit groups In the Synchronization Marl< Pattem whidl must be C!etec:ed witholt. err:::r In 
order to detect the Syncnronizanon Mane. Range is O to three times L"le Syne!'lron~a:i::m Mar'.\ 

IAnath minus one. Recommended values are 213/5/B for a 1!2J'J/4 NRZ·byte Sync::ironizauon 

Mane. 

6.4 03H Synchronization Mark Recovery Count 

Bit 7 MUX4 Control: This bit controls tne output of MUX4. 
0: Output of Sequence Detec:or. 
1: Output of Transition Detec:or. 

Sits 6-0 Synchronization Mark Recovery Count: These bits specily tl'le number of channef·DI: pe'.i· 

ods to wait alter !he end of aCQtJisltion before assuming Ula.I the Sync!'lroni.:a:mn Ma:-x !'las 

been detected and beQinning to decode data This is done only II Seciuencer Ou: was assenec 

before tne leading edge of Read Gate. 

6.5 04H·09H Synchronlz.stlon Mark Pattern 1-6 

Bits 7-0 Synchrani..ution Mark Pattam Bits: 

Adda:ss ~ 
09H 7-\l 
OSH 7--4 
OSH 3-0 
07H 7-4 
06H 7-0 
05H 7-4 
OSH 3-0 
04H 7-0 

Ma~ P.att::n 
47-40 
39-36 
35-32 
31·24 
23-16 
1.S-t2 

11·8 
7-0 

~ficableto 
Svnc;tircrii:alion Maljs Lenc:n 

"NAZ bytes 
4 NRZbytes 

3 or 4 NRZ bytes 
3 or 4 NRZ bytes 

2. 3, or 4 NRZ bytes 
2, 3. or 4 NAZ bytes 

All 
All 
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. 10. ORDERING INFORMATION 

CL-SH3300-40 VC-A 

Cirrus Logic, lnc.J rr- II L Rtwiaicn' 
Mau Stora;. Temp4Jra!Unl Range: 

Sv Par! Number C • Cornmen::ial 

P.cug.e Typ.: VOFP 

CL- SH3303-32 VC-A 

Cirrus Logic, lnc.J [f ll L ReYisioo' 
Ma" Slonig.e Temperaturw Range: 

c • Comrn«c:ial 
3.Jv P•rt Number 

P llclc.ag.e T yp.: VOf=P 
Ost• A.ate: 

32MHz 
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FEATURES 

Channel Flttxlbll/ty 

• The CL.·SH4400-provides the digital core of a 
highly flexible, high-performance sampled-am· 
plitude read/write channel al channel rates up 
ta 96 MHz. 

Complete FlLL Dttt11ctor 

Rate 213 ALI.. (1,7} recording code 

Programmable digital equalization 

Programmable SofTarget'°' seQuenca detec· 
ti on 
Digital gain control 

Digit.al timing recovery 

Error : oler11111:1t 

Error-tolerant syncnronization 

Channel quality cirt:uitry for error rate testing 
and filter/delector calibration 

Erasure pointer generation 

Hud Support 

Monollthic, composite, ttlin-lilrn, MIG and MR 

Functional Block Diagram 

• 

Sampled Amplitude 
Digital R/W Channel 

OVERVIEW 

The Cl.·SH4400 Sampled-Ampt:tude Digital Chan­
nel is a VLSI component desicned to wane witn a 
companion analog part and a Disk Controller to 
provide tile majortty of drive and controller nar::i­
wara necessary to build a state-ol-::ie-ar.. nic;:i· 
densi:y, magnetic disk drive. The CL·SH4-:CO 1r:i· 

plemen!S the digilal poruon ol a sampled-ampli· 
!Ude read/write channel employing actvan:ed par· 
lial response polynomials and sor.ar;;e:ru 
sequence detedon technology. II supoor.s data 
rates up to 64 Mbls. 
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6.10 12H Tracking Gain Set Point 

Sits 7-6 Transition Threshold Bits 3-2: These bits specify the !WO mos!·signiticant bits of tt'le four·bit 
Transition Threshold M used to qualify transitions during tracking. Range Is 0 ID + 1511 S. 

Bits 5-0 Tracking Gain Set Point: These bits specify the value (1«) used In computing gain errors dur· 
Ing tradclng. Range is O to +63116. 

6.11 13H Gain Control Coefficient 

6.12 

Bits 7-4 Acquisition Gain Control Coefficient These bits determine tne value of the coeHioeni (cga) 
used by the Gain Control compensation loop during acquisition. Those values mar1<eel with • 
are likely to be useful only In side sampled mode. Those values malked wrt."I - are no: rer..om­
mended to be used in side sampled mode. 
0000: Reserved 0100: Reserved 1000: 1/16 
0001: Reserved 0101: Reserved · 1001: 3r.J2 
0010: Reserved 0110: 1132" 1010: 1/8 
0011: Reserved 0111: 3164" 1011: 3116 

1i00: 1/4 
1101: ~ 
1110: 1..-Z-
1111: Reserved 

Bits 3-0 Tracking Gatn Control Coefficient: These ti!S determine tne value oi !fie coetricier.t {CV!! 
used by tne Gain Control cooipensalion loop during tracking. Those values marked wi:t: • are 
likely to be useful only In side sampled mode. Those values marked wi!tl - a.re not recom­
mended to be used in side sampled mode. 
0000: 0 0100: 1164 1000: 1/16 1100: Reserved 
0001: a 0101: 31128 1001: ~ 1101: ReseNed 
0010: 1112s· 0110: 1132 1010: 11a- 1110: ReseMtd 
0011: 3/256" 0111: 3164 1011: Reserved 1111: Reserved 

6.13 14H ACQ Timing Set Point/Coefficient 1 

Bits 7·5 Acquisition liming Recovery Coefficient: These bits delermine !!'le value ot coett1oen1 1 
(c,.) used by the Timing Recovery compensation loop during acqu!sltion. 
000: Reserved 100: 118 
001: Reserved 101: 3116 
010: 1/16 110: 1/4 
011: 3132 111: 318 

Sits 4-0 Acquisition Timing Set Point: These bilS specity tne value (!.) used In computing phase 
errors during a~uisltion. Range Is ·1 to +15116. 

• 
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6.14 15H TRK llming Set Point/Coefficient 1 

Sits 7·5 Tricking 'liming Recovery Coefficient 1: These bi1s determine the value of coefficient 1 (c1J 
used by the Tuning Recovery compensation loop during traddng. 
000; 1132 100: '118 
001: 3164 101: 3116 
010: 1/16 110: 1/4 
011: 3132 111: 3'8 

Bit 4 Sample Phase Mode: 
O: Generate samples for a center-sampled pulse, Le. a < b • c < 1; timing Is recovered using 

adjacent·bul-one samples. 
1: Generate samples for a side-sampled pulse I.e. a• c < b • 1; timing Is recovered using adja­

cent samples. 

Bits 3·0 Tracking Timing Set Point: These bits specify !tie value (~) used in computing ptiase ert:)rs 
during tracking. Range is ·112 to +7/16. 

6.15 16H Tlmlng Recovery Coefficient 2 

Sits 7-4 Acquisition 'Timing Recovery Coefficient 2: These bits determine tfle value of coefficienl 2 
(~)used by ttte Tuning Recovery compensation loop during acquisition. 
0000: 11512 0100: 11128 1000: 1132 1100: Reserved 
0001: 311024 0101: 31256 1001: 3164 1101: Reserved 
0010: 11256 0110: 1/64 1010: 1/16 1110: Reserved 
0011: 31512 0111: 3/128 1011: 3132 1111: Reserved 

Bits 3-0 Tracking Timing Recovery Coefficient 2: These bits delefTT!ine the value of coeff1C1ent 2 (.::z:) 
used by the Timing Reet>very compensation loop during trac:lc.ing. 
0000: 114096 0100: 1/1024 1000: 11256 1100: Reserved 
0001: 318192 0101: 3.'2048 1001: 31512 1101: Reserve-:l 
0010: 112048 0110: 11512 1010: 1/128 1110: Reserved 
0011: 314096 0111: 311024 1011: 31256 1111: Reserved 

... 
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6.15 17H Pulsa Shaping Coefficients 

Bit 7 Spectrum Smoothing Coefficients 3&4 Sign: 

0: SC3 and SC4 are positive tf nonzero. 

1 : SC3 and SC4 are negative H nonzero 

Bit 6 Spectrum Smoothing Coefficients 1 &2 Sign: 

0: SC1 and SC2 are positive H nonzero. 

i: SC1 and SC2 are negative H nonzero 

PCT fUS94/0108-l 
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Bit 5 Acquisition Transition Detection Option: 

O: Condition (3a) in Table 4.4·1 is used during center sampled acquisition. 

1: Condition (3b) in_ Table 4.4· 1 Is used during center sampled acquisition. 

Bits 4·3 Pulse Shaping Coefficient 2 (PC2}: 
00: Aesel\ted 
01: 314 
10: 1 
, 1: 514 

Bits 2·0 Pulse Shaping Coefficient 1 {PC1): 

000: 0 100: Reserved 

001: +1/16 110: ·1116 

010: +118 110: ·118 
011: +1/4 111: ·1/4 
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6.17 18H Spectrum Smoothing Coefficients 

When SC1 • SC2 = "00", the preaJrsor-correding portion of the filter is di!:abled and !tie pipeline delay of 
the Spectrum Smoothing filter Is minimized. When SC3 = SC4 .. "00", the postcursor-corracting portion 
of the filter Is disabled. The sign of SC 1 and SC2 is determined by Spectrum Smoothing Coefficients l &.2 
Sign. ihe sign of SC3 and SC4 is detennined by Spectrum Smoothing Coetlk:ients 3&4 Sign. 

Bits 7-6 Spectrum Smoothing Coefficient 4 (SC4): 
00: 0 
01: ±1132 
10:±1116 
11: Reserved 

Bits 5-4 Spectrum Smoothing Coefficient 3 (SC3): 
00:0 
01: :!:1132 
10: ±1116 
11: Reserved 

Bits 3·2 Spectrum Smoothing Coefficient 2 (SC2}: 
00:0 
01: ::1132 
10: ±1115 
11 : Reserved 

Bits 1·0 Spectrum Smoothing Coefficient 1 (SC1): 
00:0 
01: ± 1/32 
10: ±1116 
11: Reserved 

6.18 19H Spectrum Smoothing Delays 

Bits 7-4 Spectrum Smoothing Delay 2: Range is Oto 15. SD2 is equal to me value programmed here 
plus eighl additional bits of delay if the Additional Spectrum Smoothinc Delay 2 Enable bit is 
set. 

Sits 3·0 Spectrum Smoothing Delay 1: Range is Oto 15. SD1 is equal to !Jie value programmed here 
plus eight additional bits of delay if the Additional Spectrum Smoolhinc Delay 1 Enable bit is 
set. 
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6.19 1AH Lock-To-Reference Control 

Bil 7 Lock-To-Reference Enable: 
o: Normal Operation. 
1: Lock-To-Reference Mode Is enabled. 

Bit S Erasure Pointer Enable: 
o: Normal operation; data bits are output on NRZ bus. 
1: Erasure pointers are output on NRZ buS. 

Bit 5 Additional Spectrum Smoothing Delay 2 Enable: 
0: Normal Operation. 
1: SD2 Is increased by eight additional bits of delay. 

Bil 4 Additional Spectrum Smoothing Delay 1 Enable: 
0: Normal Operation. 
1: SDI is increased by eight additional bits of delay. 

Bits 3-0 Lock-To-Reference Coefficient: These bits determine ttle value of coefficient 2 (~~ used Oy 
me liming Recovery compensation loop during !ock·to-reference. 
0000: 11512 0100: 1/128 1000: lf.32 1100: 118 
0001: 3/1024 0101: 31256 1001: 3164 1101: 3116 
0010: 11256 0110: 1/64 1010: 1/16 1110: 1/4 
0011: 31512 OH 1: 3/128 1011: 3132 1111: 316 

6.20 1 SH Detector Levels a & c 

Bits 7·4 Detector Level c: These bits specify Ula last sample value (c) !or a nominal pulse. Supported 
range is 0 to ... 12116. 

Bits 3-0 Detector Level a: These brts specity !tie first sample value (a) for a nominal pulse. Suppo11ea 
r8Ilge i:s 0 to ... 8/i 6. 
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- 1 6.21 1CH Detector Level b/MUX Control Register 

Bit 7 MUX3 Control: This bit controls tile output of MUX3 during trackjng; during acquisition, MUX3 
selects raw input samples. 
0: Raw input samples. 
1: Delayed or Pulse Shaping F'ittered Input samples, as controlled by the MUX1 Control and 

MUX2 Control bits. 

Bil 6 MUX2 Control: This bit controls the output of MUX2. Note that the cx:tput of MUX2 is net usec 
during aet:1uisition. 
0: Pulse Shaping Filtered input samples. 
1: Delayed Input samples. 

Bit 5 MUX1 Control: This bit controls tf\e output of MUX1. Note tt:at uie output al MUX 1 is no: :.isec 
during acquisition. 
0: Pulse Shaping FiHered input samples. 
1: Delayed input samples. 

Bits 4-0 Detector Level b: These bits specify tne second sample value (bl for a nominaJ pulse. Su:;­
ported range is O to +24116. 

6.22 1 OH Gain Control Loop Register 

Sits 7 ·O Gain Control Loop Register: The value read and wnr.en here is ::ie eic~: ~ost·si1;nifi::a."":t 01:s 
ol the Gain Control Loop register. When ftlis regis:er is wr.~en. t:'le rema::ii:i;; bi:.S of t:'le Ga;n 
Control Loop r01Jis:er are cleared. 

6.23 1 EH ACQ Timlng Recovery Loop Register 

81:.S 7-0 Acquisition Timing Recovery Loop Register: The value reac: anc wn::en nere is t:'le e1cn1 
most-significant bits of !tie A~:.iisition "liming Loop Recovery Loop register. 'N.ien L'lis re;;:s:er 
Is wrinen, the remaining bits of the A~uisition Tuning Recovery Loop re<,;;1s:er are deare:!. 

6.24 1 FH TRK Timlng Recovery Loop Register 

Bits 7-0 Tracking liming Recovery Loop Register: The value reao and wntten here is tne e;gr.: r.icst· 
significant bits of lf"le TraCXing liming Recovery Loop register. When tt"liS reoister is wrmen, tl'1e 
remaining bits of tne Tracking Timing Recovery Loop f'e'Jis:er are dea~. Al! bits of ::ie Tra.:x.­
ing Timing Recovery Loop register are automatically cleared al lfle end of a~:.iis•tion. 
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6.25 20H Channel Quaflty Control 1 

Bit 7 Channel Quality Mode: When this bit is written witn '1 ', tne Channel 0-.Jality C<>unt and Chan· 
nel Quality Ou!;lut registers are deared. 
O: Normal Operation. 
1: Channel Quality Mode. During user data write operations. Ute NAZ sequence to be encoded 

and written, after the Synctlronization Marie, is generated In the Data Randomizer. NP.Z 
input from me Dislc Controller is ignored. During Read Operations, tl'le Data Ranoomizer 
must be configured to generate the same sequence. 

Bit 6 Acquisition Quality Enable: . 
0: Data Quality Mode. The Channel Quality circuitry Is active from detec"jon of me Sync:ironi· 

zalion Mark to the leading edge of Sequencer Out. 
1: Acquisition Quality Mode. The Channel Quality circuitry is ac'..ive from !!'le leading eC:;Je c! 

Read Gate to the end of Acquisition. 

Bil 5 Channel Qual!ty Test Mode: This bit must be 'O' for normal operation. 

Bits 4·0 Channel Quality Threshold: When :rie Channel Quality Input Source bits are "Ox:x". uiese bits 
specify tne error whictl must be exceedf!d in on::ler for a sample to be counted. Rance is O :: 
+31115. 
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6.26 21H Channel Cualfty Control 2 

Bit 7 Odd Synchronization {Read Only): 
0: The last bit of the previously-detected Synchronization Mar1< was detected during the second 

sample of a pair of samples. 
1: The last bit of ttle previously-detected Synchronization Mari< was detected during ltle firs: 

sample of a pair ot samples. 

Bits 6-4 Channel Quality Input Source: This bit controls what is counted or acc-Jmulated in the C~a1-
nel Quality Output regist~rs. 
000: The events where the received bi! does not c::impare to the exoec:ed bit are countee. 
001: Samples which are fess Ulan their nominal values by more man the Channel Quality 

Threshold are oounted. 
010: Samples whic.'i are greater than !heir nominal values 0y more tl'lan the Cr.annel a~ai:~/ 

Threshold are counted. 
011: Samples which are fess than their nominal values 0y more than the Cl".a.nne! O:.:a1::y 

Thresnold are counted and samples which are greater than their nominal vaJues ':Jy :n::re 
tnan the Channel Quality ihreShold are counted. 

100: Unsquared samples are accumulated. 
101: Squared sample errors are accumulated. 
11 O: Squared Timing errors are ac:::umulated. 
111: SQuared Gain errors are accumulated. 

Bi!S 3·2 Header Detector Path Memory Length: These bits s::>ecify tne lenc::1 c! rne pa:J'\ memc:y :r. 
the Vilertli Sequence Oetec:or over headers. SeQuan:;er Out;:>ut must oe deasserted over user 
data and asserted over heade:-s. 
00: Six channel bits 
01: Twelve channel bits 
10: Eighteen d'lannel bits 
11: Twenty-four channel bits 

Bits 1-0 Data Detector Path Memory Length: These bits SiJecify the len~ri o1 the path memory in t:ie 
Vi!ert>i Sequence Detector over user data. Sequencer Outou1 must be deasserted over user 
data and asserted over headers. 
00: Six channel bits 
01: Twelve cnarmel bits 
1 O: Eighteen cnanne! bits 
11: Twenty-four chaMel bits 
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5.2.7 22H·25H Channel Quality Sample Control 1-4 

These registers comrol which samples cont:Jibute to the Channel Quality Count and Channel 
Quality Output registers. For furttler Information, consult Cl.·SH4400 Application Note xx. 

SanmJ.ft Bes:.tistec Z2l:l Bi::gisl!:t 2:31::1 Bes:.tiStec 2~1:l Becistec 251:1 
o before +a .co 00 40 40 
+a 41 40 40 08 
+b .co 18 8A 00 
+1 78 00 60 82 
+<: 60 02 61 04 
O after +e 60 04 40 00 
0 before ·a 60 00 40 .co 
-a 61 40 60 08 
-0 60 18 4A 00 
·1 58 00 .co 82 
-<: .co 02 41 04 
O aller-c 40 04 60 00 
0 before :::a 00 00 00 40 
::a 01 -40 00 08 
:;:, 00 18 OA 00 
::ti 18 00 00 82 
:!::: 00 02 01 04 
0 after::::: co 04 00 00 

6.28 26H Channel Quality Count LSB 

81:.s 7-0 Channel Quality Count LSB: This value is 1ne eight least-significant bits al the total numoer ol 
samples wnicn satisfied Iha crt1eria specified by me Channel Quality Sample Control 1'8g1sters 
sinca tM Channel Quality Mode bit was last wrtaen wltt1 '1 '. 

6.29 27H Channel Quality Count MSS 

Bns 7·0 Channel Quality Count MSS: This value Is the eight most-significant bits o! U'\e total number 
of samples whieh satisfied the criteria specified by Iha Channel Quality Sample Control ret,J1s· 

tars since the Channel Quality Mode bi! was last wrtnen wiltl '1'. 

6.30 2BH Channel Quality Output LSB 

611s 7·0 Channel Quality Output LSB: This value is Ille eight least·signilicant bits of tne Channel 
Quality Output word counted or accumulated since 11\e Channel Quality Mode bH wBS last writ· 
ten wlt!'l '1'. 
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6.31 29H Channel Quality Output MIO 

Bits 7-0 Chat1nel Quality Output MIO: This value is the second eighl least-significant bits of ttle Chan­
nel Quality Oulput word counted or accumulated since !he Channel Quality Mode bit was last 
wntten with '1 '. 

6.32 2AH Channel Quality Output MSB 

Bits 7-0 Channel Quality Output MSS: This value is Ille eignt most-significant bits of ttie C:iannel 
Quality Output word counted or acc:.imulatecl since Iha Channel Quality Mode bit was las: wnt· 
ten with '1 '. 

6.33 2EH Reserved 

6.34 2FH Revision Reglater 

Bits 7·0 Revision Code (Read only): For Rev. A parts NFFH" will oe read. 

6.35 30H~3FH VM6400 Mapped Registers 

Bits 7-0 VM6400 Mapped Register. 
When one of the addresses mapped to the VM6400 is wn:ten, a Serial Control Interlace write 
operation is initiated in whidl tne da:a 10 be wril1en is 1a1ct1ec from Ula microcontroUar data bt:s 
and transmitted 10 the mapped register in ttie VM6400. If the Ready Enable blt has been wn::e., 
with '1 ', the CL·SH4400 deas.ser.:s RDY/DTACK" until !tie Senal Control write operation is c:iri­
pleted. If ttle Ready Enable bit has been written with 'O', the mfcrocon:roller must wt'lit un:il ::ie 
Ready Enable bit is read as 'O' before initiating another Serial Control Interlace operallon. 
When one of the addresses mapped to !tie VM6400 is read. a Serial Control Interlace rea::1 
operalion is initialed in which the data to be read is transmi:ted from the mapped register in tlle 
VM6400. If the Ready Enable bit has been written with 'l ', the Cl-SH4400 deasserts RDYi 
OTACK" until the Serial Control read operation for the mapped reoister is completed and me 
data bits are presented on the microcontroller data bus. If the Ready Enable bit has been wnt· 
ten with 'O', the CL·SH4400 presents the data bits transferred for the previous Serial Con:rol 
Interlace read Qperalion on the microcontrofler data bus and initiates a Serial Control lntertace 
read operation for aie current mapped register. To obtain me data bits transferred for the c:-Jr· 
rent mapped register. the microcontrofler must wait until the Ready Enable bit is read as ·o· anc: 
then read the same or another VM6400 Mapped Re-;ister. 
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7.. PERFORMANCE SPECIFICATIONS 

.7.1 Gain Control 

Acquisition Tlme: 

Tradting Bandwidth: 

48 to 372) Ifs 

0 UJ 7 .5&-3) 15 

where 15 Is the sampling rate. 

Typlcal:48-84 

7.2 T1mlng Recovery 

Acquisition Tme: {48 to 372) l'fs Typicai: 84-108 

Tracking Bandw!C1ttl: (1e-3 to 2.Se-2) fs 

where Is Is the sampling rate. 
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8. INrTIALIZA TlON CONDITIONS 

8.1 Registers 

When the AST'" input Is asserted the following register Is affec:ed. All other registers remain eitller unde­
fined or &S previously written. 

Beg!SfAC 
OOH 

8.2 Output3 

Y.al.Lle 
10xx0xxx 

When !he RST" input Is asserted or the Chip Reset bit is set the ou!Duts are deasserte<I per the followin;; 
table. It the entry does not have an 'x' entered in the column tnen that output is unatlected . 

.Qu.tl2UI BST'" C~ill Bes:eI t!tt 
SER_ENA x x 
ACQ x x 
P_cs· x x 
RGO" x x 
WGO" x x 
WP ERR x x 
sso· x x 
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9. ELECTRICAi.. SPECIFICATIONS 

9.1 Absolute Maximum Ratings 

PazarMtar 

Arreienl Te~el"llt1'rw Under Bia Q 

Ston1oe ie~urw -45 

VOltllqe On Arty Pin -0.5 

P- Oiuip&lion 

Power S~ty Vo•ag• 

.., -
I 0 
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Minimum Maximum Units 

70 oc 

150 CIC 

\/~S v 

cTao .. w 

1.0 v 

NOTE: Slresses aboY• those lisied may cause pemwnenl damage to the d•.nc.. Thia is• Sires& rating 
only, and tundionaJ operalion of the devC. •t these conditJOns. or •rrt condilion:s outside tnosc 
iodicated in tho oponsticnal sections cf this specific.aticn. i$ net i~lied. Expo$llftl to abaolute 
maximum niting conditions for llX1ended periods may atfed clevC. niliability. 

9.2 OC Characteristics 

Symbol I Paranwter Minimum MuJmum Unit.I 

Ve:; I Suppiy H•o" VOl'.-99 4.5 I s.s v 

Vo Odlerem:ial Input Voll.age ±D., v 

v,.. lnQUI Vofta9• ~g..Ollle'9n!W lnpUlll Vc:f2 I vcx:-a.s v 

v" ln;>U! Low VobQe ~.s o.a v 

v .. Input H1~ Voft.a09 2.0 v~.s v 

Y::x. OUIPUI Low Yon.119 0 10L '" 2.0 mA 0., v 

VO< Ouu:iui H10f'I Vorta;e O IOI-I • ..40Q µA 2.4 v 

~ SYP!)iy c.m.m era::». ""' 
\ ln;M LHGgol Current ·10 10 ..... 
VOi. l/O L•&Uoe c.m.m -to 10 µA 

c,.. lnp.i! c..:i-:lanc• 10 pF 

Ccr.rr ()urput Ceiucbnc• 10 pF 

NOT'E.: All unused inpuia must be tied to GNO ot Vee. 
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9.3 AC Characterfs11cs 

Unless otherwise specified, the following timings assume that all out;:iuts wm drive one Schottky TI'l. load 
In parallel with 50 pF and all Inputs are at TTL level. The Min. and Max. timings confomi to lhe operatino 
ranges of power supply voltage (SV :t1 O percent) and ambienl temperature (0 to 70 • C). All docks are 
60/40 percent maximum/minimum duty cycle. Rise and !all limes should not exceed 3 ns. 
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Symbol ParalTlllter 

TqlWl4 
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Maximum 

9.3..2 Microcontroller lnterl•ce 'Timing P•rameters 

Symbol P•ram.ter Minimum Mulmum Unlt.a 

Ta ALE widltl 15 ns 

Taw Addrna valiCI 10 wwl. or OSi 20 I'!& 

Tar ACIC!reH valid ta RO•.!. or OS i 15 
,,. 

Tao A0<7:0.. ....iid to Ac7;0.. 20 I na 

(Mulllpl•ud mode) I I 
Tall RO· T. WR"T or osl. Co A<7:0> invallc! 5 , ... 

(Nonmul!iplued Made) 

Tw WR•widlh eo na 

Tr RO• wte111 eo na 

A& Ad<lreu valid IQ ALE .I. 5 ... 
AA At.E.I. IQ edclt.a invalid 0 l'I& 

Ca cs·.l. ia RO" .1.. WR" .I.. ar OST 0 ... 
Cl't RO· T. WR"T or cs.I. to CS- i 5 na 

We& Wnt• data valid to WR"T or OS .I. 20 I In. 
war. I Wl'l·t or os4 IO Wm• dllUI irwslld 10 na 

Td.I RO" 4 or OST co RHd data walid so "" 
T~ RO" T or os4 10 R .. e1 data invalid 10 ... 
Tii: RO•T or os410 R .. d data undnv.,, 15 na 

Taa OS wic:ll:I eo M 

Tan OST to OTAOC" T 20 "" 
Tcri::y ALE.I. IC ROY .I. 30 na 

Tarw F\.. W- valid to OS T 20 na 

Thrw OS .I. to F\.. W- lnYalid 20 "" 
Noce: T indicates rising edge • .!. indicates t.lfing edge. 

When !IMC'" Is high, ttle Intel bus control interface Is selected. The timing diagrams in Sections 
9.3.2.1 • 9.3.2.4 depict register raad and write operations wittl this intar1ace seleC!Sd. 
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When I/MC" is low, tt\e Motorola bus control Interface Is selected. The timing diagrams In Sections 9.3.2.S 
• 9.3.2.8 depict register read and write operations witn tnis interface selected. 

9.3.2.1 Register Read Operation In Intel Multiplexed Mode 

~ 
I• 

~ l.. 
I 

A.0<7:!b I 

r~~ Td:r 

ii ! . I 

1' T., Td41 

cs· 

Ca Tr 

Ro· I 

---"Tdrttyv--
ROY 
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U.2.2 Register Read Operation In Int.el Nonmultlpleud Mode 

Ta 

Tdh 

Tctr 

cs· 
r •• 

RD" 

Td 

ROY 
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9.3.2.3 Register Write Operation In Intel Multiplexed Mode 

_J T• 

M t--Ah----Wdl--W-dh------

ADc7:C> ------.(! 

c· ~Ir.,., 
C• 

WR" 

T 

ROY 
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IL.3..2.4 Register Write Operation In Intel Nonmultiplexed Mode 

Weis Wdl'I 

cs· 

Ce 

WR" 

ROY 
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· 9.3.2.5 Register Read Operation In Motorofa Multiplexed Mode 

J...---T• ~ --- .J-Ah _____________ _ 

Tctr 

ll 

cs· 

1-1 ';: 
OS 

T•nor ={ __ p=-Thnir __ _ 

~ACX" -----~~~~~--~~--"-~~l:J,-~h ~~~~-
Note: II the DSH/L" lnpUt Is 'tJ' then tie polarity of OS and AS is inverted. 



WO 94/18670 

-- 84 

~~CIRRUS LOGIC 

PCT fUS94/0 IOSJ. 

CL-SH4400 
S11mplt:d Amplitude Digital RJW Channel 

9.3.2.6 Register Read Operation in Motorola Nonmultiplexed Mode 

Te 

Td% 

cs· 
Tar 

Tde 11 ..... 
Tda "'" 

OS 

Tcrw ~-· _, p=Thrw 

OT4CK" ~~~~~~~~~~--."'--~~-dt!'I ~~~~-
Note: If tne DSH/t • Input Is ·o· ltlen the polartty of DS and AS is Inverted. 
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&.3.2.7 Register Write Operation In Motorola Multiplexed Mede 

Te 

i.-..;;;;....4o+1.,_.-Ah'"'"'"" Wda Wdh 

A.Oc7:Cb ------<I 
Teo 

cs· 
r ... I c. Tda C?! 

cs 

Tarw Thnw 

OT ACX' 

' 
5, 

Note: If the DSH/l. • lnDUt ls ·o· uien !tie polarity ol OS and AS ls Inverted. 
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'The CL·SH4400 Sampled-Amplitude Digital Channel provides uie digital core of a hlghly flexible, high­
performance sampled-amplltude read/wrtte d'lannel wtlld'l provides data rates up to 54 Mbls. A compan­
ion analog part, the VM6400, Implements the frequency synthesizer, vartaOle gain ampllfter, timing VFO. 
tunable analog filter, analco-to-dlgital converter, write precompensation. and setvo demodulation func­
tions. 'The CL-SH4400NMS400 chip set supports hatd-sec:ored magnetic disk drtve applications employ­
ing embedded servo techniques and zone bit recording. 'The functional partition al Irle CL-SH440C/ 
VMS400 chip set is shown In Figure 1. 

VM6400 CL-SH4400 
Oti:J:ERENTIAL ,----------. 
MAO CATA QAIN COHmOI. YQA 1-9-__,,..__--; DIGITAi. G.AIH CO~I. 

I 
TIWINQ RECOVERY VFO OICllT "'- TIMIHQ RECOV£RY 

' 'T\INABU: ANAl.OQ Fll.'T'ER TRNtsmoN D£i'EC'TOA 

I-BIT ""'TC-0 COH\ICRTOR PROQ OIC."TAI. EQUALJlE.A • pqoa ~si:zat S£Q\IENCE OET'EC":'OA 
Qll"FE';:;EHTIAI. 
Wl'UTE CATA WRJTE PRECOMPSHSATIOH __ .,..z...._--1 AU. (1.7') ENtlEC 

SERVO OEMOOut.ATOA C>-Wma OUAL..'1"1' 

Figure 1 CL·SH4400NM6400Functlon.al Partftlon 

The CL·SH4400 provides digltal gain control. llmlng recovery, equaliZatlon. sequence detecion. ALL 
{t ,7) encoding and decoding. error-tolerant synchronization. and channel quality measurement. The hign 
degree of programmability al each of these h.mc:ions allows !tie CL·SH4400 to support /\ignty aoaptive 
channels tailored for each dnve, head, and zone. 

The formal of a tyoical sector containing one embedded servo area is shown In FiCJUra 2. Durtno a 
raad(wn!e) operation, the Disk Contn:>ller reads tf\e offset ol !tie servo area from tl'le ID. I! deasser:s 
Read(Wr1te) Gate alter the specified number of bytes have been processed and reasserts It a~ar a prc­
orammed number of bytes eGUal to the lenglh of the servo area. 'The VM6400 and extemeJ cir::utt:y raa~ 
and d&'"...'.lOO the servo bursts and servo dala Durtng a read operation. lfle Cl·SH4400 freezes ns i;ta.Jn 
control and timing recovery stales while Read Gate Is deasserted. 

I ~ I SYNC l c I cw: I ~ I ~ j -c I OAT• I ~ I ~ I -...c.t I ~ j DATA j ~a j 

Figure 2 Typical Sector Format 
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ADVANTAGES 

Benefits 

• Flexible ar.:::hitecture Implements broad range of partial response polynomlais. 
• Provides significant Implementation and perlormance benefrt.s over conventional peak deteC'jon. 

RU. (1,7) code reduces nonlinear effec:s associated with dosety-spaced transitions. 

PtOQrammable equalization, sampling, and detection alternatives provide optimum mat:::h to ct:an~el 
Characteristics and permit implementation of adaplive channels. 

SofTarget'"" sequence detection accommodales a lower signal-to-noise ratio ttlan hard t!'lresholding 
of individual samples and allows significant intersymbol interference wittiout negative consequer.::e.:s. 

Detector supports a broad Class of partial response channels lndudlng PR4 (1,7), EPA4 (1,7) an:: 
EE?R4 (1,7). 

Error tolerance feall.lres support ttle higher soft error rates and higher defect densities encour.cere':! 
at higher recording densities. 

One/Twc/Eight·bit NRZ Data interfa::e connects to a broad range al Disk Controllers. 

lnteUigenl power manacement minimizes operational and idle power consumption. 

Kay Fsatuf'fls 

One-bit, two-tlit. or eigl'll·bit NRZ Data interlace 

Rate 213 ALL (1,7) recording code 

Digit.al Gain Control 

Digital Timing Recovery 

Digital EquaJizer 

SoITarget"" Se<iuenca Detec:or 

Error-tolerant synchronization 

Programma!>le gain, timing. equalization. sampling, and dececion alternatives 

Channel QtJali1y cin::uit for filler/equalizer/detector calibration and etTOr rate est.imatJon 

Erasure pointer generation 

Suppart for monoliltlic, composite, thin-film, MIG and magneto-resistive head ted'lnolooies. 
Intelligent power management 
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9.3.2.8 Register Write Operation In Motorola Nonmultlplexed Mode 
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Nole: If the DSHfL• Input Is 'O' ltlen !l'le polartty of OS and AS is lnvsrted. 
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9.3.3 Disk RHd/Wrfte Timlng Parameters 

One(Two) Bit NRZ Interface 

Symbol Paranwter Minimum 

T Ma.JC period 25(31) 

Tr.?(Ll RRCUC low time 11Z O.&V 10(12) 

T12(H) RRCUC high time 11% 2.0V 10(12) 

Tr. Tl RRCUC rile 11nd l•ll tine 

01 NRZ in varid to RRC:UC: T I s 
Oh RRCU< T to NRZ in invalid 5 

Ov RRCUC T to NRZ out valid 8 

Note: T ind"JClllH rising edge,.!. iodales f&lling edge. 

·. 

PCT/US94/0I084 

~~-~-~CIRRJ.JS LOGIC 

Maximum Unit.I 

na 

na 

na 

3 NI 

N 

,,. 
15 r.a 
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Eight Bit NRZ Interface 

Symt>ol Parameter 

r.., WBClK period 

T..t WBClK low tiln. 

Twl'I WBCU< high lime 

Os NRZ in Ml~ to WBCU< T 

Oh WBCU< T to NRZ In hold 

Pv WBCu< T to W?ERR Vlllid 

Ph WBCU< .:. to WPERR hold 

Tl NCU< p.tnod 

nl N C'.J( low om. 

Tlh NCU<hi<jjl\~ 

Tfrs NCU< to RSCU< ak-

Tr RBCU< p.riod 

Ov RSCU< T to NRZ vahd 

Tsv RBC'..X T to sao· valid 

NC:UC f 
wacuc 

NRZ<7:0.P.. 

SBO" 
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Minimum 

12.5 

15 

15 

20 

20 

20 

20 

52 

20 

20 

I -s 
t25 

5 

5 

TI 

Tih 

Tfra 

Tn 
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Maximum Unit.a 

,. 
na 

nc 

M 

na 

NI 

NI 

NI 

IU 

I na 

5 n.I 

I Ina 
20 ... 
20 na 

~ ' / 
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1.3.3.1 Disk Write liming {One/Two Sit NRZ Interface) 

ARCU( 
T/'1 

NRZ (Writ•) ---------"'II. 
l'--1---. 

01 Oh 

9.3.J.2 Disk Write Timing (Eight Bit NRZ Interface) 

Tw 

NRZc7:0.~ 

WPERR 
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Input 

Symbol Para1n11ter 

Tw WRRCLK" period 20 

Twl WRRCU<"bwlll'N a 
Twll WR RQJ(" hign 111iw a 
Tl FlCUC" penod 31 

Tft FJCUC" low llllW 12 

Tfh FJQJ(" llign 111ne 12 

Tr ROCU<PIN penod :zo 
Tri I AOCU<PIN low !me I 

Trtt I R.OCU<P/N llig!l !&mlt II 

Os OROPIN •9'114l tme 3 

on OROP/N hold 1inw 5 
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UuJmum Unit.I 

na 

na 

na 

na 

"" 
II.II 

na 

I "" 
!\a 

!\a 

ftl 

J ) Twti 
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Symbol Psrametsr I Minimum I Maximum Units 

Ocv ROCUCP T 111 FCTUVGACIACO YUd 3 !5 I\& 

0- WRRCUC• J. to ENO.AT valid 3 15 ns 

ROCUCP i ~ 
/ 

Dev 

FCTLc4:il> 
or VGAC..4:1D 
or ACQ 

WRRctJC• 

1 .... 1 

/ " 
EHOATc1:0>-
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9.3.S Serial Control Interlace liming Parameter'$ 

Symbol PV111'Mter Minimum Mui mum UNta 

Tc Ct.KIN period 25 ftll 

it'J2(t.I Q.J(IN low 11irN a na 

Tc/'2(H} CU<IN hiol\ am. a l'I& 

Ts SER_CU< period '° na 

T"2(L) SER_CU< low 1ime 15 na 

Ta/2(H) SER_CUC 11¢ um. 15 n.s 

DY SEfl.CUC T to SEl\.OAT v&Jid 15 na 

DY? SEil.CUC T 10 SEA_OAT undfflen 20 na 

Orv SER_C:.X r 10 Sefl.OAT Ci'>Y•n 20 na 

0. SER_OAT T to SEA_CU< MlllO omt 10 ru 

01'1 SER_OAT i to SER_CU< ha!d ll'IM 10 ,,. 

9.3.5.1 Serial ContTO! Tlmlng 

SER_CU: 

SER_OAT bf 
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6.6 OAH Data Randomizer S"d LSB 

Bits 7--0 Dita Randomizer Seed 1.SB: These are ltle eigl'll least·sigmticant bits of the Data Random­

izer seed. 

6.7 OBH Data Randomizer Seed MSB 

Sits 7--0 Data Randomizer Seed MSB: These are ltle eighl most-significant bits ot tne Data Ranc:::r:'l­

lzer seed. 

6.8 1 OH Acquisition umgth 

61: 7 Pui~ Snape Compensation Oisable: This bit con:ro!s wne1.:ier ltle Gain Cantrel and lim1r.c 
Recovery cit'C".Jits use Derec:or Levels a. o. and c 10 compeosa:e for intersyr:i::-01 i:ite~ere!".::e. 

This bil does not affect the use of Detector Levels a. b, and c by tne SoITarQelrw Sequence 

Detector. 
0: Pulse Shape Compensation Is enabled. 
1: Pulse Shape Compensation is disabled. 

Bit 6 Header Precursor ISi Compensation Oisable: This bit controlS whether ttie 5peC-w"'1..:~ 

Smoothing Filter compensates for precursor inrersymbol interference during header.;. Se:tin;; 

tnls bit has the effect ol fon:::inc 501 10 zero wtten Sequencer 01./tpul is asserted: SC1 snd SC2 

are Ignored and !fle pipeline delay ol t:"le Spectrum Smoothing Filter is minimized. This may :::..: 

useful for decreasing the delay between DAD input S11d NRZ outtJul for headers, at t:le c:>s: cl 

a small Increase in error rate. 
0: Header PreC'.Jrsor ISi Compensa:ion is enabled 
1: Header Precursor ISi Compensation is disabled. 

8::.s 5·0 Acquisition length: This value c::>n:rols the durat:oo. in increments o! four C!lannel·tlit De"­

ods. of acquisition for Gain Control and liming Recovery. The minimum value whrctl s:1ou1:: tie 

wntten here is 12. which corresponds to 48 channel-bi! penodS. The maximum value wri1:~ 

should be written here should correspond 10 at least 12 channel-bi! penods less tr.ar. L'"le total 

lenath of !tle preamble excluding the leng'lh of !fle Syncnronizatioo Mark. The total fen;;~., cl 1:1e 

preamble is determined tJy the Disk Controller during write. 

6.9 11H Acquisition Gain Set Po{nt 

Bits 7-6 Transition Threshold Bits HJ: These bits specify !tie cwo least-significant Ms ol U"le lcur·:::•t 

Transition Threshold (V) used to qualify transitions during tracking. 

6i:s 5·0 Acquisition Gain Set Point These bits specify the value (g.) used in computinc oain error.; 

during acquisition. Ranae is O to +63116. 
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9.3.6.3 ilming Recovery Operation 

tl_CAIH 

Note: 1=1 • Oirecs 'l)ath • Acc;ui5ition ill'lling Recovery l.DCp kcumullllor 
F:z • ACQIJISftlOn "lirn1ng RecxlYery ~Accumulator 
F3 • 011.ci p&ll'I •Trac.lung riming Recovery l.DCp Ac:unula!or 

9.3.S.4 Serial Control Write Regi11er Operation 

SER_ENA 

SER_CUC ---

&ER_OAT 

DTAC¥:" 
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IU.6.5 Serial Control Read Register Operation 

SER_DAT 

OTACIC0 
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10. GLOSSARY 

Aliaslng ·The phenomenon Wt'lereby energy at fmquencies above one-half the sampling rate appears as 

energy al frequencies below one-half the sampling ra1e in a sampled signal. 

Antiallasing FUter • A. filter which attenuates signal energy above a frequency of one-half tt\e sampling 
rme. 

Autocorrelation FunctJon • The Integral •(t) or tne product of a function x(t) and x(t+-:): e.g 
~(-:) = E{:c(t}· x(t+t}}. For a binary seQuence. tl'lis can be treated as tr\e number of bits matching betw~n 
two copies of a seQuence as a func:ion al the offset between the sequencas. 

Calibration· The process whereby the analog and digital parameters of the channel and U'le detec:cr are 
matc:ied for best perlormance. 

Channel Constraint· A limitation placed on t:ie sequence of c.'1annel bits. For example, an ALL (d.k) c.'1ar.· 
nel constraint enforces a minimum (d} and maximum (k) numoer of C011secullve 'O's between '1 's. 

Cl'lannel Quality • A measure o1 how wefl matc.'led are a channel and detec:or. 

Channel Code • A set of n..iles governing the encoding cf data bits to channel bits. Channel codes tyPically 
en!or::e a minimum run-lengtn constraint {to limit non-linear effects) and/or a maximum run-lengtll con· 
straint (to aid In liming recavery). 

Code Rate • The ratio ct tl"le numoer of bits In !fie dala·tlit stream to the number of bits In the c:hannel·blt 
stream. For an RU. ( t, 7) COde. U'le code rate ls 2/3. 

Coding Gain • The product at the c::>de rate and tl'le minimum distance of the encoded seQuences of a 
code. 

Convolution • The convolution y(k) al SeQuences u(k) and ti(k) Is awen by 

y(k) = :! u(m) h(k • m) 

where the summation ts over all m. When u(k) Is ll'le ln~ul to a filter whose impulse respanse is h(k). the 
filler cu1put is ttle convolution y(k). 

Corralat1on FunC'.ion - The expeded value of !he produc: of two ram:lom variables, which may be scalars 
or vectors. 

Oicode ·Another name for Partial Response Class I (PR t ). 

Distance • A measure of ttle "diHer8f'IC8" between r:wo vectors. 

Duobin&I)' • The partial response Channel corresponding to tr\e polynomlal ( 1 + DJ. 

Error Propagation ·The process wherein a channel decoder emits more than one erTOneous data bit due 

lo a single c_.1annel bit In error or more generally a burst of erroneous data bits wtlidl Is longer. (atter ac· 
~nting for code rate) than Ula causanve c:haMel-bit error burst. 

Error Tolerant Synchronization Marl< . A syncnroni.zaticn mark which can be detected In t1'1e presence cl 
error with an acceptable false de!eoion probability. 

·~ .... -.. ~ 
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Euclidean Distance - The square rcot of !he sum of the squares of the differences In eadl dimer.sion be­
tween two n-dlmensional vectors. 

Excess Banctwicr.n • Signal energy passed by a filter at frequencies abOVe one-half the sampling rate. 

Extended Partial Response Class IV (EPR4) ·The partial response ctiannel corresponding to the patyno­
mial (1 • 0)(1 + 0)2. 

Extended Extended Partial Response Class IV (EEPR4) ·The partial response channel correspoo:!!n;: :::'l 

the polynomial (1 - 0)(1 + 0)3. 

Eye Diagram· A graphical representation of the effects ol lntersymbol Interference. II Illustrates tne ry:;i:::.?l 
or maximum excursion of a signal from its ideal sample levels at its ideal sampling instants. It is irnpor-~: 

to note that Viterbi SequenC9 Detection is not dependent on the eye being cpen In the same way :.".al 

sample-by-sample detec".ion Is. 

Least·Mean·Squarn Algonthm • A procedure used in ada.:Jting the coefficients of a digital filter in wr.1::::: 

the objective is to minimize tt\e mean-square error of tile filler ourpu< ... 

Matc!'led Filter· A filter whose impulse response is the time reversal of tt\e c.'lannel to whid'l i1 is conne:::· 
ed. 

Maximum A Postetior1 Probability Sequenca Detedioo (MAP) • A decoding method in whic::M the c::annel 

bit sequence emined from !he derec:or Is thar wtiid'I, given the c.'1annel sample sequence, is !tie mes: 

probable written sequence. MAP maximizes the probability density func<Jon of the detector out;ll.lt 'iJNef'. 

the detec:or lnput. 

Maximum Ukelinood Sequence Detection (Mt.SD) • A decoding method In whid'l the d'la.Me! bit se­

c;:ience emitted !rom ttle detec:.or is that with the highest probability of having procuced the d'lat1ne1 sam­

ple seQuence Input to ttie derec:or. MLSD maximizes the probability density function of the detec:cr in::.~ 

given any possible channel inpuL MLSD is equivalent to MAP ii U'le probao1lities of all possible wn~er. se­

quences a~ eciual or It they are assumed to be equal when no !nlormatioo is available concer.i1:i:;; 1:-.e 

protia!:lilities of wnnen sequences. 

Mean-Sauare Error· A measure of error in wttidl the difference between ead'l sample end its ideal saM· 

pie level is squared lllld summed. The sum divided try Iha numoer of samples is !he mean-sou are err=r 

of the sequence. 

Metric· A function of two vector.; satisfying certain properties ttiat allow It to be inlerpreled as a me3.SJ~e 
of distance. 

Minimum Distance· The smallest distance between any rwo vedors in a set of vectors. 

Modified Duobinary ·Another name for Partial Response Ctas.s IV (PR4). 

Noise Types: 

Coherent Noise· Noise which is c:orrelaled with the signal; e.g. transition noise. 

Colored Noise • Noise which is correlated between one sample instant 8.fld anot:ier. 

Gaussian Noise • Noise whose amplitude has a nonnaJ probability distnbutJon. 
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• Ml:sequallzatlon Noise • Amplitude eCTOrs which remain at the output of an equallzer due to !ts Imper· 
feet pulse-sh.aping. This Is something of a misnomer, as this "noise" source Is predictable for a given 
channel transition response, eaualizer. and transition sequence. 

Offtrack Noise· When tracking Is not perfect and the head deviates from the center of a trade, !tie 
amplltude of the signal from the ~et !rack is reduced and the head picks up signal enervy due :o 
tzansftlon.s on the adjacent track. 

Out-of-band Noise • Noise with energy at frequencies above one-half the sampling rate. 

Overwrite Noise • In thin fil:n media tne magnetic fields of previously written transitions affect the lo­
cation and shape of transitions written over lflem. 

Preamp Noise • Electronic noise arising in me first stage of the head preamplifier. Due to the low sig· 
naJ amplitude present al the input to the preamp and tile correspondingly high gain required, It is pas· 
sible for preamp noise to be !l'le dominant noise source in a read dla.Mel. 

Quantization Noise • Error introduced tJy a finite representation of a real number through AJD conver· 
tsion or Internal rounding. 

Synchronous Noise • An interfering source wi!tl a frequency equal to ttle sample rate or a multiple 
!hereof. The energy of su~ a source is aliased to DC and can De canceled by adjusting lt\e VGA DC 
Offset of the VM6400. 

rll'Tling Error· fncol'T8ct timing of IJ'le aid sampling process due to VFO jitter and other noise passed 
through me timing control loop. 

Transition Noise • Conerent noise cause<l by "zig-zag" transllions oc:::uning on ttlin·film media. 

Whtte Noise • Noise Wtil~ Is not correlated between one sample Instant and anoltler. 

Nonlinear Transition Shift ·Movement In the effective location of a transition toward a very near pre­
ceding lransl!ion. This Is caused by demagnelization during WTtte. 

Norm • A particular meltlod of measunnc the lengt.>\s o! vectors: retate<l to a metrtc. 

NRZ • Non-Retum to Zero refers to a btt sequence to wnich no run-lengttl constraint applles. 

NRZl • Modified Non-Return to Zero refers to a bit sequence to whid'I no run-length constraint applies but 
In which each ·1 • or ·o· represent ttie presence or absence. respectively. of a transition. NRZI sequences 
can be Produced from NRZ sequences via a preceding proces.s equivalent lo dividing by (1 + 0). 

Pattial Response Channel ·A channel In which controlled lntersymbol interference Is allowed. In suc:tl a 
c.'lannel, symbOls (e.g. transitions in a magnetic 1'9COrding channel) are so dosely spaced tl'lat 11\e cnannel 
begins to respond 10 me next symbol when only part of its response to tne ament symbOI haS occurree. 

Partial Response Class I (PR 1) • The partial response c:tlannel corresponding to me polynomial (1 • DJ. 

Pattlal Response Class IV {PR4) • The partial response channel corresponding to the polynoml3l 

(l. 0)(1+0). 

Path Metrtc • A cumulative measure ol error maintained tor a path through a decoder's state mac.'line 
based on a oarticular norm. 
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Preamble • A. special rapetitive pattern which Is used to allow gain to be adjusted to an appropriate level 
and frequency and phase lode to be acquired. The CL-SH4400 can uses preamble pattern of •1010 .• : or 
·100100 •• : or·100010000 •• :. 

Precoding • The precess of encoding a sequenca to accounl for some known property ot a channel e.~. 
ltle differentiating nature of a magnetic recording channel. 

Raised Cosine • A. form ot equali%allon which Is a more-reatizable modificallon of the "brick wan· filter 
which would produce a sine pulse. It ls characterized by a transfer function H(f) defined as: 

H(f) • 1 for 0 < f < (1 • a)f /2 
• (112)[1 + cas(rof a;f~[f • (1 -a)f512J)J for (1 • a)fs/2 sf s (1 + a)fs/2 
.. 0 for f> (1 -+ a)fs/2 

where f5 ls ltle sample rate and a ls a parameter In !tie range zero to one. 

Run-Lencth Limited Code - A code In wtlidl the minimum and maximum numbers of consec.Jtive 'C's a:-:::.: 
or '1 's Is constrained by a systematic rule. The notation ALL (d,k) means that no less than d and no mori: 
uian k consec-.Jtive 'O's are allowed In the encoded bit stream, where 'O' and ·1· usually recreser.t L'le a::.­
sence or presence, res;;>ectivety, of a (magnetic) transition. 

Run·Lengtti Violation· Ari case in which a delec: or noise ever.: has caused the occ:;rrence cf a s~ue:-:::e 
ot ·o·s and '1 's wt"lieh violates the run-length constraints of the code. 

Som Field· A racoroing sdleme In which !he data/redundancy area of a sector Is divided Into two or more 
areas. typically by one or more areas used for tracking con:;ol in an embedded-servo disk dnve. 

S:a!e Macnine • A circuit in wt"lich the present state of a c:iannel or system i.s represented by a num~e~ :;f 
bits whose values are controlled by !tie present values ot the bi:S and the values of exterr:al s1;;naJ leve!S 
or L"le occurrence of external signal transitions. 

Syndlroniza!ion Mark· A pa:tem, preferably unique and different from any valid encoded c:ianneH~!: se­
quence. used to signify the start of a header or data area. A good syncnronizat•on marl< nas low c~s­
correlation with U"le preamble and small autocorrelation lune-Jon values a1 non-zero oHse:s. im;:ilyin;; a 1cw 
faJse de1ec:ion probability. 

Vi1er::i Sequence Dete::tor - A seqo.;ence dele~r wl'lld'I Is a maximum-likelihood sequen::a dete'::::~ ~~· 
der :ne conditions ct matcned·fi.ltered input and additive white Gaussian noise. 
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1~. ORDERING INFORMATION 

CL-SH4400-64 PC-A 

Cirrus Logic, lnc.J rr- II L Revilion' 

Maa Slcrage Tempenature ~: 
c • Commercial 

Part Nl.mbet' 
PllCicage Type: POF? 

t Contad Cirrua Logic, Inc:. for '-""lo-dal• information on rwi&ions. 
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SH3300 SAMPLED AMPLITUDE 

DIGITAL READ CHANNEL 

Product Description 
The SH3300 sampled amplitude synd'lronous 
ctiannel is a mixed-signal CMOS integrated circuit 
Uta! implements a highly flexible synchronous 
ctiannel. 

Partlal response schemes such as PR4 and EPR4 

may be implemented, and the SoITarget '™ Se· 
Quence detector provides a user specific partial re­
spense sctleme triat allows the detection strategy 
to be CtJstomized for a specific pulse shape, 

Additionally, the degrl*! of flexibility in the SH3300 
archilec:ure allows tor more precise matching of 
HOA and channel electronics. 

The SH3300 otters a wide array of power down 
modes. allowing the disk dnve designer to adlieve 
extremely low averace power consumption. 

The SorTaraer ™technology. !()(Jettier with an on­
cn1p filler s;:iecilically designed to minimiz~le-lip 
eflec:s or secondal)I gap eHeC"..s ma~e ~'8~ 
compatible with monolitriic. co~'.S-ci:...~ !ilm, 
MIG ana magne10-res1sitrv~,.t1~~~'"\\)"'.\l \1 · 

,..~~\)~Ci\:)' \\\\'°:I\ .:.· . ../ 
\J\~I'>..\• •. v 
.t,, r' I . ~-

Functional Bloclt Qf'-9'ram.~ Lj- \ \ ~{; 
I 

"'-' 
' 
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FEATURES 

The SH3300 pl'O\lldeS a highly flexible, samp!e\1· 
amplitude reaCVwrite channel at channel rates up 
ID60MHz. 

Complete Read Channa/ Df!ltector 

Rate 213 RLL (1.7) Recording Code employmc 
SoITarget ™Detection Technolo~ 

Completely Implements synchronous ct'lannel witn 
only 4 off-dlip non-precision passives 

VGA witl'I digital gain control 

7tti order Equi-ripole phase filter with variable c.:!· 
off and 11aria!)le beast using two symmetncal reaJ 
axis zeros 

Programmable sequence deteetlon 

Digital Urning recovery and offset control 

Error-tolerant syncnronizatlon 

Chann81 auality circuitry for error rate testinc a.n:! 
Channel calibnlllon 

T•chnology 

0.8 micron douOle metal CMOS I 64 pin VQP 
pack.age 

... 

- ~ ...,,,,,,. 

._. ..... RU. (1.1} N1LJ:,wf ·-.... ~ 
RU (1,T} ~ HR.Drr --- Wrl!A AJJ1' __ ,. 
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The SH3300 Sampled-Amplitude Digital Channel is a VLSI component designed to wori< wtlh a Disk Con­
troller and pre-amp to provide the majority of drive and controller hardware necessary to build a state-of· 
the-art. high density magnetic disk drive. The SH3300 implements a sampled-amplllude read/WT1te d'lan­
nel employing advanced partial response polynomials and sequence detection ted'lnology. It supports 
user data rates up to 40 Mbits/s. Additionally, a 3.3v version of the SH3300 will be offered as the SH3303. 

The SH3300 offers digitally controlled loops to control gain, timing and d'lannel offset. Furtl'lemiore,the 
gain and offset loops can be configured with control coefficients for both acquisition and tracking and the 
loOps wm reconfioure with lhe correct coefficients under cootrol of the acquisition and traclcing mooes. 

The SH3300 also lndudes an analOIJ servo gain staae 10 provide demodulatton of recovered servo burs1 
lnlormanon. 
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ADVANTAGES 

Flexible architecture implements broad range of partial response polynomla!s. 

Intelligent power management minimizes operational and idle power consumption. 

RL1. (1,7) code reduces nonlinear effects associaled with closely-spaced transitions. 
Programmable equalization, sampling, and detection altematives provide optimum match to c:iar.nel 
cnaracteristics and permit implementation of calibrated channels. 
Sequence detection accommodates a lower signal-to--noise ralio than hard thresholding of lndivia;;aJ 
samples and allows significant inter symbol lnterlerenca without negative consequences. 

Detector supports a broad class of partial response channels including PR4 (1,7} and EPR4 (1 :n. 
Error tolerance features support the higher soft error rates and higher defect densities encountere{! 
al higher recording densities. 

Provides significant implementation and perlonnance benefits over conventional peak detec::ior.. 

One/Two bit NRZ Data interlace connects to a broad range ol Disk Controllers. 
Channel Qualify circuit allows automatic calibration of HOA and Channel. 



WO 94/18670 

-- lOo 

~~-~-~ORRUS LOGIC 

- TABLEOFCONTENTS 

1. INTROOUcnON 
I. I Overview 
1.2 K.cy Features 

2. PIN lNFORMA TION 
2. l Microcontrollcr lntc:rfacc: Pins 2.2 Pre-amp lntt:rface Pins 
2.3 Servo Inicrf.lcc Pins 
2.4 Disk Controller Inictface Pins 2 . .5 Power, Ground, and Miscctlancous Pins 2.6 Pin Diagram 

3. REGISTER TABLES 

4. FUNCTIONAL DESCRlPTION 4.1 Write Operation 
4.2 Read Operation 
4.3 NRZ Dau Interface 
4.4 Transition Dciector 
4.5 Gain Control 
4.6 Tunini Recovery 
4.7 Of!se1 Control 
4.8 Dlgita!Filtcr 
4.9 Spectra.I Smoothing Fi.lr.c:r 
4.8 Sequence: OctccLOr 
4.9 Synchroni.z.ation Mui: Octeetion 4. l 0 Ar:alog equalization 
4.11 Sequence Ocl.C:Ctor 
4.12 Sync mark detection 
4.13 RLL Encoder/Decoder 
4.14 En.sure Poiniers 
4.15 Channel Quality 
4.16 Power Man.agcmc::nt 
4.17 Error Bud~ 
4.18 Servo Subsystem 

5. OPERATIONAL DESCRIPTION .S. l Calibration 34 

6. ELECTRICAL SPECIF1CA TIONS 6.1 Absoluic Maximum R<lt.ings 6.1 DC Ch:uact.cristics 
6.) AC Characteristics 

~--------· --·- ----

PCT 11JS94/01 oiµ 

CL-SH3300 Sampled Amplitude Digital RM Clumncl 



WO 94/18670 PCT lUS94/01084 

-- 107 

CL·SH3300 
Sampled Amplitude Digital RJW CJu:nnd ~~~ORRLJS LOGIC 

7. PER.FORMAN CE SPECIFlCA TIONS 
7.1 Ga.in Control 
7.2 Ttmin& Recovery 

8. INmAL.IZA TION CONDmONS 

9. REGISTER DESCRlmONS 

IO. OLOSSARY 

11. ORDERING !NFORMA TION 

12. PACKAGE INFOR..\1.A TION 



·------------ --------~-~~ ... - ·-·~=~---~=-~---

WO 94/18670 PCTIUS94t0108--l 

~~-~QRRLJS LOGIC 
CL-SH3300 

Sampled Amplitud~ Digital RM Chan~/ 

1. INTRODUCTION 

1.1 overview 

The SH3300 Sampled·Amplitude Digital Channel provides a highly flexible, highly lnteQrated sample~ 
amplilude read/write channel wtlich supports NAZ data rares up to 40 MBits/sec. The SH3300, imple­
ments !tie frequency synthesiZer, variable gain amplifier, !unable analog filler, analOQ-to-digital converter, 
write pracompensation, and servo demodulation functions in IJ'le analog domain, and provides digital gain 
and otfset control, timing recovery, equalization, sequence detection, RLL (1,7) encoding and decoding, 
error-tolerant synchronization, and channel Quality measurement in the digital domain. The SH3300 is 
compatible wilh hard-sectored magnetic disk drive applications employing embedded servo techniques. 

The high degree of prcorammability of each of these functions allows the SH3300 to support highly ac:a;r 

!Ne channels tailored !or eac!'I dnve, head. and zone. 

The fonnat of a typical seaor containing one embedded servo area is snown in Figure 1.1·1. Dunno a 
read(wrile) operation, the Disk Controller reads llle oflset of the servo area from the ID. II deasserts 

Read(Wnte) Gate alter ttte specilied number of bytes have oeen processed and reasserts it after a pro­
grammed number ot bytes eQual [O the lengtn of !tie servo area. The SH3300 , together with an external 

servo decoder reads and decode tne servo Oursts and servo data. 

(~.uafil I tn.c jib ]cl!\c js:>uc~ jlSR~ .... au, jsYN! Jo .. ~.\ jSO::lvo I Y>utE I l'>l!\E.uaBLE jsvNC ps.1... jSlluct ) 

Figure 1. t-1. Typical Sector Format 

1ne format of a rypical six-byte ID is shown in F"ioure 1.1 ·2. The FtaCfMS_Split byte contains bits control· 
ling split·field cpera1ions. enc!-of·track, and delec'Jve seelor, and tl'le most·signilicant bits ol tne split field 

c:ounL The LS_Split byte contains ine least-significant bits of the split fietd count. The split field coun: 

specifies the number of bytes betwei!n the start ol da:a and tl'\e start ol lM embedded servo area. 

CYLINOe;; HIGH CYLINOEA :.OW HcA:l SECTOR ;:"1.,AC,'MS_SPLIT L.S_SPLIT 

F"rgure 1.1·2. Typical ID Format 

i ..2 Key F.aturea 

One-bit or two-bit NRZ Data interlace 

Rate 2f.3 RLL (1,7) recording o:xle 

Oigtta! Ga.In Control 

Oit;1tal T"uning Recovel'J 

Digital Ottset Control 

Oigital Equalizer 

Sequence Detector 
Digit.ally controlled VGA with secarate ottset canei!llabon control 

7\h on::ler Equi-ripple filter with p~ramma!lle cut-011 and boost 
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• 60Msamples/s S·bit flash A to O converter 
• Write precompensation support for 101 pattern 

Slandard servo peak demodulator supports up to " seivo bursts 
• Error-tolerant syncnronization 
• Programmable gain, timing, offset, equalization, sampling, and detection attematives 
• Channel QUality circuit for channel calibration and error rate estimation 

Erasure pointer generation 
Support for monOlithic, composite, thin-film, MIG and magneto-resistive head technologies 

• Intelligent power management 



WO 94/18670 

~~~CIRRUS LOGIC 

2-. PIN INFORMATION 

PCT/US9~/0108~ 

CL-SH33DO 
Sampled Amplitude Digital R!W Channel 

The following conventions are used in the pin assignment tables. Asterisk c·> denotes a negative true 
signal. (I) indica1es an Input pin. (0) indicates an output pin. (00) indicates an cpen-drain output pm. 
(UO) indicates a bidirectional pin. All unused inputs must oe tied to the inactive stale, VOD or GND. 

2.1 Mlcroccntroller interface Pins 

SYMBOL PtN TYPE 

RS"r 

cs· 

VMC" 

WR"n:l-W" 

Al.BAS 

RD"tDS 

MINM" 

DESCRIPTION 

RESET: Assertion of this signal stops all operations witnin 
the SH3300 and de-asserts all output signals. All input/OIJt· 
DUI su;nals are set to the high-impedance state. 

CHIP SELE:C7: Ttus signal must oe asserted tor all m1c~::r 
controller accesses 10 the SH3300's r~isters. 

tNTE::...'MOTOROL.A: This si<Jnel setec:s !tie microcontro.­
ler 1t1:erlaca to t>e used. When this signal ls high, It seieC'.S 
tne lnia: bus control interface. When ltlis signal Is !ow. It 
seleC".s ::ie Motorola bus control interface. An lntemaJ pul­
lup allows ltlis signal to be legally "floate~ IC seleC: !tie 
delaull Intel bus control interface. 

WR17E STROSE.'REAO_WRITE: When UMC" Is hlgh, this 
sir;;nal cs WR"; wnen cs· and WR" are asserted, ltle data 
on ttie A;) bus will be wrttten to ttie 5pecified register. When 
I/MC" is low, U\is signal ls R·W", which determines the 
direC"..:on ol data transler when accessing the SH3300's 
reg:s:er.;. When CS" and OS are asserted and A·W" is 
nicn. a ~isler read operation Is In prOQress. When CS" 
and DS are asserted and A-W" iS low. a reoister write oper­
ation cs in Pl'OQl"eSS. 

ADDRESS LAiCH ENABLE/ADDRESS STROBE: On ttle 
trailing edl,le ol t:ilS signal, the SH3300 latches me address 
present on U'le AD or A bus. as selected by M/NM". 

READ SiROSE/DATA STROBE: When UMC" Is high, trlis 
signal is RC"; when cs· and RD" are asserted. the aata 
from Irle specified regis:er will be driven onto me AD bus. 
When I/MC" is low. ltlis signal Is OS. which determines me 
data timing of a re<JiSter ac..--es.s. When CS" ls asserted and 
A-W" iS hiCf'I, the rising e~e of OS Indicates wnen ttle 
SH3300 may s:art driving data onto tfle AD bus. When CS" 
i.s asser.ed and A·W" is low. U'le trailing edge at DS indi· 
cates wneri the SH3300 may latd'I clata from !tie AO bus. 

MULTl?U:XEL)INONMULTIPLEXED: When U'llS signal is 

h1r;11. Ai:x7:0> is the multiplexed address/data bus and 
A<7::=-,. is me 1a1cned aaoress output bus. When this signal 
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ROY/OTACK" OD 

AD<7:0> uo 

A<7:0> uo 

ls low. A0<7:0> Is the data bus and A<7:0> is tl'le address 
input bus. An intemal pullup allows tf'lis signal 10 be 1e-;;a:1y 

'"floated" lo select tne default multlplexed bus mOcle of aper. 
ation. 

REAOYIDATA ACKNOWLEDGE: When l/MC" is hicn. ~LS 

signal Is the microcontroUer Ready line; when this sionaJ LS 

deasset1ed, the local microcontroller shall inser: wart s:a:es 
to allow time for Ule SH3300 to complete the reques-..e-:1 
ac.cess. When l!MC" Is low, this signal Is the Data Acknowl­

edge signal; this signal Is asserted wnen the SH3300 r.a.s 
completed the requested access. 

MICAOCONTROLLER ADDRESS/DATA BUS: When V; 

NM" Is high, AD<7:0> is the multiplexed address/data :ius. 

When MJNM" is low, A0<7:0:> is ttle data bus. 

MICROCONTFIOLLER ADDRESS: A<7:0> iis ttle address 
input bus used 10 determine tl"le ~ister location to oe 

accessed. In demultiplexed mode re';Jister location shou!d 

be input on A<0:7>. In multiplexed mOde A<7:0> are r.at 

used Md should be lied to ground. Note that In multiplexed 
mOde the SH3300 does not provide a a latc:.'1ed aek1ress 

output 

MCLK MASTER REFERENCE CLOCK: This Input Is use<: t:::: 

derive tne synt:iesized dock OUUX.1 and WC:.K dun:1; a 
WT1te 

2.2 Preamp Interlace Pins/Diagnostics 

SYMBOl. PtN 

IN-+ 

IN· 

woo 
PCS 

PRIW 

OOlJT • 

DOUT-

TYPE 

0 

0 

0 

0 

0 

OESCRIPTION 

Positive Input from pre-amp 

Negative input lrom pre-amp 

Positive output to wrtte amp 

pre-amp chie> select 

Under ~ster control ltlis pin, IOQetl'ler_ with DOUI· W'JI 
provide VGA outputs or filler outputs for develcpmer.: ;x;r· 
poses. A register bit sets the soorce for this cutout 

See OOUT+ 
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2.3 Servo Interface Pins 

SYMBOi. PIN TYPE 

Sl/ENC<3:0> 

SVCLK 

SBA/SAM6 0 

SBB 0 

SBC/SC MD 0 

SBD 0 

SSIT 0 

SB!TP 

SVR::F 
3 

110 

2.4 Disk Controller Interface Pina 

SYMBOL PIN TYPE 

WG/WG" 

uo 

.... .., 

DESCRIPTION 

~----------······----·-----
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SERVO ENCODE: Encoded servo command field. This 
field contains encoded servo commands for gating the 
burst sample and holds, indicating the presence of ttie 
servo fields, causing !he servo sample and holds to reset 
etc. See the section on seivo operation for a list of 
encodes •• 

SERVO CLOCK: Used to Clod< the SVENC bits Into Lex· 
lngtcn. 

SERVO BURSi A OUT: Peak detected A burst or. unoer 
register control. will output A·B 

SERVO BURST B OUT: Peak detected 8 burst 

SERVO BURST C OUT: Peak detected C burst, or under 
reQisler control will output C-0 

SERVO BURST 0 OUT: Peak detected D burst 

SERVO BIT : will output peak detected servo information 
out of SHJJOO. Typically, ttlis Information would Include 
servo preamble, servo address mar1<, servo sync marlt. 
index and track numoer 

SERVO BIT POLARITY: determines It the transition tl'lal 
ca;.ised the S81i output is positive or n~ative. 

SERVO REFERENCE: i111s pin serves eftner as an input 

for an external reference or It will provide a reference ttu!t 
can be used e:ctemally. The ABCD values will be rt1fer· 
enced to this vOltage at1d will always be above thrs voltaoe. 
If the burst output pins are used in tne A·B and C-0 modes. 
then the levels on ltlese pins will be above or below the rel· 
erenai. 

DESCRIPTION 

READ GATE: When this signal is asserted. Ille C!Jad patn 

circuitry Is enabled. 

WRITE GATE: When this signal is asserted, uie write p.am 
ciroJitry is enabled. 

NON·RETURN TO ZERO BIT 0: In One-Bit NRZ Mode. 
this pin serially 1ransm1ts(receives) I.he least-significant 
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NRZ<1> uo 

RRCLK 0 

WCLK 

SEQ_ OUT 

unencoded read(wr1te) data bit to{from) the Disk Con!rcl· 

ler. In Two-Bit NRZ Mode. this signal transmits(receives) 

the least·slgnilicanl uneneoded read (wrtte) data bit to(from) 

the Disk Controller. This pin Is In the high impedance mede 
If RGIRG" is inactive. 

NON-RETURN TO ZERO BIT1: In One-Bit NRZ Mode, 
this pin is driven Into the high-impedance mode. In Two-Bit 
NRZ MOde. this signal transmits(recelves) the most-signir1-

cant unencoded read (write) data bit to{from) the Disk Con· 
troller. This pin Is In the high impedance mode If RGIRG • is 

inactive. 

READ REFERENCE CLOCK: This signal is used 10 co:::x 

NRZ to and from ttle Disk Controller. During a disk rea::: 

operation, the RRCLK signal is used 't:Jy tne disk comroller 

to strobe read data Imm the SH3300 Into the controller. 

During a write operation. ~e ARCLK signal ts used to c::o. 

data out of the disk controller. 

WRITE CLOCK: During a disk write operation this signal is 
used to dock data Into the SH3300. WCLK can eitl'ler be 

generated directly from the RACLK output tied back into ttle 

WCLK Input, or lrom 11 WCLK H one ls supplied by tne disk 

controller. 

SEQUENCER OUTPUT: This signal is connec:ed to t:'le 

SeQuencer Output of the Disk Cootroller. tt is used to c:cn· 
trol the Synchronization Marx Recovery Mode ana ltle Pa::i 

Memory Lenr;tn. 

2.5 Power, Ground, and Miscellaneous Pins 

SYMBOL P1N TYPE DESCRIPTION 

VDD NIA DIGITAL POWER SUPPLY 

DGND NIA DIGITAL GROUND 

VOOA NIA ANALOG POWER SUPPLY 

AGND NIA ANALOG GROUND 

2.6 Pin Diagram 

64 Pin VQFP pinout is <TBD>. 
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3. REGISTER TABLES 

<TSO> 

4. FUNCTIONAL DESCRIPTION 

The major functional blodts of the SH3300 lndude: 

• NRZ Data Interface 
• ··-t~ltion Detector 

Gain Control and Variable Gain amp 

Tuning Recoveiy and vco 
• Flash ~ convener 

Digital Equalizer/Spectral Smoothing Filter 

Anal~ equalizer 

Sequence Detector 

• Synchronization Marlc Detector 
• Rl.L Encoder/Decoder 

Ser1al Control Interface 

Channel Quality 

4.1 Write Operation 

PCT /US94/010~ 
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When Write Gate is asserted, tt'le Disk ContrOller must first emit a number of bytes oo tne NRZ Data in· 
terface equal lo the d1!sired ten<;1th ol \l'le preamble. When led wtth repealing hex '88', 'FF', or '03' NRZ 
bytes, lhe ALL Encoder in lhe SH3300 encodes them lo create a ·1010 .. :. '100100 .. .', or '10001000 .. .' 
p<eamOle pattem. respectively. whidl It emits on lhe Encoded Dara interface. After It has transferred ltle 
desired number of preamble bytes, !tie Disk Controller must emit a number of hex ·oo· bytes on the NRZ 
Data interface equal to the Synchronizalioo Ma~ Lengm. After it has transferred the proper number ol 
syncnroni.zatioo bytes, lhe Oisk controller must emit data bytes on tne NRZ Data Interface. If the Data 
Randomizer is enabled, the data bytes are randomized 10 equalize the probability of occurrenCfJ of worst· 
case panems. The ALL Encoder in the SHJJOO encodeS the data bits and \l'le encoded data bits are emit­
!ed on the Encoded Data interface. The preamble bits, Synctironizalion Mark bits, and encoded data bits 
are a.II processed through the SH3300 wrlle precompensabon circuitzy and transm1ned IQ ttie wrtte neac. 

4.1.1 Write Precompen.sation 

Due to ~e nature of U1e Sequence Delector, wtildl takes linear intersymbol Lnter1erence Into account 
when calculating path metrics. write precompensation for linear intersymbol inter1erence is not required. 
However. demagnetizing effects dunng wnte can cause a shift in the location o! a transition wtlidl iS very 
dose lo the preceding transition. The SH3300 provides write precompensation to counter tills effect I! 
examines the sequence of ALL-encoded bits for ·101 · and retarc1S tlle second transl!ion in an sucn se­
quences ~ a programmable amounL 
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4..2 RHd Operation 

During a read operation, the SH3300 passes the signal from the read/write preampllfier through a vali­
ablei;ain amplifier and a !unable active filler, then generales digital samples lrom a six·bi! flash analOQ­
to-diglta! converter. The samples are fed to tt'le programmable digital equalizer which further conditions 
the signal. The sample points of the analog to digital converter are determined by an oscillator intemaJ io 
the SH3300 whose frequency/phase ls controlled to maintain proper sampling. The digitally·eQualiztr­
samples are fed to the Sequence Oetedor in the SH3300. The output of the Sequence Detec:or is us~ 
to detect the Synchronization Mar1< and to feed the ALL Decoder, whose output is the NAZ oata whic."l is 
transmitted to the Disk ContrOller on lhe NRZ Data Interface. 

4.2.1 Number Representation and Arithmetlc 

The two's complement number system is used wherever ne-Jafive and positive numbers must boltl be re:r 
resented. The outPut signaJ samples lrorn the anal()(J·to-Cligi!aJ converter are six·bi! twos compiemer.r 
numbers interpreted as having a binary paint alter the second most significant bit: SX.XXX.X. Tnus t."le 
range of representable numbers is from ·2 lo ,..31116 in steps of 1/16. Note that the binary point ls "vir:uar. 
having no existence in silicon. 

Rounding and truncation are periormed as considered appropriate ln each lntemal operation. In some 
cases. intennediale results are earned with oreater precision than the final result Overflow ls guar:je::! 
egainst by saturating summers. by algorittimic bounc!S. or by prooaoility of ~rrence as appropnate ir. 
each intemaJ operation. 

4.3 NRZ Data lnterf•c• 

The SH3300 NRZ interface can be operated in one bit or two bit NRZ mode, via the NRZ<C> and N?.Z. 1 > 

lines. Jn one bit mode the NRZ<C> line is used, and !tie NRZ<1> line is in a high impedance mode .. The 
One-bit NRZ Mode allows tt'le SHJ300 to connect 10 a dislt controller wh1cti uses a one-pin ~rial Nrt: 
data Interlace. When In tl'le One-Bit NRZ read Mode, ttie SH3300 outputs a 213 ctiannel rale Cleo<. 

(RRCU<} synchronous lo ttie l't!a:l'lered read data. This RRCLK signal is typica!ly connected 1::: :rie 
ARCLK input of the disk controller. In two-bit NRZ read mode, Illa RRCLK is a 113 ctiannel rate clock. a:~::: 
two Dits of NAZ data (on NRZ<1> and NAZ<O,. are clocked each cycle. 

A WCLK signal lnpcJt is provided to dock wrtte data Into !he SH3300 during a wrUe cyde. The WCLK signal 
be used In hwo ways. 

First. It can be connected to the RRCU< developed by !tie SH3300. II is the resonsibility of tne desi~er 
to ensure that tr1e time taken for rne disk controller to output wnte data (relative to !tie ARCLK input). ooes 
not violate ltle wrtle data in to RRCLK setup and hold specifications of !he SH3300. 

Some hi1;1h performance disk controllers supply a WCLK which is used to strobe data out of the cont:-:liie' 
during a wrtte. Connecting this WCLK to tne WCLK input ol ll'\e SH3300 can provide timing advanta;;es 
In ttle design, since the WCLK out to write data out timing relationships of the controller can be mora :Jre­
lcisety controlled, easing the timing cxinsttaints at the SH3300 inputs. In one-bil NRZ write mode. l:'le 
SH3300 accepts NAZ data on NRZ<O>, clocked by WCLK. In two-bit NRZ write mode, the SH33\XJ a:­
cepts NAZ data in parallel on NRZ<.1 > 11t1d NRZ<O> docked ~ WCLK 
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Gain Control and 1iming Recovery bottl reQuire information about the locations of transition responses in 
the sample stream. Because the gain and timing loops cannot tolerate the delay of Iha sequence detec· 
tor, a simple transition detector is provided. This transition detector is not normally used for data recovery. 
although its output may be selected in place ol the sequencs detector output by setting a control re<Jister 
biL The peak Qualification threshold, V. is also stored in a control register. Table 4.4·1 shows the condi· 
tions which must be satisfied to det~ a tra:uition during sample period n under vanous conditioos. 
where: 

Yi is the signal sample for period i, a.nd 

v Is the Qualification Threshold. 

The Qualifica!ion ltlreshold should~ set hictl. after which its appropriate value can be determined by cal· 
lb ration. 

For an isolated transition response sample seQuence of (a,b, 1,c), the transllion detector Indicates a tran­
sition when it receives the fourth sample (cJ. The choice ol either condition (3a) or (3b) during center­
sampled a~uisition is determined by a control r~ister bit. Condition (3a) must be used with a '1010 .. .' 
acquisition panem; condition (3b) is intended for use with a ·10001000 .• : acquisition panem. Either may 
be used wi!l'la 100100 .•••• aCQuisition panem. 

Table 4.4-1 Transition Detection Rufe:s 

A.ctju1s1!1on(+pulse) Acqu1sit1on (· pulse) Tradting (•pulse} Traeiting (· putsa} 

SAMPLING 
SGN(Yn.1> • 1 SGN{Yn-1) • ·1 SGNcYn-1> • 1 SGNcYn-1) • ·1 

s.o.~ 1) Yn-2 > Yn t) Yn-2 < Yn 1) Yn-2 > Yn 1) Yn-2 < Yn 

2) Yn-1 >Yn-3 2) Yn-1 < Yfl-3 2) Yn-1 > Y n-3 2)Yn-1<Yn-3 

3) y n-2"' y IM 3) Yn-2 <YIM 3)Yn-1>V 3) Yn-1 < ·V 

eem.r~ 1) Yn-1 > Yn 1) Yn-1 < Yn 1) Yn-1 > Yn 1) Yn1 < Yn 

2) Yn-1 > Yn-2 2} Yn-1 < Yn-2 2) Yn-1 :i.Yn-2 2) Yn-1 < Yn-2 

3a) Yn-2 > Yn. 3 3) Yn-2 < Yn. 3 3) Yn-1> V 3) Yn-1 < ·V 

3b) y n-2 > y"""' 4)Y.,_2 <YIM 
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. f 8.3.S Openitlonal Timings 

9..3.S.1 Read Synchronization Operation (Eight Bit NRZ Interface) 

AC" 

SBO" ~ 

NRZcT:O.. < 00 ~ 

9.:l.6.2 Write Synchronfza1ion Operation (Eight Bit NRZ Interface) 

WC-

NRZcT:O>o ---
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Figure -4.S.1. Gain Loop for data and servo 

a, b, and c are Detector Levels 1, 2. and 3, 

PCT!US94/0l08J 

CL~SH3300 
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and Ti Is 1 Wtlen a transitiO<\ is detected during 'ample 

period i and pulse shape compensation Is ena.bl!!d, O otherwise. 

The nominaJ value of ttie Gain Set Point for side sampling Is (1 ... b); for center sampling, It Is (1). The 
appropriate value of the Gain Set Point lor normal operation Is determined during calibrallon. Varying the 
Gain Set Point may be a suitable tOOI for retry stratefJies. For example, a larger Gain Set Point could be 

used ro llOld the gain artificially high, which might tend 10 compensate for drop-ou1 errors (at some cost 
in signal·to-noise ratio). Note ltlat ltle Gain Set Point aflects the loop gain and gain margin ol !he Tuning 

Recovery circuit. 

Table '.S-1 Gain Error 

Acqu !alt.Ion lhtcldng 

•ld•sampled SGN(Y n-1 )•{Y n- i + Y n-2kla+{a-+<:)'"T n-2 SGN(Y0.1}'"(Yn.1+Yn-2~{a+e).T n.-2 

c.mer ._.,,,,led SGN(Y n-1 >"Y n-1 • ga + a.T n·2 SGN(Yn.1)-Yn-1 ·Qt +&.Tn·2 

4.5.2 Gain Compensation 

Compensation in the Gain Control loop for data reads ls accomplished with a digital filter whose structure 

may be represented by Figure 4.5· 1. The adder is designed 10 saturate rather ttlan wrap on over/unaer 
flow. 
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from gain 
detector 

FiQure 4.5-1 Gain Control Loop Compensation 

The z-oomain transfer function of this filter Is 

Fg (:) 

to VGA 
DAC 

eg is the loop filter coefficient and z-1 represents a delay of two ctiannel bit intervals (2/lsl beeause this 

digital filter operates at one-half the channel sample rate. Coefficient Cg is independently pr09rammable 

for ac::iuisition and tracking and fOf seNo and data. 

A linear discrete-time approximation to the open-4oop transfer function of the Gain C-Ontrol loop is 

Gg (z) = 
k • i:. • c t a t 
t.". (i:-1) 

wnera ~Is the gain of the gain detector {equal to one), Ka is the control gain of the VGA (equal to 0.25d81 

LSB. Cg is the gain of the compensation filter, and n Is the number of (2/fsl clock delays <TBD> in tne 

loop. This model can be used to predict the acquisition settling time and the trackino bandwidtrl of Ille 

loop for a given filter coefficient eg. 

' 
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The Timing Recovery circuit controls rne Read Clocks, wl'lich are synchronized 10 !he read waveform. 
The Read Clocks are generated from a clock produced by a variable frequency oscillator (Vi=O} which is 
used to dodc an analog-to-digital converter (AOC). A phase detector cil'Cl.lit digitally computes the pnase 
error ln ltle ADC sampling ins:ants from !!'le sample values. The sequence of measured phase errors is 
Cfigltally tillered In the SH3300 to produce a frequency control signal which Is fed baci< to tne VFO. The 
digital value is converted via a DAC to an analog signal whicn acts to offset the VFO from its center fre­
quency to establish the correct sampling frequency and phase. The phase detector, filter, VFO, and ADC 
together form a phase-lockecHoop. The iiming Recovery circ-Jit is designed so that tne digital control will 
saturate Instead of overtlow or underflow. 

The Timing Aectlvery circuit provides four modes: lock·to-reference, acquisition, tracking. and held. In 
lock·to-relerence made. a digital pnaselfrequence detector is used to lock !tie read VFO to tl'le frequency 
syn1nesizer dock, ensuring small lrequency error when aetiuisition mode is entered. 

tn actJuisition mode, which is aU1omatical!y entered on tfle leading edge or Read Gate. the loop has !leen 
programmed to respond quickly in order to allow fast acquisition over the preamble. To fuMer decrease 
actJuisition time, a zero-phase s:an capability is included. Timing frequency and pnase are assumed to 
have been acquired a programma:>le number of clocks after tne leading edge of Read Gate. The rllTling 
Recovery circuit then swilc!'les to a low·l:landwicnn tracking made in whiel'I the loop has been programme<! 
to respend more slowfy in order to minimize liming errors over dala due to noise. This Chan~ in response 
Is accompliShed by switcnmg to another set of loop filter coefficients. 

In hold mode, which is entered while Read Gata is deasserted, Timing Recovery action is suspende<!, 
allowing the digital con:rot 10 ·coas:" at its current frequency e.g. over gaps. 

F"~ure 4.6. 1 Tll'l'ling Recovery Loop 

4 

_,,_, 

lirtllnol..-_ ..... .._t 
.... i.... ...... o1 ........ ,,...,_...,. 
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4.6.1 Phase Detector 

The Phase Detector calculates the difference in phase between the desiri!d and actual sampling instants. 
A timing update Is made whenever a transition is detected. The timing update value Is positive when tfle 
ADC Is strobed late, indicating that the VCO frequency should be increased. The tJming update value is 
negative when the ADC Is strobed earty, indicating ttlat the VCO frequency should be decreased. Table 
4.6-1 shows the equations used to calculate the phase error when a transition is detected during sample 
period n, where 

SGN(x) Is +1 forx GTE 0, ·1 for x LT 0, 

Yi Is the signal sample for period i, 

t8 Is the acquisition Timing Set Point, 

It is the tracking TUTiing Set Point, 

a. b, and c are Detector Levels 1, 2. and 3, and 

Ti ls 1 when transition ls detected during sample period i and pulse $hape compensation Is enabled. 0 

otherwise. 

The Timing Set Point is used to accommodate pulse asymmetry. Table 4.6-2 shows the nominal values 
of 18 and t1. The appropriate values of the Timing Set Point for normal aperation are determined during 

calibration. Varying the values of ttie Timing Set Point may be a suitable tool for ret.ry strategies. 

Table 4.6-1 Phase Error 

Acquisition Tracking 

&ide umpled SGN(Y n-1>"(Y n-2'" Y n-1 Ha SGN(Y n-1 )"(Y n-2 • Y n· 1 )+~ + c"T n-z-a"i n-+2 

C<tnt•• llatr'4)1ed SGN(Y n-1 rev n-2· Y nl + I.a SGN(Y n-1 )"{Y n-2 • Y nl+lt + c'"T n-z-a'i n-3 
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Table 4.6-2 Nominal Timing Se! Point 

Acquisition pattern 

•.0. &an"f)l.cl 1010 ....• 

100100 ...... 

10001000 .... 

cen1er~lecl 1010 ..... 

100100 ...... 

10001000 .... 

4.6.2 Timing Compensation 
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Nominal ta 

1•b+C·a 

1. b 

1 • b 

2 • (C • b) 

c • b +a 

C·b 
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Nominal It 

1 • b 

C·D 

Compensation In the Timing Recovery loop ia accomplished wilh a digital filter whose structlJre may be 
represen led by Figure '4.6-1. 

tromp..._ 
Oeiec:1or 

Figure 4.6-1 Timing Recovery Loop Compensation 

r1 



-----·------------------·------~'---o:...... ___ .;;.___.:....,;; __ .. ..-....,.,~. --------

WO 94/18670 PCT /US94/01084 

-- 123 

CL-SH3300 
Sampled Amplitude Digital R/W Channel ~~-~CIRRUS LOGIC 

The z-domain transfer function of this filter Is 

c1 •z• (z-1) +c2 

z•(z-1) 

Where z·1 represents a delay of two Channel bit intervals (21fs) because this digital filler operates at one­
half U'le channel sample rate. A linear discrete-time approximation to tile open-loop transfer function cl 
\he Timing Recovery loop is 

2 k . k . (cl • z - cl • z + '2) p 0 

n+I ( l)2 z • z-

where Kp Is the gain of the phase detector {1 to 2 depending on pulse shape), Ko Is the control gain of 
the VCO (effectively 112 for this model}, and n Is the number of (211s) ciock delays <TBD> In the loop. This 
model can be used lo predict the acquisttion settling time and tile traoong bandwidth of the loop for a given 
pair of filter coefficients c1 and °2· Given detector levels a, b, and c, the gain of the phase detector may 
be computed as Kp • 1 -+ b ·3"'(a ... c)f2 for side $11mpling. For center sampling, the gain of the phase 

detector ls Kp • 2 • 2·a13 • (b + c)l2. 

ihe coefficients c1 and c2 can each have two values, for aCQUisitionltracldng. Additionally, the filter acc:J· 
mulator can be initialized at me st.art ol acquisition with eiltler an iniliaJ coefft. or the previously saved ac­
cumulator value al the end of ttie last data field. 

4.7 Offset Loop 

The offset loop In SH3300 is a closed loop s~tem that acts at the VGA to minimize ottsets at the out;Jtt. 
of !tie WO. The offset is controlled by a coarse OAC set statically through registers .. The dosed loop con· 
trol is through a fine DAC tha! is controlled by averaging the digital samples lo ensure that positive and 
negative transitions are forced 10 be equal. Any c!iHerence in positive and negative transition amplitucies 
will be inlerpreted as an offset The loop may be disabled by setting the filler parameter CoHset to zer::i. 
The loop also serves to lessen the etlect of 111 noise In the VGA. 

Figure .C.7-1 shows the structure of the of!Mlt 1009 

The coefficient Cotlset can be Independently set for acquisltiooltracking. Additionally the filter aco.imula· 
tor can be initialized at the star1 of acquisition with either an initial coetft or the previously saved accumu· 
lator value at the end of the last data fteld. 
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The digital equalizer can modify the equalization done In the analog filter and, along with it, provides sup­
port for changing equalization needs from head to head and zone to zone. 

The equarizer parameters are loaded by the microcontroller at initialization and during seeks. Using the 
Channel Quality circuit, a procedure is provided whereby the microcontroller can adapt !he equalizer pa· 
rameter.r>. 

The Intent of this feature is to allow the microcontroller to find the best parameter sets (those which pro­
duce the minimum error rate} for each disk drive, head, and zone. Since parameter optimization Is a slow 
process, It Is done only during manufacturing test and/or during Idle times. During seivo processing, under 
o:>ntrol of the SVEN input, the filter coefficients w!ll become those previously programmed In the seivo 
coeftt. registers 

.. ~ -· . . . . 
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Figure 4.8.1 shows the structure of the Digital Filter. 

0 

+ 

Furthermore. the digital filter outputs \10 into a programmable gain stage (re-scaler) which otters program­
mable gain values ol 0.5, 1 and 2. Again these values can be sel independently for data and servo. Ea:::i 
of the side coefficients can be independenUy seL 

Table 4.8.1 Digital filter coefficients 

&Jd. co.rf1el4nts center tap coetfic:Jen 

-6/11! lo .&'HI 1n 1116 ct9(:)& 0.5 

0.75 

1.00 

1.25 

Figure 4.8-2 shows the Digital Filter amplitude response vs. frequency 
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Figure 4'.S.2 Digital Filter Response 

4.i Spectral Smoothlng Alter 
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The Spectral Smoothing filter is desi9ned to lessen pole-tip effects wtien using thin-film heads, or second· 
ary gap effects when using MIG heads. The filter employs a center tap and two groups of side coefficien!S 
separated by programmable delays. The entire filler or just its precursor-correcting portion can be dis· 
a bled. Fig 4. 7.2 snows the Spectral Smoothing Filler. The delays n 1 and n2 can be independently set from 
2 to 23 delay instances. 

+ 

Figure 4'.9. 1 SF"llter 

The coeflicients Ci and C2 have the same sign,+ or·. 

The coefficients C4 and CS have ttie same sign + or -

each coefficient can be independently programmed o. 1132, 1116 

4.10 Analog Equalization 

The analog equalizer is a 7th order equl-rippfe filter with 0.05 degree phase ripple. The tilter has program­
mable CU1-otf and boos!. The cut-off frequency is determined by two parameters. Firs!, an extemaJ crystal 
reference that will typically be al the Inside diameter NRZ rate, and secondly, by an 8-blt registe'r that pro­
grams Ille unboosted cul-off frequency ol lhe filter elative to the crystal frequency. The crystal frequency 
(fc) may be set between 1 OMHz to 30MHz, and the cut off may be varied in two ranges. The first range is 
from 3 to 15 MHz and the second range from 6 to 30 MHzc. The high freQuency boost capability is a max­
imum of 12dB, above the DC amplitude value. This boost can be varied by programming a 4-bil register. 
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Figure 4. 10.1 Analog Filter response 

.C.11 Sequence Detector 
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Partial response is a communications and recording technique used to recover, as much as is prac:icaJ, 
the loss associated with inter-symbol interlerence (151). Partial response models !or maonetic recording 
Channels are typically defined by polynomials ot the form 

(1 • 0)"(1 + O)N 

where D represents a uni! delay. The (1 • D) facior can be associated with differentiation by tne transduc· 
er and tile (1 + D)N factor defines the intersymbol inlerlerence. N would be zero for a recording channel 
without intersymbol interference. N is one for Partial Response Class IV (PR4) a.ml two for Extended Par· 
tial Response Class IV (EPA4). Higher orders of (1 +DJ are also possible with SH3300 and are tabulated 
below .. The expansion of (1 ... D)N defines the sample points of an Isolated pulse. No:e that wtien N is 
even tnere is a sample at the center of the isolated pulse and that when N is octd au samples are on lt\e 
sides of the isolated pu1'e. 

PARTIAL RESPONSE NORMALIZED SAMPLE 

!:1 EQL. 'ft::IQM!&!. NAME ~~LUES 

0 {1 • 0) Dicode 0 1 0 

(1·0}"(1 +DJ PR4 0 1 1 0 

2 c1 . orc1 + o>2 EPA4 0 112 1 112 0 

3 (1 • 0}"(1 + 0)3 EEPR4 0 113 1 1 113 0 

(1-0)"{a+bd+D2+c03 ) SofTarget 0 8 b 1 c 0 

We can take a more general view of the polynomial by vaiying coefficients. For example. replace the side 
coefficients of (112 1 112) with K to obtain (K 1 KJ. As K vanes from 0 to 112, the response Changes from 
that associated with the polynomial (1. 0) to that associated with (1·0)"(1 + 0)2. The corresponding 
time and lreQuency responses are shown in Figures 4.8-1 and 4.8·2, respectively. Simi!arty, replace the 
side coefficients of (1/3 1 113] with K lo obtain (K 1 1 KJ. As K varies from 0 lo 1/3, the response c.'lan~ 
es from that associated with the polynomial {1 • 0)"(1 + D) to that associated with (1 • 0)"(1 + 0)3. The 
corresponding time and frequency responses are shown in Figures 4.8·3 and 4.8-4, respec!ively. We 

need not equalize slriC:ly to a target defined by (1. 0)"(1 + D)N; a pulse shape in berwoon may be a better 
matctl to a particular Channel. • . 
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Al significant user densities, the signal-to-noise ratio reQuired for !he SeQuence detector to produce a giv­
en error rate Is generally several dB lower than thal reQuired for digital peak detection. This advantage 
is generally greater for negalively-correlaled noise, which is enhanced when high-frequency boost is em­
ployed to slim lhe pulse Shape, and generally less for positively-correlated notse. 

Figure .C.11-1 

Figurt1 "· 11 ·2 

Figure .C. t 1 ·3 

Figure 4.1 1 -4 

figure 4.11 ·5 shows the Sequence Detector, which reconstructs the ctlannel-bit stream from U'le anaJoo· 
and digitally-equalized samples not on a bit-by-bit basis from each sample in tum but rather with rSfJarcl 
to both the current sample and the surrounding seQuence of samples according to a decision rule wni~ 
produces near-maximum-likelihood detection. The detection algorithm determines the best sequence of 
RU 1 's and O's corresponding to ltle panem of samples. 

F"igure .C.11 ·5 Sequence Detector 

The SeQuence Detector can be programmed to operate on any Channel response whieh can be well rep­
resented t:rf sequences of tile form (a b 1 cj. 

center sampled pulses nominally have 

a<b•c<.l 

side sampled pulses nominally have 

a<:l,b•l.c<l 

Pulse a.symmetry is sccommOdaled t:rf specifying: 

for center samp!inc: 

for side sampling 

and/or 
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Using ll'le Channel Quality circuit. a procedure is provided whereby the mlcrocontroller may adapt the de­
tector sample levels. The intent ol this feature is to allow the microcontroller to find tne best deleC1or s.am­
ple level sets (those which produce the minimum error rate) for each disk drive. head. and zone. Since 
parameter optimization is a slow process, It is done only during manufacturing lest and/or during idle 
times. 

4.12 Synchronization Mark Detection 

The error-tolerant synchronization strateQY Implemented in the SH3300 is designed to aehieve a level of 
error tolerance for the syncnronization function equal 10 Iha! achieved for tl'le da:a field by tne combina!Jon 
of the Sequence Detector in the SH3300 and the error correciion code implemented in the Disk Controner. 
This strategy employs an error-tolerant Synclironization Man.: pattern whic.'l ls selected for minimum 
cross-correlation with !he preamble and for minimum auto-correlation. The leni;th cl !he error-tolerant 
Synchronization Mark and the number of four-ctlannel·bit groups whic!i must ~ detected are pr~ram­
mable. 

When Read Gale is asserted, the SH3300 beQins to emit all zeros on the NRZ Data intena:;e. When tl1e 
SH3300 enters !racking mode as specified by the ACQuisition LenQ!h, II ~ins 10 anempl to detect t11e 
Synchronization Mar\( Threshold. When the Synchronization Mar1< Threshold is met, the SH3300 emits 
a hex '00' byte over !he NRZ Data interlace .f041owed by decoded data bits atter the sync."'I lleld.. W111-
dowing of the detection of the Synchronization Mark is pertonned in the Disk Controller using the know;i 
length of the preamble and Synchronizatioo Mane. 

The Synchronization Marl< Recovery procedure may be used 10 recover da!a when a severe defec: has 
destroyed the entire Synchronization Mark. To use this mode. the Disk Controller asserts. the Sequencer 
Output signal before Read Gate. The SH3300 first goes through a normal ~ain and timing acquisition pro­
cedure while counting channel bits. The Synchroniza!ion Mark ls assumed to have been detected wtien 
the count matches the Synchronization Mark Reo::ivery Count. By varying the Synchronization Mark Re­
covery Count. ttle microcontroller can vary ltle assumed starting point of a header or data area until ltle 
correct starting point is tried. whereupon the sector will be recovered If there Is no other error beyont! ltle 
capability of the error correction code in ttie Disk Controller. A conseivative stratew to limit the probabihti 
of miscorree'jon would be to limit error correction to a single burs: when !lie SynChroniza!Jon Mark Re::ov · 
ery procedure is used . 

.C.12.1 Synchronization Marie Pattern 

The RU-bit pattern of the error-tolerant.Synchronization Mark is proorammed by ltle user in ::ie Syn:::iro­
nizalion Mark Pattern r~isters. CimJs recommends the panems shown in Table 4.9-1. 



--------

WO 94118670 

-- 130 

~~-~ORR.US LOGIC 

Table 4.9-1 Recommended Synchronization Mal1< Patterns 

Acquisition Synchronization Mark Pattern 
pattern 

... 
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1010..... 10010010 10001001 000100010101001010000100 101010101 

100100...... TSO 

10001000... TSO 

When the Synchronization Mali< Leng1h is programmed for one, two, or three NRZ bytes, the first twelve. 
twenty·four, or thiny·six bits, respectively, of the pattern are used. When the Synchronization Mal'X 
Length is programmed !or one, two. three. or four b;ries, the Synchronization Mark Threshold should be 
programmed to require error-free detection or three. four, six, or nine four-channel-bit groups, respective­
ly. in nonnal operation. 

'4.13 RLL Encoder/Decoder 

During Write operations, NRZ data bits are Input from the Disk Controller and encoded according to the 
rules of a rate 213 ALL (1,7) code. The sncoded ALL ch81'1nel bits are then transmitted after write pra· 
axnpensation to the write head. 

During Read operations. channel bits are output from the SequenC9 Detector and decoded according to 
the rules of the RLL (1,7) code. The decoded NAZ bits are then output to lhe Disk Controller. 

The ALL (1,7} code can be encoded using one data·word look·ahead and one channel-bit look-back.. and 
can be decoded using one channel-word look·ahead. Table 4.10-1 shews the encode/decode mapping: 
x means the complement of the preceding ctlannel bit. The maximum length of an NRZ error bursr 
caused by a single ALL drop-out, drop-in, or bit·shitt error Is five NAZ bits. 

Table 4.10.1 ALL (1,7) Encode/Decode Mapping 

NRZ ALL 

00 010 

io X01 

,, XOO 

0100 010001 

0101 010000 

0110 X00001 

0111 xOOOOO 
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Note that '1010 •• .', '100100 .• .', and '10001000 .. .' acquisition pa11ems are encoded from repeated hex ·aa·. 
'FF', and 'D3' bytes. respectively. 

4..13.1 Data Randomizer 

The RLL Encoder/Decoder also Includes a Data Randomizer which processes unencoded user di1.1a to 
Insure that channel bit pa11ems with worst-case panem sensitivity occur no more frequently than would 
be expected from random user data. The Data Randomizer employs two linear feedback shift registers.. 
One generates a 63-bit sequence which is EXCLUSIVE-OR·ed against the MSB of each pair of data bi:s. 
The other generates a 127-bll seQuence which Is EXCLUSIVE·OA·ed against the LSB of each pair of data 
bits. The Data Randomizer does not affect error propagation. When the Data Randomizer Is enat:lec!. 
me probability of encountering any specific pa11em of length n dlannel bits at a randomly selected location 
within encoded data Is approximately 11.2n. 

4.14 Erasure Pointers 

Normally, NRZ data bits are transmil1ed over the NRZ bus. When erasure Pointer generation is activa:ec. 
erasure pointer bits are transmitted instead. Erasure pointer bits are generated by the de!ectlon ot max­
imum run-length constraint violation in the ALL Decoder. An erasure pointer bi! In a given byte could in­
dicate the existence of an error in that byte, a previous byte, or a following byte. 

4.15 Channel Quality 

The nature and quality of the channel comprising the heacVdisk Interface, preamp, tunable active filte~. 
ADC, and digital equalizer can be measured with the Channel Quality circuit, which is provided so that the 
variable channel parameters (e.g. analog and digital equalizatioo parameters, gain and timing set points. 
gain control and timing recovery coefficients, and detector levels) may be adjusted to provide lhe lowest 
possible error rate. The Channel Quality circuit provides two modes of operation: Pulse Measuremer:t 
and Metric Measurement. Each mode requires that the sequence ltlat was written to lhe medium be 
known as the sequence Is men read. This is accomplished by generating ltle wrtr.en sequence enorety 
within the SH3300 Data Randomizer. Then on read. the same seQuence can be generated and used in 
controlling the Channel Quality circuit. Either a pseudo-random or a repeating S0Quence can be oer.er­
ate<:l by leaving feedback within the Data Randomizer enabled or disabled, respectively. 

In the Pulse Measurement Mode, as the known sequence is read the Channel Quality circuit measures 
!he cumulative squared differences of those samples corresponding to one of the combinations of the 
nominal sample points (e.g. a, b, 1, c, c-a, 1-b, b-c). The source used for pulse measurement ls selectable 
between the sampled data output of the AID , the output ol !he DigitaJ Filler, and the output of Che sp«:ral 
smoothing filter. The cumulative squared ditterences can be used to de!ennine the pulse shape produa!<l 
by a given set of channel parameters and to adapt the channel paramete~ to produa,t a desired pu!se 
shape. 

ln the Metric Measurement Mode. as the known seQuence Is read. the Channel Quality circuit measures 
the cumulative metric of the final state of the sequence. The source used for metric measurement is se­
leaable between the sampled data outpi..1 of the AID, the output of the Digital Filter, or the output of !1le 
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spectral smoothing filter. The cumulative metric can be used to adapt the channel parameters and to pre· 
diet the error rate. 

4.16 Power Management 

The SH3300 has three basic power down modes. In idle mode. all elements are switched off. The SH3300 
would typically be in idle mode wtien the disk haS been spun dawn. As the disk spins up SH3300 should 
be swltcned out of Idle mOde. 

In track following mode, some elements are still powered down, but other elements are powered up to 
process servo bursts. The SVEN and SVRO signals are used to determine !tle arrival of a servo field. 

Nocmal mode Is used for luU reading or writing. 

Table 4.16.1 shows the different elements of SH3300 and indicates ff L"le element Is off, on or under the 
control ot an external signal. 

Table 4.16.1 SH3300 Power Down MOdes 

circuit ldi. lnlc:k follow norm.al not• 

VGA off SVEN SVEN+ RG 

&na.togftbr of! SVEN SVEN+ RG 

NO of! SVRO SVRO+ RG 

vco off SVEN on 

SYN'Tli off o1f on 

Ur.:> pl'wl&• recan o1f cquiaiOon 11Cqui11ion 

~~ oft oft WG 

Ml"<'O~l"I off SVEN SVEN 

tnc:ll ' holds on on on 

dgtlll 111« off SVRD lconfiglnd (SVRO + RGi & c:otdlgur-.d 1 

~ml Stl'IQOth filer oll off TRK & confi;ured 2 

•equenc. de*'« oll oll TRK 

Ml\f\'I bi! 111COft'Y off #Kie SVEN& TRACK 

ttanation detec:'lor ofl SVRO RG+SVFIO 

Qain loop lllerldortect of! SVRO RG+SVRO 

ll'rll>Q loop 111/delecf off SVRD RG+ SVRO 

encoder of'I oft WG 

Oec:oder off oll TRX 

ll'fllC detllci oft oll TRACK 
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cln:utt Idle track follow nonmil not• 

FF deleci off Oii WG 

VGA Corm>on Mode otl SVEN WG 3 

VREF otl SVEN ON 

Notes: 

1) Configured means the particular element has been configured active by muxing 

2} TRK means that the SH3300 is in tracking (versus acquisition) m0<1e 

3) After WG goes inactive, VGA remains active tor a specified time lo allow read amp lo recover (squlelcl1) 

4.17 Error Budget 

When designing a recordino ctlannei with !tie SH3300 , an error budget must be established. An error 
budget might Include lhe following: 

• Media Noise 

Non-linear Write Transition Shlfl 

Partlal·Erasure Amplltude Non-linearity 

Overwrtte Noise 

Offtrack Noise 

Preamp Electronics Noise 

Amplifier/filler Electronics N()(se 

ADC QU&ntizalion Error 

Misequalization Noise 

Gain Error 
• T1tning Error 

Margin 

4.17.1 Media Noise 

4..17.2 Non-linear Write Transition ShHt 

4.17.3 Partial-Erasure Amplitude Non-linearity 

.".\loo 
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clrc:utt Adi. track follow normal 

FF0t1«:1 oll ofl WG 

VGA CoiTrToon Mode oll SVEN WG J 

VREF otf SVEN ON 

NOies: 

i) Configured means Ille partiOJlar element has been cootigure<I active by muxtng 

21 TAK me.ans !hi.I rile SH3300 ts In lraddog (versus llCQUisltlon} mode 

l'IOC• 

3) MerWG goes inactive. VGA remains actNe lor a apecified time to allow read amp to 111COVer (1qulela1 

4.17 Error Budget 

When designing a rec:otding cna1111el with lhe SH.3300 • an error budget must be esra!ll!stled. An 9f'l1l 

budget migl'lt Include lne IOUcwing: 

M«ia NOIH 

Non-war Write Transmon Shift 

Partl~Erasure AmpUl.ude NOIHiNartty 

Overwttte Noise 

Otttracic Noi.se 

Pr11&mp Electronic& Noise 

Amplilierlflrrer Electronics Noise 

ADC ~anlizatlon Error 

Misequalization Noise 

Gain Error 
imlng Erl'Df 
Ma~ 

.C..17.1 Media NolM 

C..17.2 Non-tlr.ear Write Transition Shift 

4.17..3 Partlal·ErHure Amplitude Non-linearity 
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•~17.4 Overwrite Noise 

.C.17.5 Offtrack Noise 

4.H.6 Preamp Electronics Noise 

4.17.7 Amplifier/Filter Electronics Noise 

4.i7.8 ADC Quantization Error 

4.17.9 Misequalization Noise 

4.17.10 Gain Error 

.C.17.11 Timing Error 

.C.17.12 Margin 

4.18 Servo Subsystem 

, --- -" -· 

PCT /US94/01084 

CL-SH3300 
Sampled Amplit wit Digital R/W Channel 

The servo subsystem in SH'3300 is designed to provide a standard interlace to the servo Oecoder and 
servo A to D system. The SH3JOO servo syslem is responsible for peak detecting the ~rvo preamble, ID 
field and traclc number, and passing ltlis peak detected digital data out to the servo decoder. 

The SH3300 is switched out ol data mode and lnro servo mode by lhe assertioo and strobing of the SVEN 
command on SVENC<.3:0>. This command should be derived from a timer that estimates the occurence 
of t!le current servo burst from the time cf the previous servo bursL On the assertiCfl cf this encode, the 
analog filter will switch to the appropriate s.ervo coefficients. Likewise. VGA control will be swrtehe<l from 
data to servo. 

The servo preamble is acquired by the servo decoder, at wflich point the servo decoder should strobe in 
tl'le SVRO command. This assertion of the SVRO command replaces tl'IOse coefficients approprtate tot.tie 
acquisition phase of ltle ser.-o burts with the set of cotticients appropriate 10 the servo tracking pi'\&se. 

Fi<Jure (.1 S.1 shows the servo data recovery block diagram 

.The servo burst information is peak detected ln the analog domain, and output a!ll be captured by<& sam­
ple and hold circuits Whic.., drive 4 oulput pins. The BSAMP command controls the sampling of !tie peak 
delecied output, and additionally, a DUMP command is provided to allow the user flexibility on when the 
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sampie and hold circuits will be reset. tn this manner, different seNo burst schemes can be acz.:ommodat­
ed. 

The peak detect block for the analog servo burst is fed from the output of the analog filter. Four sample 
and hold circuits are used to capture tt\e output of the peak detect, under the control of different BSAMP 
arguments. These commands can be strobed as appropriate from the extemal servo timing logic. 

SVENC<3:0> Ml"IO tunction 

0000 1w11eh inUJ acquiacon ~ 

0001 IW'l!dl Into HIVO mode 

0010 aWllch into tracking mode 

0011 a.vnple A bum 

0100 5.a"1Jle B burst 

0101 llllTlple c buf"ll 

&am!lle 0 burst 

Enable .. No bum dufTtJ 

IWllCh off aA u~i. And l\oiCll 

!lold AGC 

Swtlctl o~ of Hrvo mode (into dala ~) 

po-r down H.....O blodt 

~r uP MrYO bloc:lc 
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4.19 Calibration 

The sampled-amplitude channel technology employed in the SH3300 makes It possible to implement 
adaptive channels. These channels are calibrated in manufacturing and/or during idle limes and there lore 
accommodate greater variation In head.lmedia parameters. 

In a SH3300 Implementation, many equalization and detection parameters are under user control. These 
Include: 

• VGA DC Offset 
Tunable Filter Cutoff 

• Tunable Filter Boost 
• Gain Set Point 

Tlllling Set Point 

Gain Control Loop Coefficients 

Timing Recovery Loop Coefficients 

OigitaJ EquaJiZer Parameters 
Center/Side Sampling 

Detector Levels 

There are many possible tradeoffs; the user decides which parameters are fixed during development. 
which are to be adapted during manufacturtng. which are to be re-adapted during Idle times, and whictl 
are to be varied during retries. Note that a different set of parameters. induding the choice of centers.am­
pling vs. side sampling, may be used for eadl head and zooe on a given drive. 
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Figure 4.4·1 illustrates center sampling and side sampling for an Isolated pulse. The a. b, and c labels 
refer lo programmable Detector Levels 1, 2. and 3, respectively. 

Figure 4 . .(..1 . 

.C.5 Gain Control 

The differential variable gain amplifier (VGA) in the SH3300 amplifies the differential input signal from the 
read preamp to a consistent level which is fed to the tunable active filter. For data read operation, the 
VGA gain is controlled by a digital to anal~ cooverter (DAC) with coarse gain statically controlled by a 
register and fine gain dynamically contrOlled by the Gain Control circuit of the SH3300 . The Gain Control 
circui1 is designed for symmetrical attack and decay, and is also designed to ensure that ttie digital gain 
control will saturate and not overflow or underflow. Furthermore, Uie coding of the DAC control is tl'ler· 
mometer coding, ensuring that a sarnll change in value cannot lead to DAC glitches In the VGA cil'Cl.lit 

During seivo read operation, the VGA is controlled through an analog gain loop that bypasses the DAC 
control of the VGA. 

The Gain Control circuit provides three modes: aCQUisttlon, tracking, and hold. In aCQUlsttion mode. whidl 
Is automatically entered on the leading edge of Read Gate, tli"e loop has been programmed to respond 
Quickfy In order to allow fast aCQUisltlon. 

Proper gain is assumed to have been established a programmable number of docks after the leadir.c 
edge of Read Gale. The Gain Control circuit ll'len switches to a lower-bandwldttl tracking mode In whieh 
the loop has been programmed to respond more slowty In order to minimize gain erron; over data due to 
noise. This change in response is accomplished by switching to another set of loop filter coefficients. 

In hold mode, which is entered while Raad Gate is deasserted. Gain Control action ls suspended, allowing 
the VGAC bus to ·coasr at its currant gain level, e.g. over gaps. Gain does no! "droop• in hold mode due 
to the digilaJ nature of the gain control loop. 

4.5.1 Gain Detector 

The Ga.in Detector calculates the difference In amplitude between ttie desired and actual signal levels. A 
gain update is made whenever a transition is detected. The gain update is n~ative when the gain is too 
high and positive when the gain Is too low. Table "-5·1 shows how the gain error is calculated when a 
trBJ'lsition is detected during sample period n, where 

SGN(x) is +1 for x >• 0, ·1 tor x < 0, 

Yi Is the signal sample !or period i, 

g8 Is the acquisition Gain Set Point value, 

!it is the tracking Gain Set Peen! value, 
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Analog Parameters 

Parameter 13V 3.3v 3.3V 5V 5v r;v 

min typ mu min typ mu units 

inpUI resisWICe (cllflerential) •Qu•lr::ll 400 400 01111'11 

lnpul rw1iaW1C• (cillerential) read 'OOCl .cooo ohms 

Input cap41ebnce (dill•r•ntial) 10 to pi= 

inpu! liqnal levels (P·P dill•r•nti.a~ 10 320 10 320 ml/ 

input noi.ae {01MHz. mu g.m) 15 15 nl//1c:zt t-t; 

cn.nnel lreq~(f•l • ~ 12 ea Ml"\Z 

bandgllp YOlage 1..2J 1.23 I/ 

band9&!1le~ 200 200 ppm'degrM 

VGA bendwidtll .. IO L4Hz 

VGA gain ~II" 1.0 32.0 1.0 32.0 c1S 

VGA gain rHOlutlon 0.2 0..2 cf:l 

VGA dccOf\ion 1 , 'II. 

An•log ftft• CU!of! frequency 0.2 1.0 0..2 1.0 le 

Allalog I'll« C\l!oft ac:cunic:y 10 10 % 

Analog ft1.,. anotf frequency l•mc:o 200 200 pprrVO.;tff 

Analog t'lftet cNioriion \ 1 "4 

A100~n e • l>U 

A to 0 C:O!Mlr&ion rate 41 ISO MSarr(li•I.' 

A 10 0 ineanry 1.0 1.0 LSB 

A lo 0 inpU! IWIQ9 (dill•,.nbal) ..Q.32 .0.32 ..Q.32 4-0.32 I/ 

vco lreqiMney nll\!19 • ca 5 80 Ml"'.: 

vco i>Ain constait 0.1 0.1 "'JJl..SB 

VCO ph&a• jller so 50 pa RMS 

Synlhet.i:ter treq fallQe " 41 g eo t.IHI 

S'fn!Na.izer Acqidion !.lml 50 50 rncro MC 

Wri• l wnt• preco~ •Holll!ion 1132 1132 ts 

servo bum S1i oU!pUI volla91 rano- o.o 2.0 0.0 2.0 I/ 
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Unless otherwise specified, the following timings assume that all outputs wlll drive OM Sdlottky TIL load 
In parallel with 50 pF and an inputs are at CMOS levels. The Min and Max timings contonn to the oper-

ating ranges of power supply voltage(+/· 10 percent) and ambient temperature (0 to 70 ° C). All clOCkS 
are 60/40 percent maximum/minimum duty cycle. Rise and fall times iohould not exceed 3 ns. 
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5.3.1 Reset Asaertlon Timlng Parameters 

SyrnbcM Parameter Minimum Maximum Units 

Trpwt RST" pulae widlh low 500 na 

5.3.2 Microcontroller Interface Timing Parameters 

Symbol Parameter Minimum Maximum Un.lta 

Ta Al.E width 15 na 

r- Addreu valid 10 WR" _ ot OS _ 20 1\1 

Tar Addt•H valid to Ro· - or OS - 15 !\I 

Tao AD<7:0> v•lid lo A<7:0> 20 N 

(Muftiplex.d mad•) 

T.n RO'_. WR" _or OS_ to A..7.0> invalid 5 na 

{Non~ltiplex•d Mod9) 

Tw WR" Width 60n.s 

Tr RO" width &ona ,,. Addr.ss v•lid to ALE _ 5 1'111 

M A.l..E _to addfn1 invalid! 0 "' 
c. cs· _to RO" -· WR" - at OS _ 0 I\& 

°' RO" _ WR· _ or OS _to CS" _ ~ 

Wes Wrrt• dllra vlllid 10 WR" _ or OS _ 20 1'111 

Wdh WR" _ or OS _ to Wru dcta invalid 10 M 

T<ia RO" _or OS _ to Read dllla nid 50 na 

Tdh RO'_ or OS_ to R .. d dslll in¥sid 10 r .. 

Taz RO' _ «OS _ to R .. d dsl.a unc:lrrvwn 1fj na 

Tdl DS wldlh eo N 

TClh OS_ to OT.ACX"_ 20 "' 
Tdr'd'/ ALE _ 10 ROY _ 30 nc 

Tarw f\..W' wlid to OS_ 20 1'111 

Thrw CS _ 10 R_ W' inv•lid 20 "' 
Noc•: _ incfocalH rising edge,_ indica1es tailing 4Kl0e. 

When l/M~ Is high, the Intel bus conlrol interface Is selected. The timin<J diagrams In Sections 6.32. 1 • 
6.32.4 depict register read and write operations wi\h this interlace selected. 
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\i\lhen IJMC• 1s low, the Motorola bus control interface is selected. The timing diagrams In Sections 6.3.2.S 
• 6.3.2.8 depict register read and wnte operations with this interface selected. 

5.3..2.1 Register Read Operation in Intel Multiplexed Mode 

AS AH 

AD<7:0> 

!A.O tOZ 

cs· 
tAR tOA 

RO" 

tOROY 

ROY 
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5.3.2.2 Register Read Operation In Intel Nonmultlplexed Mode 

cs· 
t.AR tOA 

CS tR 

RO" 

tOf'IOY 

ROY 
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5.3.2.3 Regi,ter Write Operation in Intel Multiplexed Mode 

. tA 

J 'ri... 

AS AH wos WOH 

I 
~ ' , 

~ I 
' .1"' '" tAW 

cs tW 

' w ~ 

tOROY 

ROY ~ 
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5.3.2.4 Register Write Operation In fntel Nonmultiplexed Mode 

Al.E 

WOS WOH 

A.Oc7:0.. 

cs· 
tAW 

CS tW 

WR" 

ROY 
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5.3.2.5 Register Read Operation In Motorola Multiplexed Mode 

tA 

AS AH 

!OZ 

cs· 
tAR tOA 

cs tOS CH 

OS 

tSRW IHRW 

R/W" 

tOTH 

OTA~· 
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5.3.2.6 Register Read Operation In Motorola Nonmultlplexed Mode 

AS 

AcT~ 

cs· 
tAR tS)A 

tSRW !HRW 
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5.3.2.7 Register Write Operation In Motorola Multiplexed Mode 

AS WO . WDH 

tAO 

cs· 
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5.3.2.8 Register Write Operation In Motorola Nonmultiplexttd Mode 

_f 
WDS WOH I 

I I 
AD<7:(h. 

'J I ~/ ______ ,, .... ______________ ,, , ______ _ 

cs· 
tAW 

cs tOS CH 

tSRW - i-.- - 1-oo- d-a:!W 

5-
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S.3.3 Disk Read/Write Timing Parameters 

One(Two) Sit NRZ Interface 

&ymbol P•rameter 

Tr RRCU< SM•iod 

TrV2(l} RRCLK low tim9 at O.SV 

Trh/2(H) RRCU< hi!1l lime at 2.'llV 

Tw WCLJ<p.tiod 

Tw'/'2 WctK low time at O.IV 

Twtv'2 WCLK lllgn lime a1 2.ov 

Trr.Trl RRCU< r<H and l&il um. 

Twr.Twf WCLK nu and laa r.me I 
°'' NRZ out valid 10 RRCLI< out_ 

°"' RRCLK Ol.l'l_ IQ NRZ oui invahd 

Caw NRZ in valid to WCU< in 

Ohw I WCU< in to NRZ en llW&frd 

Disk Write Timing (One/Two Bit NRZ ln!erlace) 

Read 

RRCLKout 

HRZ out 

Wn!e 

5vMln 

25[50) 

10(23} 

10(23) 

2S (!50) 

1(20) 

11(20) 

5 

5 

5 

5 

OS 

PCT :1JS9410108-l 
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5vMax 3.3v Mln 3.3vmu Units 

3t(ll2) 1\$ 

13(211} ns 

13(28) I'll 

31(&2) ,... 
11(25) 

11(25) 

3 3 NI 

' ' 
5 I'll 

5 Ml 

5 Ml 

5 ns 

Wct.Kln 

HRZ In 

{ -~ ~1 N= =PF 
tos,l,J 
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. 6. SPECIFICATIONS 

6.1 Geln Control 

~uisition Tune 
Tracx.ing Bandwidth 

(48 to 372) • 11fs 
(0 to 7.5&-3) • f5 

where f5 Is the sampling rate. 

6.2 Timing Recovery 

Acquisition Time 
Tracking Banctwidth 

where Is is the sampling rate. 

{48 to 372) • llfs 
(1e-3 to 2.5e-2J • 15 

7. INITIALIZATION CONDITIONS 

<TBD> 

. ~ .... 

PCT !US94/0 I 08-1 
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Typical: 48-84 

Typical: 84·108 
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5.3.4' Servo Bus Panimeters 

Symbol Paranwtar 6vMln 5vMax 3.3v Min 3.3v max Units 

T1 Seu<. penod "" 
Tall2(l) SCLK low llmt al O.SV ns 

Tlhl2(H) SCLK hiQ!I la'N at 2. <&OV ns 

Tat.Ts! SCUC ril• &11d 1all t..-. nc 

Daw SVENC<l:~ vatid to Seu<. in ns 

Ollw SCLK on 10 SVENC~:Cb tn invalid N 

ICU( 
Tatr.l 

SVENC<l:Cb 
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0100: 1164 
0101: 31128 
0110: 1132 
0111: 3164 

1100: 
1101: 
1110: 
1111: 

Resel'lfed 
Reserved 
Reserved 
Reserved 

8.4 Acquisition Timing Set Point/Coefficient 1 

Sits 7-5: 

Bits 4-0: 

Acquisition Timing Recovery Coefficient 1. These bilS delennine !tie value ol coef· 
ficient 1 (c1da) used by the Tuning Recovery compensation loop during ca.ta 
acquistUon. 
000: ReseNed 100: 1/S 
001: Reserved 101: 3116 
010: 1/16 110: 1/4 
011; 3'32 111: 318 

Acquisition Timing Set PoinL These bilS specify tne value (la) used in computmg 
phase errors during data acquisition. Range Is ·1 to •15116. 

8.5 Tracklng Timlng Set Point/Coefficient 1/Sample Phau Mode 

Bits 7·5: 

Bit 4: 

Bits 3-0: 

Tradting Timing Recovery Coefficient 1. These bi:s determine tne value ot coeH1-
cient 1 (c1 dtl used by the Timing Recovery compensation loop during data track· 
Ing. 
000: 1132 100: 118 
001: 3164 101: 3116 
010: 1/16 110: 1/4 
011:3 fJ2. 111: 318 

Sample Phase Mode 
0: Generate samples for a center-sampled data pulse, I.e. a< b _ c < 1; tim-
ing ts mcovered using adjacent-but-<>ne samples. 
1: Generate samples for a side-sampled data pc.rise i.e. a_ c < b _ 1; timing 
Is recovered using adjacent samples. 

Tracking TllTling Set PoinL These bits specify the value (lctf) used In ronputing is 

8.6 Timlng Recovery Coefficient 2 

SjLs 7-4: Acquisition 1imi119 Recovery Coefficient 2. These bits delermine the value of coel· 
ficient 2 (c2aa> used by tt'le Tuning Recovery compensation loop during data 
acquisltion. 
0000: 11512 1000: 1132 
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8. REGISTER DESCRIPTIONS 

8.1 Acquisition Gain Set Point 

Bits 7-6: 

Bits 5-0: 

Transition Threshold Bits 1·0. These bits specify the two least-significant ba:s cl 
the Transition Threshold (Y) used to qualify transitions during data trac:x:nc. 
Range Is o to +3116. 

Acquisition Gain Set Point. These bits specify the value (Qa) used in compr.r.iru;; 
gain errors during data acquisition. Range Is 0 to +63116. 

8.2 Tracking Gain Set Point 

Blts 7-6: 

Bits 5-0: 

Transition ThreshOld Bits 3·2. These bits specify the two most-significant btts cl 
the Transition Threshold (V) used to quality transitions dunno data lraeiunc. 
Range is O to +314. 

Tracking Gain Set Poinl These bits specify the value (gi) used In compulmg grun 
errors during data tracking. Range is 0 to +63116. 

8.3 Gain Control Coefficient 

Bits 7-4: 

Bits 3-0: 

Acquisition Gain Control Coefficient. These btts determine the value of the coe~ ... 
cient (cgda) used t:ly the Gain Control compensation loop during data a~uisitior.. 
Those values marked with • are like!y to be useful only in side sampled mode. 
Those values ma~ed with - should not be used in side sampled mode. 
0000: Reserved 1000: 1/16 
0001: Reserved 1001: 3132 
0010: Reserved 1010: 118 
0011 : Reserved 1011 : 3'16 
0100: Reserved 11 00: 11-4 
0101: Reserved 1101: 318"" 
0110: 1132" 1110: 112"'" 
0111: 3'64 • 1111: Reserved 

Tracking Gain Control CoeHicient. These bits determine the value of ltle coeHi­
cient (Cgot) used t:ly the Gain Control compensation loop during data trac:XinC­
Those values mar1<ed with • are likely to be useful only In side sampled mode. 
Those values mari(ed with - should not be used in side umpled mode. 
0000: 0 1000: 1/16 
0001 : 0 1001 : 3132""' 
001 O: 11128" 1010: 119-
0011: 31256° 1011: Reserved 
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Bits 3-0: 

0001: 311024 
0010: 11250 
0011: 31512 
0100: 1/128 
0'101: 31255 
0110: 1/64 
0111: 31128 

1001: 
1010: 
1011: 
1100: 
1101: 
1110: 
1111: 

3164 
1116 
3J32 
Reserved 
Reserved 
Reserved 
Reserved 

Tracking Timing Recovery Coefficient 2. These bits determine the value of coeff,. 
cient 2 (c2dt) used by the Timing Recovery compensation loop dunnc data tra:::x­
lng. 
0000: 
0001: 
0010: 
0011: 
0100: 
0101: 
0110: 
0111: 

1/4096 
318192 
112048 
314096 
111024 
312048 
11512 
311024 

1000: 
1001: 
1010: 
1011: 
1100: 
1101: 
1110: 
11, 1: 

1/250 
31512 
11128 
31250 
Reserved 
Reserved 
Reserved 
Reserved 

8.7 Timing Accumulator lnltlaf Value 

Sjts 7--0: The value set In this register will be reloaded into the a:::::.:-.Jmula:or of the timin;;; 
loop filler at the stair of each data acquisition. 

8.8 Timing Accumulator read register 

Bits 7-0: The most significant bits of !!'le timing loop accumulator are loaded into this ~is· 
ter at the end of acquisition. They can be loac:SeO al other times by command 

8.9 Gain Accumulator Initial value 

Bits 7-0: lnlbaJ value of gain accumuLa!Ot MSB"s 10 be used I.I start of every data ac:quis.i­
tion 

S.10 Gain AccumulatOf read only 

Bits 7-0: The most significant bits of the data gain loop accumulator are loaded into 111is 
regisler at the end of aqufsltlon. They can be LaOded at other times by command) 

8.11 Offset Loop coefficient 

Bit 7....C: Initial value of coefficient for ol!set filler for data acquisition mode. 

Initial value al coefficient for oflset filter for data tracking mode 
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8.12 Offset Accumulator lnltlal value 

Bit 5-0: Initial value of offset filter accumulator at start of data acquisition 

8.13 Offset Accumulator. read only 

Blt 5-0: The most significant bits of the data and servo offset floap accumulator are loaded 
Into this reQister at the end ol aquisition. They can be iaoded at other limes by 
command) 

8.14 Digit.al Filter Coefficients: Taps 1 and 3 

Bil 7-4: Data Coefficient for tap I 1. May be vaned from -6116 to +&16 

Bit 3-0: Data Coefficient for tap 13 . May be varied from -6/16 to +6/16 

8.15 Digital Filter Coefficients: Tap 12 and gain 

Bits 7-6: Data Tap • 2 coefficient . May be sel 10 1/2, 314, 1, 514. 

Bits 5-4:. Data Filter gain. May be set to 112. 1,2, 1 

Bits 3-2: Servo Tap I 2 coefficient . May be set to 112.314, 1.514 

Bits 1-0: Servo F'llter gain . May be set for 1..2, 1,2, 1 

Reserved 111: Reserved 

8.16 Spectral Smoothing Alter/Path Memory Control 1 

Bits 7-tl: 

Bit 5: 

Bit 4: 

bit 3-2: 

Header Detector Path Memory length. These bits specify the Jengtn of the pat:1 
memoiy In the sequence detector over headers. Headers are distinguished from 
data by the assertion of the Sequencer Output signal. 
00: Six channel bits 
01 : Twelve channel bits 
10: Eighteen channel bits 
11: Twenly·four channel btts 

acquisition transition de!ector cption 3a,30 lor data 

sign of coefficients 1 and 2 

coofficient 2. May be set to 0, 1116, 118 
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!:lits 1·0: coefficient 1. May be set to 0, 1/16.118, 1/8 

8.17 Spectral Smoothing fllterfPath Memory Control 2 

Bits 7-0: 

Bit 5: 

Bit 4: 

bit 3-2: 

bits 1-0: 

Data Detector Path Memory Length. These bits specify the length of U'le path 
memory In the seQuence detector over dala. Headers are disUngu!shed from C:at.a 
t:l'J the assertion ol the SeQuencar Output signal. 
00: Six channel bits 
01: Twelve channel bits 
10: Eighteen channel bits 
11: Twenty-lour channel bits 

acquisition transition detector option 3a.3b for servo 

sign of coefficients 3 and -4 

coefficient 4. May be set to 0,1/16,118 

coefficient 3. May be set to 0, 1/16,118, 1/8 

8.18 Spectral Smoothing filter Delay 1 

Bits 4-0: Spectral smoothing Filler Delay 1 (PD1 ). Aanoe is 2 to 23. 

8. HI Spectral Smoothing filter Delay 2 

Bits 4-0: Spectral smoothing Filter Delay 2 (PD2). Range is 2 ro 23. 

8.20 0.tector Control 1 

B<ts 7-4: 

&ts 3.Q: 

Detector Leve! 3. These bits speofy the last sample Yalue (c) for a nominal puiSe. 
Range is O to + 15116. 

Detector Level 1. These bits specify tne first sample value (a} for a normnal pulse. 
Range Is 0 to •15116. 

l!.21 Oet&etor Control 2 

81: 7: 

Bits 6-5: 

Reserved 

MUXS Control. These bits specify !tie source of !Jle signal fed 10 tfle Sequence 
detec1or and Channel Quality ciro.dt 
Ox: OutPl.ll of MUX3 
10: Output ol the SS F'&tter configured to handle only postcursor ISi 



WO 94/18670 PCT/US94/0108-t 

:!.59 

~~~CIRRUS LOGIC 
CL-SH3300 

Sampled Amplitud~ Digital RM Char:nd 

Bits 4-0: 

11: Output of the SS Filter configured to handle both precursor and postC'..irsor 
ISi 

Oetecior Level 2. These bits specify the second sample value (b) for a nominal 
pulse. Range is Oto +31/16. 

8.22 Acquisition Length/Multiplexer Control 

Bil 7: 

Bit 6: 

Bit 5: 

Bit 4: 

Bits 3-0: 

MUX4 Control. This bit controls tl'le output of MUX4. 
0: Output of Sequence Detector. 
1: Output ol Transition Detector. 

MUX3 Cantrel. This bit controls the output of MUX3 dunng track.inc: dunno ac:;ui­
sition, MUX3 selects raw input samples. 
0: Raw Input samples. 
1: Delayed or Filtered input samples, as controlled by the MUX 1 Control and 
MUX2 Control bits. 

MUX2 ContrOl. This bit controls the output of MUX2. Note t.ha! ttie output of 
MUX2 Is not used during aCQUisltion. 
0: Filtered input samples. 
1: Delayed lnpUt samples. 

MUX1 Control. This bit controls the oulp\Jt or MUX1. Note that tl'le out;xJt or 
MUX1 Is not used during acquisruon. 
0: Filtered Input samples. 
1: Delayed input samples. 

ACQUisition Length for data. This value controls the duration, in NRZ byte times. of 
acquisition for Gain Control and liming Recovery. The minimum value whi::!i 
should be used iS four. Note that t!'le !olal leng1h of ttie preamble is controlle<l by 
!tie Disk Controller and should be longer ttlan the Acquisition Length by at leas: 
one byte. 

8.23 Mux control Acquisition mod• 

Bit 7: MUX3 Control for dala acquisition. 

Bit 6: MUX2 Control for data acquisition 

Bit 5: MUXl Control for dala acquisltion. 

Bil 4: MUX3 Control !or servo acqui.sttion 

Bit 3: MUX2 control for servo acquisition 
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Bil 2: MUX 1 control for servo acQuisllicn 

Bits 1-0: Reserved for future use 

1.24 Control/Status Register 

Bit 7: 

Bit S-5: 

Bit4: 

Bits 3: 

Bil 2: 

St 1: 

Bil 1: 

Bil 0: 

Chip Reset. Assertion of ltlis bit places the SH3300 in a reset state. This bit mus: 
be written with zero before the SH3300 can be programmed or used. 

Power Management Modes: Read Write, trade following, Idle 

Reserve<! • should be set to zero on wnte • value undefined on read 

Reserved • should be set to zero on wnte • value undefined on read 

Gain loop saturation flag. Set to one if saturation ocaJrs, reset when this ~:ster 
is written. 

Timing loop saturation flag. Se! to one If saturation occurs, reset when this ~1ster 
Is wrttten. 

Acquisition iiming Recovery Register Saturation. This bit is set If the Acquisition 
Timin g Recovery register saturates. II is resttt when this register is WTitten. 

Tracking Timing Recovery Register Saturation. This bit Is set ff the Tracking Tan­
ing Recoveiy register saturates. It is reset wtlen this re<Jister is written. 

8.25 Endec/NRZ.IGate Control 

Sil 7: 

Bit 6: 

Sits 5-4: 

Bil 3-2: 

Bits 1-0: 

Read/Write Gate Polartty Select 
0: RG/RG 0 and WGIWG" are positive-true. 
1: AG/RG" and WGIWG • are naga:ive-true. 

Erasure Pointer Enable 
0: Normal operatico: clala bits are output oo NRZ bus. 
1: Era.sure pointers are outpul on NRZ bus. 

Data Randomizer Control 
xO: Data Randomizer feedback is enabled. 
x1: Data Randomizer feedback is disabled; the Initial contents of !he Dara 
Randomizer consitute a two NRZ·byte repeated pattern. This btt should be set 
only wtien the Channel Quality Mode ls saL 
Ox:lnitialize Data Randomizer to zero. 
1x:fnitialiZe Data Randomizer to Data Randomizer Seed. 

Reserved for furure use 

NRZ Mode Select 
00: One-bit NRZ Mode is used. 
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01: reserved 
10: Two-bit NRZ Mode Is used. 

11 : reserved. 

8.26 Synchronlz.atlon Mark Control 

Bits 7-6: 

Bits 5-4: 

Bits 3-0: 

Reserved. 

Synchronization Mark Length. These bits specify the length of I.he error-tolerant 
synchronization mark. 
01: One NAZ byte (twelve c:hBtlnel bits). 
10: Two NRZ bytes (twenty-four channel bits). 
11: Three NRZ bytes (thirty-six cha11nel bits). 
00: Four NAZ bytes (forty-eight chaMel bits). 

Synchronization Mark Threshold. These bits specify the number o! four-ct'lannel­
bit groups In the Synchronization Mark Pattern which must be detected without 
error ln order to detect the Synchronization Mark. Range ls 0 to tt'lree limes tne 
Synchronizalion Mark Length. 

8.27 Synchronlzatron Mark Recovery Count 

Bits 7JJ: Synchronization Mal"X Recovery Count. These bits specify the number of C1BJ1nel 
bits 10 wait before assuming tnat the Syndlronization Mark has been detected and 
beginning to decode data. 

8.28 Synchronization Mark Pattern 1 

Bits 7-(J: Synchronization Marx Panem 1.These bits specify the first eight channel bits of 
the Synchronization Mark Panem. 

8.2g Synchronization Mark Pattern 2 

Bits 7-0: Synchronization Mark Pattern 2. These bits specify tile second eight dlannel Otts 
of the Synchronization Ma~ Pattern. 
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8.30 Synchronization Mark Pattern 3 

Bits 7-0-. Syncnronlzation Mane Pattern 3. These bits specify the third eight Channel Ms ot 
ltle Synchronization Mark Panem. 

8.31 Synchronlz.atlon Mark Pattern 4 

Bits 7-0: Synchronization Ma!1( Pattern 4. These bits specify U'le fourth eight Channel btts ol 
the Synchronization Mari< Pattem. 

8.32 Synchronization Mark Pattern S 

Bits 7-0; Synehronization Mane Pattern 5. These bits specify the filth eight Channel bits ol 
me Synchronization Mari< Pattem. 

8.33 Synchronization Mark Pattern 6 

Sits 7-0: Synchronization Mark Pattern 6. These bits specify tne sixth eight channel bits ol 
tne Synchronization Mari< F'attem. 

8.34 Data Randomizer Seed LSB 

Sits7-0". Data Randomizer Seed L58. These are the eight least-significant bits of ttle Da:.a 
Randomizer seed. 

8.35 Data Randomizer Seed MSB 

Sits7-0-. Data Randomizer Seed MSB. These are the eight most-significant bits of the Data 
Randomizer seed. 

8.36 Channel Quality Control 1 

Bit 7: Channel Quality Mode. When ttiiS bit is written with ·1·, tile Channel Quality C-OUnt 
and Output re<,iisters are cleared. 
0: Nonna! Operaboo. 

.. ......... 
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Bit 6: 

Bit 5: 

Bits 4-0: 

1: Channel Quality Mode. 

Reserved. 

Channel Quality Sign Ena.ble 
0: Channel Quality Sign State bits are i1Jnored. 
1: Channel Quality Sign Slate bits are used to qualify Channel Quality acc-...i-
mulation. When ttlis bit is set. one and only one of the Channel Quality Error Input 
Control bits should be sel. The purpose of this option Is lo allow independent 
measurement of the properties or positive and n~ative transitions. 

Channel Oual!ty Sign State. These bits define !he sign state of ttle MLSD use<: :o 
qualify Channel Quality accumulation. The mapping between eacl'l of the pcsi\Ne 
and n~alive comblnatlons described by Ille Cl'lannel Quality Error Input Con:rcl 
bits and the Channel Quality Sign State is <i8D>-

!.37 Channel Quality Control 2 

Bil.S 7-5: 

Sits 4-0: 

Channel Quality Input Source. This bit controls whetner squared sample errors or 
squared gain/liming errors. or unSQUared samples are aCOJmulated by tne Chan­
na! Quality circuit 
OOx: Squared EVEN sample errors plus squared 000 sample errors are ac:::.i-
mulated. 
OTO: SQtJared Gain errors are ac:aJmulatee. 
011: Squared Timing errors are accumutatee. 
1x0: Unsquared EVEN samples are aca.imutatee. 
1x1: Unsquared ODO samples are aco.rmula!e<:. 

Channel Quality Input Cootrol 12·8. These bits independently enabie Channel 
Quality accumulation wtien the given combination ol nominal sample values (a.nC.' 
or !he corresponding negative combination. as controlled 'Cly !tie Channel Quality 
Sign Enable bil) are expected. 

~mm 
xxxxi: c ... 
xxx1x: b 1-a 
xx1xx: b-c 1-a 
x1xxx: b 1 
1xxxx: b-C 1 

!.38 Channel Quality Controi 3 

Bits 7-0: Cnannel Quality Error Input Control 7-0_ These bits independently enaOle sam­
ples corresponding 10 the grven combination ol nominal sample values (anC/or :tie 
corresponding negative combination. as controlled by the Channel Quality Sii;r. 
Enable bit) to be accumulated Ill the Channel Quality OuttlUl 

EY..Et:l .o.o.a 
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xxxxx:r.x 1 : 
lOOOCXX1x: 
:iccxxxtxx: 
xx:xx1xxx: 
.xxx1xxxx: 
XX1XlCCXX: 
x1:iocxxxx: 
1lOOOOCCX: 

0 

c 
a 
C•a 
1-a 
0 , 

a 
c 
0 
b 

-0 
C·b 
a 

c-a 

l.3g Channel Quallty Count LSB 

Bits 7-0: Channel Qualily Count LSB. This value is the eigl'll least-significant Oils of :n 
number of dod<s over which !he Channel Quality Output was aCC'..imula!e-:!. 

8.40 Channel Quallty Count MSB 

Bits ?-0: Channel Quality Count MSB. This value is the most-significant bits ol tl\e numoe 
of cioclc.s over wf'licn ltle Cnannel Quality Output was accumulated. 

8.41 Channel Quality Output LSB 

Sits i-0: Channel Quality Oulput LSB. This value Is tne eight least·signilicanl Oits ol me 
Channel Quality Oult>Ut word. 

8.42 Channel Quality Output MIO 

8Hs 7..(j; Channel Ouatiry Output MID. This value is tna second eignt 1east-sign1fican1 Oris ol 
ttle Channel Quality Output word. 

11.43 Channel Quality Output MSB 

Bits ?..(j; Channel Quality Output MSB. This value is the most·si<Jnificant bftS o/ ttie Cllan­
nel Quality Output word. 

8.44 Gain Control Loop Register 

Bits 7-0: Gain Control Looo Reo1ster. The value read anel wnnen here is tne &cnt mosl·sio-
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nlflcant bits of the Gain Control Loop reoister. When this register Is wntten, the 
remaining bits of the Gain Control Loop register are deared. 

8.45 Acquisition Timing Recovery Loop Register 

Sits 7-0: Acquisition Timing Recovery Loop Register. The value read and wntter. nere :s 
the eight most-significant bits of ll'le Acquisition Timing Loop Recovery Loco re;i1s· 
ter. When this register Is written, !tie remaining bits ol tne Acqu1s1ucn 1im1nc 
Recovery Loop register al'9 cleared. 

8.46 Tracking Timlng Recovery Loop Regls1er 

Bits 7-0: Tracking Timing Recovery Loop Register. The value reac: and written here t.S tne 
eight most-significant bits ot tne Tracl<ing Timing Recovery Loop register. All bits 
ol tnis register are automatically cleared at the end of acquisition. When this ~ 
isler ls wnttan. the remaining bits of ltle Tracking Timing Recovery Loop ragis:er 
are cleared. All bits ol the Tracking Timing Recovery Loop ~ister are au:oir.ati· 
cally cleared at the end ol acquisil1on. 

8.47 Synthesizer Numerator 

S.ts 7-0: Syninesizer Numerator. This is tne m value used in s;yntnesLZing uie relere:i::e 
ciod< frequency as min times tl'le REFCL.K frequency. 

8.48 Synthesizer Oenomlnator 

S.ts 5-0: Syntnesizer Denomina1or .. This is tne n value used in synt.tlas~inc :tle ratereno! 
dock frequency as min limes uie REFCL.K frequency. 

8.4Q Frequency VCO Control 

Bits 7-4: VCO Center Frequency. This value controls tile center frequency of ttie VCO 1cr 
data. 

VCO center Frequency. This value controls the center fraQIJem:y al tfle VCO tor 
servo. 
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a.SO Analog Fiiter Boost Control 

Bits 7-4: Analog lilter boost contrOl In steps of 0.75d8 up to 12d6.lor use wilh data 

Bits 3--0: Analog Filter Boos! control in sleps of 0.75d8 up to 12d8 for use wilt1 servo 

8.51 Analog Fiiter Cutoff Control (data) 

Bits 7-0"; Analog filter cutoff control for data 

8.52 Analog Fllter Cutoff control (servo) 

Bits 7-4: 

8.53 VGA Control 

Bits 7-4: 

Bits 3-0: 

Analog filler cutoff con1rol tor servo 

VGA C-Oarse Gain. This value con1rols tile coarse gain ot the I/GA. 

VGA DC Offser. This value Is fed to a OAC wnid'I generates an otfset bias current 
for !he VGA. Nominal value Is <TBD>. 

8.54 Comparator Control 

Bits 7-4: Reserved • should t>e set to zero on write ·value undefined on raac: 

Hysteresis Comparator Data. These bits control U'le hysteresis com;:iarator cunr.c 
data operations. 

a.SS Precompensatlon Control 

Bits ?-0: Wnte Precomp lime Unit. These bits determine Ille time delay unit used lor wr:te 
precompensation. 

NOTE: lhe writ• precompen.s.alion 51,..1eqi .. requirttd f0t a minimum run-leng'!h conslrainl ol z..-o ar• mor• oom-
plex !ti.an lhoH required for a minimum run-length CQnltfainc of one. -
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.a.SS Power Control 

Bil 7: Test Mode Enable 
0: Normal Operation 
1: Test Mode 

Ba 6: ·Reserved 

Bil S: Preamp Idle Mode 
0: The preamp is enabled for normal operation. 
1: The preamp is di.sabled to allow proper VGA DC O!lser lo be ae:ermined. 

Bil 4: Wr1te Pl.L {Synltlesizer) Power On. 

Bil J: VG.A/Filter Power On. 

Bit 2: VG.A/Filter Power On ii Read Gate is asserted or servo burst moae is aC'JVe. 

Bit 1: ADCfAead VCO Power On. 

Bet 0: AOC/Read VCO Power On if Read Gate is asserted. 

tS.57 Mod• Control 

Bits 7-6: 

Bit 4: 

81! :3: 

Bit 2: 

Bit , : 

. VGA Olsa::>fe Time. These bits specify now long ltle VGA inputs remain lied 
together alter the trailing edge ol Write Gate. 
00: 0 reference dock penoos. 
01: a reference dock periods. 
11: 16 reference Clock penods. 
11: 32 referenet: Clock pertod.s. 

Write Precompensalion Enable 
0: Wrtre precompensatlon is disabled. 
1: Wr1te precompensation Is ena!:llee. 

Wtile Precompensabon Uneartty 
0: Unear wnte precompensation is sefec<..ed. 
1: Non·Unear write precompensation Is selected. 

Wrtte Precompensalion Constrain! 
0: Wr1te precompensation !Cf run-k!ng1h constraint of zero is selectec!. 
1: Wrile precompensalion for run-leog'J'l cons1ra1nl of one is selectec:. 

Sample Phase MOde 
0: Controlled·phase start l.s enabled for center-sampled putses. I.e. 
•<b_C<1. 
1: Controlled-phase start Is enabled for side-sampled pulses. I.e. a_ c < t. 
b _ t. 

Sel\IO Output Select 
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PCT !US94/0108~ 

CL-SH3300 
SamJ1lt!d AmJ11itude Digital R/W Chtmnd 

5.1 Absolute Maximum Ratings (For Sv and 3.3v devices unless stated otherwise} 

Ptarameter Minimum Typlc:al Maximum Untts 

Aml>,.ni Te~rnire Undltr g,.. 0 TO c 

Slo•age TafT'C)e<lllU,. -es 150 _c 

Volage On Arf'f Pin -0.5 vcc.-0.5 v 

Power 0111u;i .. JOn SH3300 AO() mW 

Power 01111oaaon 5113303 170 mW 

Paw•r Supply Voit.age (5v Oevc•) 7.0 v 

?o-r Suopty Vo••;• (J.Jv Oevc1) 

NOTE: Slresses above those listed may cause permanent dama11e to the dcvl::a. This is• stress ratincl oniy. •nd 

furctional ~ration ol the de...;c• at these c:cnditions. or any conditions Q!Aside thoSAt indicated in the op­

enilional allciions of this ~11eification. is l"IOC implied. Exposure to abll.OilJI• muimum rating~ !or 

uterded periods; may aHea devica relia.bday. 

5.2 DC Characteristics (digital) 

"' 5v Jy Jy tJnlts 

Parameter Win Max Min I Max Units 

S~llOlaQ'O 4.S 5.5 3.0 :u:i v 

Input Low Voo'l.llj'e -0..S 0.1 -C.3 .o.a v 

lnc>u1 H? 110•990 2.0 VCCtQ.5 2.0 Vc:c:..0.3 v 

~ Low Voe.age 0 IOt. .. 2..0 mA. a.a 0.&5 v 

Outp111 Higft Vola09 0 IOH • ~ !'A 15 Vcc-0.2 \I 

SuQl)l'r C<srreni cT"SO> cTIJO-. ""' 
ll'lpl/I Luk.1109 CU!Ten! ·10 •10 •TD •10 ...... 

Output L•.Uoe Cunwni .J.15 .... ,5 ...... 

lnpl/I t:.p.:aercia 10 10 pf: 

Oul?ut c.p- TO 10 pf: 

NOTE: All unused inpU!s must be !Mid to GNO or \/CC 
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Q. GLOSSARY 

Aliasing· The phenomenon whereby enervt at frequencies above one-hall the sampl!ng rate appears as 

energy at traciuencies below one-half the sampling rate in a sampled signal. 

Antlaliaslng Filter • A filter whid'I attenuates signal energy above a freQuency of one-half the sampling 
rate. 

AutocorTelation Function • The integral _LJ of the product of a function x(t) and x(t ... .J; e.;; 

_LJ = E{:c(t}_x(t• .J}. For a binary sequence. this can be treated as :he number ol bits matchinc between 

two copies of a sequence as a function of the offset between ttie sequences. 

Calibration ·The process whereby the analog and digital parameters of the d'lannel and the detector are 
matcned for best per1ormance. 

Channel Constraint - A limitation placed on the sequence of d"lannel bits. For example, a RLL (ct.kl cnan­
nel constrain I enforces a minimum (d) and maximum (k) number of consecutive ·o·s between ·i ·s.. 

Channel Quality • A. measure of how well matc:ied are a channel and detector. 

Channel Code· A set of rules governing the encodi~ of data bits tc d"lannel bits. Channel codes typically 

enforce a minimum run·length constraint (to limit non-linear ettac-.s) anc:/or a maximum run-leni;r ... 'i coo­
straint (to aid In timing recovery). 

Code Rate • The ratio of thi! number of bits in !!'le data·blt stream to the number of bits ln ttie channeH:ii: 
stream. For a RLl (1 ,7} code, ttie code rate is 213. 

Coding Gain • The product of tt'le code rate and !tie minimum distance at ttla encoded sequences of a 
~e. . 

ConvoMion • The convolution y{k) of sequences u(k) and h(k) is ~en t;;y 
y(k) = _ u(m) • h(k - m) 

where L"le summation is over all m. Whoo u(k} is the inDUt to a filter wnose impi.ilse response ls h(k), !l'le 
filter oi.'tPUt is U'le convolubon y(x}. 

Correlauon Func::ion • The expected value al tne product of two ranoom vanaetes. whict'I may be scatars 
or vec'.ors. 

Q;cooe - A.nether name !or Partial Response Class I (PA 1 ). 

Distance • A measure of the "difference· between two vectorn. 

Duotlina.ry • The partial response channel corresponding to the polynomial ( 1 ... D). 

Error Propagation • The process wherein a channel decoder emirs more Uian one erroneous data btt due 
to a Single channel bit in error or more generally a burst of e11oneous data bits wttid'l ls longer (alter ac· 

counting foe COde rate) than the causative channel-bit error burst. 

Error Tolerant Synchronization Marl< • A syncnronization mar1c wnicn can be detected in ttie presence al 

error wittl an acceptable false detection prooabiUty. 

Euelidean Distance ·The square root of the sum of the squares of i:ne diHerences in each dimension be· 

r.veen !WO n·dimenSAonal vectors. 
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Excess Band'#idth • Signal energy passed by a filler at frequencies above one-half the sampling rate. 

Extended Partial Response Class IV (EPA4) ·The partial response chaMel corresponding to lhe potyr.o­
mial (1 • o>·c1 • o>2. 
Eye Diagram· A graphical representation of !tie effects of inlersymbol lnterlerence. ft Illustrates the~,,. 
lcal or maximum excursion ol a signal from Its Ideal sample levels at its ideal sampling instants. It i.s ir.1-
portant to note that MLSO Is not depencSent on the eye being open in the same way that sample-by·SC!..":'r­
pte detection ts. 

Least·Mean·Square Algorithm • A procedure used In adapting the coefficients of a digital filter in wr~ 
the objective Is to minimiZe the mean-square error of the filter output. 

Maximum A Postertort Probability Sequence Detection (MAP) ·A decoding metl'lod In wtlid'l tile cria:me! 
bit sequence emitted from !he detector Is that wnicn, given the cnannel sample sequence. is tile most 
prooable written sequence. MAP ma.ximiJ:es the probability density function of tne derec:cr output g:ven 
ltle detector Input. 

MaJcimum Ulcellhood Sequence Detection (MLSD) • A decoding metnod in wf'licn the c.'iannel bit se­
quence emitted from the detector is that with the highest probability of having produced the channel s.a.on­
ple seQuence Input to the detector. MLSO maximizes the probability density lunciion o! the detector in;x..1 
given any possible d'lannel input MLSO ls equivalent to MAP If tile probabilities of all possible Wli:!en 
sequences are equal or If they are assumed lo be equal when no information is available conceming !lie 
probabilities of wrinen sequences. 

Mean-Square Error - A measure of error In whid1 the diHerence between eact1 sample and its Ideal sa..,,.. 
pie level is squared and summed. The sum divided by the number of samples is the mean-square e:ror 
of ttle sequence. 

Mel1ic • A function of two vectors satisfying certain prooerties !t'lal allow ll to be interpreted as a meas:.ire 
ol distance. 

Minimum Distance - The smallest distance between any two vet::ors In a set of vec:ors. 

Modified Ouobinaiy ·.Mottler name for Partial Response Class IV {PR4). 

Noise Type.s: 

Conerent Noise· Noise whic:'I is correlated with the signal e.g. ttansition noise. 

Colored Noise· Noise whidl is correlated between one sample Instant and anottier. 

Gaussian Noise· Noise whose amplitude has a nonnaJ prooablllty distribulioo. 

Mis.equalization Nois& • Amplitude errors whldl remain at U\e output of an equalizer due lo l1s impe1~ 
pulse-shaping. This i.$ something of a misnomer. as this "noise· source is predlc:able for a given c:ia:1nel 
transition response. equalizer, and transition seQuence. 

Otttradc Noise - When tracking is no! perfect and !tie head deviates from ttie center ol a !rad<. the am::il>­
tude ot ttle signal from the target track is reduced and !he head pcckS up signal enerw due to trar.si:ior.:; 
on !tie adjacent tradt. 

Out-ol-ba.nd Noise • Noise wlttl energy at frequencies above one-ha.If !tie i>ampjing rate . 

... 



WO 94/18670 PCT /US94/0108-l 

2. 7 l 

~i~aRRLJS LOGIC 
CL-SH3300 

54mplaI Amplitudt Digit.al R/'W Ch:znnd 

- OvelWl'ite Noise • When erasure of previously written transitions Is not perfect, the allgnment of magnetic 
domains lS net comple1e and uniform and !tie head respond.S tc ltle deviatioos. 

Preamp Noise • Electronic noise arising In the first stage of !he head preamplifier. Due to the low signal 
amplitude present at the input to the preamp and ttie correspondingly high gain required, i1 is possible for 
preamp noise to be the dominant noise source in a read Channel. 

Synctironoos Noise· An interfering source wilh a frequency equal 10 the sample rate or a multiple thereof. 
The ene!TJY of sucn a source is aliased to DC and can be canceled by adjusting lhe VGA DC Offset of tne 
GaJaxy-A. 

Transition Noise • Coherent noise caused by -ZkJ·zag• transitions occurring on thin-film media. 

White Noise • Nolse whleh Is not corre1a1ed betvteen one sample instant and another. 

Nonlinear Transition Shift - Movement in the effee'live location of a 1r1111silion toward a very near preceding 
transition. This is caused by demagnetization dunng wnte. 

Norm • A particular metnod of measuring !he lengths of vec+.ors; relaled to a metric. 

NRZ • Non-Rell.Im to Zero refers to a bit sequence to wt'lldl no run-length constraint applies. 

NRZI ·Modified Non-Rerum to Zero refers to a bit sequence to wtlicl'I no run-len(lth constraint appHe-s but 
In which eact\ T Of 'O' represent the presence or absence. respe~ively, of a (magMtic) transition. NRZl 
sequences can be produced from NRZ sequences vta a precoding process equivalent to dividing by (1 
D). 

Partial Response Channel - A Channel in wnlch controlled intersymbol lnterlerence Is allowed. In sudl a 
channel. symbols (e.g. 1ransi11ons in a magnetic recording ctiannel) are so closely spaced mat ttie dlannal 
begins to respond to the next symbol when only par1 of irs response to tne o.irrent symbol has occurred. 

Partial Response Class I (PA 1). The partial rssponse channel corresponding to ttie polynomial (1 ·DJ. 

Partial Resconse Class IV (PRA). The par1iaf response Channel corresponding to the polynomial (t • 
0)9(1 .... 0). 

Patti Metric • A cumulative measure ol error maintained for a pat:i ltlrouQfl a decoder's state machine 
based on a parncular norm. 

Preamble • A special repetitive pattern which is used to allow gain to be acfrusted to 411 appropriate level 
at'ld frequency and phase lock to be acquired. The SH3300 can use a preamble pattern of '1010 .. .' or 
·1001 !:XL.' or '10001CXXXL'. 

Prl9COding ·The ~s of encoding a sequence to account IOt s.ome known property al• ChMnel e.g. 
ttie differentiating nature of a maonetic rec:Drding Channel. 

Raised Cosine - A form of equalizatton which Is a more-reaJi.:ab4a modification of the "bnc:X_ wair tilt.er 
which would Produce a sine pulse. It is Charader'.zed by a transfer functlcn H(f) defined as: 

H(f) :c 1 for O < I < ( 1 - _ttsf2 
,. , 12·11 + cosut.. ·1sr11 • ( 1 • .J"l,12DJ tor ! , . .J"l,12 _ 1 _ (1 + _tt.,,'2 

.. 0 for I > (1 + _J·fs/2 

where fi; is t.l'le sample rate and _ is a parameter in ttle ral'\t;Je zero to one. 
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Run-Length Umited COde • A code in whleh the minimum and maximum numbers of consecutive 'O"s andl 
or '1 's Is constrained by a systematic rule. The notation AU. (d,k) means Ula! no less than d and no more 
thank consecutive 'O's are allowed in the encoded bit stream, where 'O' and '1' usually represent the ab­
sence or presence, respectively. of a (magnetic) transition. 

Run-Length Violation· An case in which a defed or noise event has caused the occurrence of a s~uence 
of 'O's and ·1·1 whlctl violates the run-length constraints of the eode. 

Spm Field· A recording scheme In which the data/redundancy area of a sector Is divided Into two or more 
areas, typically by one or more areas used for tracking control In an embedded-servo disk drive. 

State Mactline • A circuit In whlctl the present state of a ch111ne! or system Is represenled by a number of 
bits whose values are controlled by the present values of tl'le bits and the values of external signal ievels 
or the occurrence of external signal transitions. 

Synchronization Mane • A pattem, preferably unique and different from any valid encoded channel-bit se­
quence, used to signify the start of a header or c1a1a area. A good synctlronlzation mark has low cross· 
correlation witt'I tne preamble and small autocorrelation function values al non-zero oHsets, implying a low 
false detection probat>ility. 
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11. PACKAGE INFORMATION 

SH3300 will be available in a 64 pin SQFP package. Package drawing TBO 
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BACKGROUND QF IHE INYEHIIQN 

In a computer data storage device, data is typically stored on 

magnetic media by reversing the maqnetic flux at each "one" bit 

location, and maintaining the same flux direction at each "zero" 

5 bit location, called NRZI recording. When these flux reversals 

pass a read head they cause a voltage change in the read head. The 

10 

voltage from the various flux reversals along a data track appears 

as a varying signal level on the output of the read head, with the 

voltage caused by each flux reversal appearing as a positive or 

negative voltage pulse. These pulses must be detected by the 

electronics connected to the read head, typically by detecting the 

peak of each pulse to determine the pulse location. 

Similarly, the voltage from a data transmission line appears 

as a varying signal level on the input to a data communication 

15 device, such as a·modem, with the voltage of each bit change often 

appearing as a positive or negative voltage pulse. 

In order to separate the voltage pulses f rorn noise in the 

signal, the voltage may be compared to a predetermined threshQld, 

and only peaks 'Whose magnitude exceeds the threshold are considered 

20 to be possible pulses. If the peaks are too small with respect to 

25 

the threshold, the signal gain must be adjusted higher, and if the 

peaks are too high the gain must be adjusted lower. To properly 

determine the gain setting, pulses must be detected so that the 

gain adjustment can maintain the proper level for a pulse peak. 

Because the rotational speed of a disk may vary, a phase 

locked loop is used to synchronize a detector to the times of the 

·-···· •.:. ... 
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pulses. The peaks of the pulses caused by bi~ transitions must be 

detected in order to correct for any timing deviations. 

Several methods have been used to detect the pulses and thus 

the transitions within the data. In the prior art, peak detection 

5 circuitry has ordinarily been analog in nature, while digital 

detectors have ordinarily been sequence detectors such as those 

implementing the Viterbi method, disclosed in Application Serial 

Number 07/852,015, filed March 16, 1992, of Richard T. Behrens, 

Kent o. Anderson and Neal Glover, entitled "Method and Apparatus 

10 for Reduced-Complexity Viterbi-Type Sequence Detecto~s", whic~ is 

incorporated herein by reference for all that is disclosed and 

taught therein. However, most digital pulse detectors analyze the 

context of the pulses, and do not detect a pulse until several 

samples have been taken beyond the peak of the pulse. This latency 

15 in detecting pulses is a disadvantage when the location of a pulse 

needs to be kno\o/TI in order to make timing and/or gain corrections. 

It is thus apparent that there is a need in the a:::t for an 

improved apparatus which digitally detects pulses at the earlies~ 

possible time after the peak of the pulse occurs. The present 

20 invention meets these and other needs. 
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SUMMARY or nrn INYENTION . 

It is an aspect ot' the present invention to detect signal 

pulses caused by bit transitions within data being read from a data 

storage device. 

It is another aspect of the invention to detect signal pulses 

within signals received by a data communications device. 

It is another aspect of the invention to detect the pulses 

using samples of the signal wherein one of the samples occurs at a 

peak of the pulse caused by a bit transition. 

Another aspect of the invention is to detect such pulses using 

samples of the signal wherein samples occur on each side of a peak 

of the pulse and wherein no sample occurs at the peak. 

A further aspect is to detect a pulse within one half to one 

and one half sample periods from the peak of the pulse. 

A still further aspect is to use signal level moving ave=ages 

of two samples for detection. 

The above and other aspects of the invention are accomplished 

in a digital pulse detector that uses four samples of a read si;~al 

to detect a data transition as soon as one sample beyond the ti~e 

20 of the peak of the signal level at the bit transition. The p~lse 

detector detects peaks by sampling at the center of the peak o~ by 

sampling at each side of the peak. The pulse detecto~ detects 

pulses while tracking, where the pattern of pulses is not known in 

advance, or while acquiring timing lock on the signal in a 

2 5 preamble, where the data pattern is fixed. Thus the pulse dete:::-:or 

provides four combinations of detection to detect in tracking or 
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acquisition mode, using either center or side sampling in either 

mode. The detection rules are summarized in Table 2. 

In an alternative embodiment, · the detector uses a moving 

average ct two adjacent samples, as well as individual sample 

5 signal levels, to perform the detection. The alternative 

embodiment uses the sampled signal levels directly to determine 

peaks in side sampled acquisition mode, and in center sampled 

tracking mode. In the other two of the combinations, the 

alternative embodiment detector uses two-sample moving averages to 

10 determine peaks. The preamble pattern for acquisition in the 

alternative embodiment is restricted to be a repeating sequence o: 

alternating polarity pulses with a period of four sample intervals. 

This is more restrictive than the pattern handling capabili~y o: 

the first embodiment, however, it permits the alternative 

15 embodiment to perform earlier detection of the pulses in the side 

sampled acquisition case and it uses simpler rules in acquisition. 

The detection rules for the alternative embodiment are sur.~a=ize= 

in Table 1. 

Both embodiments avoid using a signal threshold to qua 1 i fy the 

20 pulses during acquisition. This aspect prevents the gain a~ the 

beginning of the acquisition from affecting acquisition, since the 

gain may be incorrect at the beginning of acquisition. During 

tracking, where the pulses may be more widely separated, a 

threshold is used to qualify pulses. This qualification prevents 

25 the detection of small noise~induced pulses as data pulses. 
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BRIEF oESCRI'PTION OF IHE DBAWINGS 

The above and other aspects, features, and advantages of the 

invention will be better understood by reading the following more 

particular description of the invention, presented in conjunction 

5 with the following drawings, wherein: 

10 

15 

20 

Fig. l shows a block diagram of the invention and the 

environment of the invention; 

Fig. 2 shows a block diagram of the circuitry that provides 

data samples to the invention: 

Fig. 3 shows a block diagram of the digital circuitry o~ the 

read channel containing the invention; 

Fig. 4 shows a signal waveform and illustrates center sa~pling 

of the pulses; 

Fig. 5 shows a signal waveform and illustrates side sa:pling 

of the pulses; 

Figs. 6, 7, and 8 show a high-level logic diagram of the pulse 

detector of the present invention for the equations a: 

Table l; and 

Figs. 9, 10, and 11 show a high-level logic diagram c: the 

pulse detector of the present invention for the equations 

of Table 2. 
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DESCRIPTION OP' THE PREFERRED EMBQDIMENT 

The following description is of the best presently 

contemplated mode of carrying out the present invention. This 

description is not to be taken in a limiting sense but is made 

5 merely for the purpose of describing the general principles of the 

invention. The scope of the invention should be determined by 

referencing the appended claims. 

Fig. l shows a block diagram of the invention and a typical 

environment of the invention. Referring now to Fig. 1, a compute:::-

10 system 100 contains a processing element 102 which communicates tc 

other elements of the computer system 100 over a syste~ bus 104. 

A keyboard 106 and a display 108 allow a user of the compute:::-

system 100 to communicate with the computer system 100. A merno~y 

110 contains programs and data which cause the computer syste~ 100 

15 to perform operations desired by the user. 

A disk data storage system 112 is connected to the syste~ bus 

104 for storing data and programs within the computer syste~ 100. 

A disk controller 114 within the disk device 112 communicates to 

the system bus 104 and controls the operations of a disk drive 118, 

20 possibly in conjunction with a local microprocessor (not shown) 

within the disk data storage system 112. The disk drive 118 

performs the storage function, typically staring the da ~a on 

magnetic media. A bus 116 connects the disk controller 114 to the 

disk drive 118, specifically connecting to a write channel 120 to 

25 write data onto the disk through write heads and amplifie=s 128. 

When data is being read from the disk through the read head and 
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amplifiers 128 the data comes back through the read channel 122 

which contains the pulse detector of the present invention. The 

read and write heads may be physically the same heads. The data 

first passes through the analog section 126 of the read channel 122 

5 and then through the digital section 124 of the read channel 122 

before being sent on the bus 116 to the disk controller 114. After 

being processed by the disk controller 114, the data is then sent 

over the system bus 104 to the memory 110 where it is processed. 

The disk controller 114 also connects to other circuits, not 

10 shown, within the disk drive 118, such as a circuit which moves the 

read/write heads over the surface of the data storage media. 

Al though not shown in Fig. l, the pulse detector of the 

present invention can be used to detect pulses within data received 

from a transmission line, such as a telephone line or local area 

15 netvork, in a data communications receiver. It may also be used in 

any other device that must detect pulses within a signal. 

Fig. 2 shows a block diagram of the analog circuitry 126 of 

the read channel 122. Referring now to Fig. 2, when a read head is 

passing over a track of the data storage medium, it picks up a 

20 signal which is amplified by a preamplifier, not shown. After this 

preamplification, the signal 201 is passed to a variable gain 

amplifier 202. The signal is further amplified by ~he variable 

gain amplifier 202 and passed through an analog equalizer circuit 

204, which filters the signal as desired, for example, so as to 

25 remove unwanted high frequencies and shape the remaining spectru~, 

to an Analog to Digital converter 206. The A to D converter 206 
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converts the analoq siqnal into .... a-digital value, providing six bits 

of digital information in the preferred embodiment, and then the 

data is passed to a register/de-multiplexer 207. In the preferred 

' embodiment, the digital section 124 of the read channel 122 
. 

5 processes two samples in parallel. To create these two samples, 

10 

the register/de-multiplexer 207 stores every ether sample taken by 

the A to O converter 206. After the second sample is taken, the 

data from the two samples is passed to the data bus 230. The bus 

230 is clocked by a single half-frequency clock signal. 

The timing necessary for converting the data, also called 

taking a sample, in the A to o converter 206 is supplied by a 

variable frequency oscillator 222 which is controlled by the output 

of a digital to analog converter {DAC) 220. The input to the OAC 

220 comes from the digital section of the read channel 124 as 

15 timing feedback signal 2J4. 

The gain of the variable gain amplifier 202 is controlled 

through a gain feed.back signal 232 which originates in the digital 

portion 124 of the read channel 122. The gain feedback signal 232 

is input to a summing junction 210 which has a coarse gain control 

20 value as its other input. The coarse gain control can be set by 

the disk controller 114, or a local microprocessor within the disk 

drive (not shown), to provide a nominal gain level which is then 

adjusted up or down by the gain feedback signal 232. After being 

summed with the coarse gain control value, the feedback signal is 

25 sent to a digital to analog converter 212 and then to a filter 214. 

Because of the nature of digital to analog converters, the outpu~ 
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of the OAC 212 may contain glitches when it.is changing values. 

Therefore, the filter 214 may be necessary to remove these glitches 

in the feedback signal. After being filtered, the signal is 

converted to an exponential value by the exponential converter 

5 block 216 and then connected to the variable qain amplifier 202. 

This conversion makes the small-signal gain control dynamics 

independent o! the input signal amplitude. 

Fig. 3 shows a block diagram of the digital section 124 of the 

read channel 122 (Fig. 1). Referring now to Fig. J, the digital 

10 data signal 230 from Fig. 2 is input to a delay circuit 304 and a 

digital filter circuit 302. The digital data signal 230 is also 

input to a multiplexer 306 whose output is connected to a second 

multiplexer 310 with an output that feeds the pulse detector J 12 of 

the present invention. The output of the pulse detector 312 is 

15 connected to a gain control circuit 330 which provides the gain 

feedback signal 232 that connects to Fig. 2. The output of the 

pulse detector 312 is also connected to a timing recovery circuit 

328 whose output 234 connects to the digital to analog converter 

220 of Fig. 2. The output of the pulse detector 312 of the present 

20 invention may also be connected to a sync mark detector 322 and an 

RLL decoder 320, as shown in Fig. 3, or a more sophisticated data 

detector (not shown) may be connected to the sync mark detector 322 

and the RLL decoder 320. The output of the RLL decoder 320 and the 

sync mark detector 322 are connected to the disk controller 114 

25 (Fig. l) through the bus 116. 

The pulse detector 312 of the present invention is designed to 
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detect pulses using one o! two types cf sampling methods, selected 

by the user. The first detection method is called center sampling 

wherein one of the samples taken will arrive at or very near the 

center, or peak, of a pulse. The location of the sampling is 

controlled by the timing recovery block 328 o! Fiq. 3. In the 

other method of sampling, called side sampling, the timing recovery 

block 328 will adjust the timing of the VFO 222 (Fig. 2) such that 

two samples are taken wherein one of the two samples appears on one 

side of the peak of the pulse and the other of the two samples 

appears on the other side of the peak. The user of the syste~ 

determines whether center sampling or side sampling is used by 

setting a bit in a control register through the interface 116 (Fig. 

1) • 

For either center or side sampling, sampling can occur at two 

15 different times within a data record being read from the disk 

media. The first time sampling occurs is called acquisition, 

because it occurs when the gain control and timing control are 

acquiring the gain and timing relationships of the pulses. This 

occurs when the read head is passing a preamble portion of the data 

20 record which always has a known data pattern to facilitate 

acquisition of the timing and gain. When data is being 

transferred, a different mode is used for the pulse detector, 

called tracking, since data has an irregular and a priori unknow~ 

pattern of pulses. 

25 Therefore, the pulse detector of the present invention is 

designed to detect pulses under four separate conditions. The 
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184 --first condition is acquisition mode using side sampling, the second 

is acquisition mode using center sampling, third is tracking mode 

using side sampling, and fourth is· tracking mode using center 

sampling. 

The pulse detector analyzes the current sample of the 

amplitude of the signal as well as the previous three samples of 

the signal amplitude. Using these four samples, Table 1 shows 

equations for one embodiment of the pulse detector, and Table 2 

shows equations for another embodiment. 

In Table 1, Yn is the current sample, Yn·t is the first previous 

sample, and Yn. 2 is the second previous sample. The third previous 

sample is used only through the moving averages, {l+D)/2 {described 

below) . The equations of Table l will be further described below 

with respect to Figs. 5 and 6. Also, the equations of Table 1 show 

15 pulse detection of a pulse whose peak occurs at time Yn. 1 for center 

sampling, or between y~, and Yn.
2 

for side sampling tracking mode, 

or between Yn and Yn., for side sampling acquisition mode. The 

circuits of Figs. 6-8 processes two signal samples simultaneously. 

The equations for the second sample are the same as the equations 

20 of Table l, with one time delay. Thus, for example, Yn in Table 1 

would be replaced by Yn-i, y..,_ 1 would be replaced by Yn. 2 , and Yn-z 

would be replaced by Yn·J. 

Fig. 4 shows a signal waveform of an isolated pulse and 

illustrates center sampling of the pulse. Referring now to Fig. 4, 

25 a signal waveform 402 is shown having a positive level above a 

baseline 404. Four samples of this waveform have been taken ~ith 
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the sample identified by reference 412, Yn' being the most recent 

sample. Sample 410, Yn-i, is the sample just prior to the most 

recent sample, sample 408 is the next previous sample and sample 

406 is the oldest of the four samples shown. A threshold value 414 
. 

5 is also shown and the signal value of sample 410 must be greater 

than the threshold 414 for the pulse to be detected in tracking 

mode. Negative pulses would appear as a mirror image of Fig. 4. 

Fig. 5 shows a signal waveform of an isolated pulse and 

illustrates side sampling of the pulse. Referring now to Fig. 5, 

10 a signal waveform 502 is shown as a positive level above a baseline 

503. Four samples are shown, with the most recent sample being 

sample 510. Sample 508 is the sample previous to the most recent, 

506 is the next previous sample and sample 504 is the oldest of the 

four samples shown. These samples are also identified by t.he 

15 reference Yn through Yn·J· Also, a threshold 512 is illustrated, and 

sample (Yn·l + Yn. 2 ) / 2 must be greater than the threshold 512 to 

be considered a pulse during tracking. 

Figs. 6, 7, and 8 show a high-level logic diagram of the pulse 

detector 312 of the present invention. Referring now to Figs. 6, 

20 7, and 8, signals 610 and 632 are received from the register/de-

multiplexer 207 of Fig. 2 through digital data signal 230. As 

discussed above with respect to Fig. 2, the analog section 126 

sends two samples at a time to the digital section. Signal 610, 

also designated Yn' is the digitized value for the signal level o: 

25 the most recent sample. Signal 632, also designated Yn-i• is the 

digitized value for the signal level of the next prior to the most 
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In the preferred embodiment, these two signal& are 

each six bit digital values stored in two's complement number 

representation, with one of the bits· being the sign bit. Signal 

610 is fed to a multiplexer 608 and signal 632 is fed to a second 
. 

multiplexer 640. These multiplexers are controlled by an 

exclusive-OR gate 606 which has two signals 602 and 604 as its 

inputs. Signal 602 determines whether the pulse detector is in 

acquisition or tracking mode, as described above, and signal 604 

determines whether the pulse detector is in center or side sampling 

mode, as discussed above. When the pulse detector is in 

acquisition and side sampling mode, or the pulse detector is in 

tracking and center sampling mode, signals 610 and 6J2 will be 

selected by the multiplexers 608 and 640 respectively. When the 

pulse detector is in acquisition mode center sampling or in 

15 tracking mode side sampling, the multiplexers 608 and 640 will 

select signals 631 and 639 respectively. 

Signal 631 is called a (l+D)/2 signal and is formed by adding 

signal 610 to signal 632 in summing junction 628 and then dividing 

this sum by two with a divide by two circuit 6JO to produce signal 

20 631. The summing junction 628 is a six bit add circuit and the 

divide by two circuit 630 is a shift. The signal 631 represents 

the sum of the Yn signal and Yn-i divided by two, therefore, it is 

the average of Yn and Yn-i. 

Circuits 634, 636, and 638 produce a (l+D)/2 signal for the 

25 previous samples. That is, delay circuit 634, which is a set of D 

flip flops, is used to delay the Yn signal 610 by one clock cycle 
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(two sample times}, so it becomes siqnal y~2 , which is sent to the 

summing junction 636. summing junction 636 sums Yn-z with Yn·l and 

divides the result by two to produce the average at signal 639. As 

disclosed in Table 1, these (l+D)/2 signals are used in two of the 

5 four cases that the pulse detector can decode. 

After passing through multiplexer 608, Yn signal 610 is sent 

to Figs. 7 and 8 over Yn signal 613. This signal is also delayed 

by delay circuit 617 to become Yn-z signal 614. In addition, Yn 

signal 613 is connected to a sign-bit circuit 616 which extracts 

10 only the sign-bit from the six-bit digital value. This sign-bit is 

connected to an exclusive-OR circuit 618 along with the other bits 

of the digital value 613. Also, the sign-bit 616 is connected to 

another summing junction 620 along with the output of the 

exclusive-OR circuit 618 and a threshold value 656. The circuits 

15 616, 618, and 620 convert the value of Yn to an absolute value, 

that is, Yn is negated if it was originally a negative value to 

produce a positive value and is unchanged if it was originally a 

positive value. The threshold signal 656 is then subtracted froo 

the absolute value to produce a non-negative value i! the absolute 

20 value of Yn is greater than or equal to the threshold. The sur.~"Jing 

junction 620 produces a negative value if the absolute value of Yn 

is less than the threshold 656. 

The output of the summing junction 622 is passed to another 

sign-bit circuit 624 which extracts the sign bit from the result 

25 and inverts it. This will indicate whether the absolute value of 

Yn is greater than or equal to the threshold value 656. The 
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inverted sign-bit is then sent through a delay circuit 626. The 

output signal 627 or the delay circuit 626 has a value of one if 

the absolute value of Yn delayed by one clock cycle, that is, I I 
1Yn-21, 

is greater than or equal to the threshold value, and is zero if it 

5 is less than the threshold. 

10 

In a similar manner, y n· 1 siqnal 64 2 is sent to a sign-bit 

circuit 644, an exclusive-OR circuit 646, and a summing junction 

648. The output of the summing junction 648 indicates whether the 

absolute value of the Yn-i signal is greater than or equal to the 

threshold value 656. This result is passed through a sign-bit 

circuit 650 and then inverted to indicate whether the absolute 

value of Yn. 1 is greater than or equal to the threshold value 656. 

Fig. 7 shows a high-level logic diagram of the section of the 

pulse detector 312 that detects pulses during data tracking. 

15 Referring now to Fig. 7, comparator circuits 702 and 704 compare 

the results of the last three samples taken of the signal. Yn 

signal 613 is the most recent sample, Y signal 642 is the 
n-1 

previous sample, and y
0

_
2 

signal 614 is the sample prior to signal 

642. The outputs of-the comparator 702 and 704 are connected to a 

20 number of AND gates and delay circuits to implement the tracking 

equations shown in Table l. 

AND gate 706 determines whether a positive pulse _is detected 

at time n {with the peak at time n-1). Output 736 of comparato~ 

702 is a logical one if Yn. 2 is less than Yn-l, and output 740 of 

25 comparator 704 is a logical one if Yn is less than y,,.. 1 • These 

signals are ANDed together with the inverted sign o! the signal 
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level of Yn--1 to produce a loqical one from AND qate 706 if a 

positive pulse has been detected at time n. 

AND gate 708 determines whether there is a negative pulse at 

time n (with the peak at time n-1). Output 738 o! comparator 702 

is a logical one if y n·1 is less than y n·2' and output 742 of 

comparator 704 is a logical one if Yn. 1 is less than Yn· These 

siqnals are ANDed together with the sign of Yn. 1 to produce a 

logical one from AND gate 708 if a negative pulse is detected at 

time n. 

AND gates 716 and 718 determine whether a pulse is detected at 

time n-1 (with the peak at time n-2). Output 736 of comparator 702 

indicates that Yn. 2 is less than y"_ 1 • output 740 of comparator 704, 

after being delayed by delay circuit 710, indicates that Yn-z is 

less than y n-3. Signal 744 indicates that Yn- 2 is negative, 

15 therefore, the ANDing of signals 736, 748, and 744 indicate there 

is a negative pulse detected at time n-1. 

Signal 738 indicates that: Yn.2 is greater than Yn-i· Signal 

746, the output of delay circuit 712, indicates that y~2 is greater 

than Yn-::s· By ANDing signals 738, 746, and the inverted signal 744, 

20 AND gate 718 indicates that a positive pulse is detected at time n-

1. 

The output of OR gate 714 indicates that a pulse, either 

positive or negative, is detected at time n, and the output of OR 

gate 724 indicates that a positive or negative pulse is detected at 

25 time n-1. AND gate 720 determines whether the magnitude of the 

pulse at time n ~as greater than the threshold value and it also 
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determines whether the pulse detector is in.tracking mode. ANO 

qate 726 determines whether the pulse at time n-1 was greater than 

the threshold and whether the detector is in tracking mode. 

Because of the recording code used in writing data to the storage 

5 media in this application, a pulse can never occur at time n and 

also at time n-l. Therefore, the outputs of and gates 720 and 726 

are cross-coupled to ANO gates 728 and 730 to prevent detection of 

pulses in both locations at once. Thus, the output of gates 728 

and 730 will indicate that a pulse occurred either at time n or at 

10 time n-l but not both. These outputs are connected to the circuit 

of Fig. 8. 

Fig. B shows a high level logic diagram of the portion of the 

pulse detector that implements the acquisition equations show~ in 

Table 1 for acquisition mode. Referring now to Fig. a, signal 602 

15 indicates whether or not the detector is in acquisition mode. 

Sign-bit extractor circuit 802 and sign-bit extractor circuit 804 

extract the sign bits from the values Yn and Yn-l respectively· 

These two sign bits are exclusive NORed in XNOR circuit 808, whose 

output indicates whether the sign of Yn is equal to the sign of Yn-i. 

20 Circuit 810 indicates whether the sign of Yn. 1 is not equal to the 

sign of Y~z· If both these conditions are true, the output of AND 

gate 816 will indicate that a pulse is detected at time n (with the 

peak between time n and time n-l) in acquisition mode. This output 

is ORed vith output 732 from Fig. 7 which indicates whether a pulse 

25 is detected at time n in tracking mode, therefore, signal 824 

indicates whether a pulse is detected in one of the modes at time 
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n. 

The siqn-bit output of circuit 804 is delayed one clock cycle 

to indicate the sign of signal Yn-l• This signal is exclusive ORed 

with the siqn l:>it of Yn·Z J:>y circuit 814, whose output indicates 

whether the sign of Yn.z is not equal to the sign of Yn·:s· The 

output of exclusive-OR circuit 810, after being inverted at the 

input of ANO gate 818, indicates whether the sign of Yn-i is equal 

to the sign of Yn-z· Therefore, the output of AND gate 818 

indicates whether a pulse is detected in acquisition mode at time 

10 n-1 (with the peak between time n-1 and time n-2). This output is 

ORed with the output 734 of Fig. 7, which indicates whether a pulse 

is detected in tracking mode at time n-1. Therefore, output 826 

indicates whether a pulse is detected at time n-l, either in 

acquisition or tracking mode. 

15 Figs. 9 through 11 show a circuit that implements the 

equations of Table 2. This circuit, and the equations of Table 2, 

provide an implementation of the pulse detector that allows the 

preamble section of the data to contain different types of 

patterns. For example, the circuit of Figs. 6-S works ~ell for a 

20 preamble having a 2T pattern, which is an alternating 1-0 pattern 

( 10101010 ••• ) , where a l indicates presence of a pulse, a zero 

indicates absence cf a pulse, and pulses alternate in polarity. 

The circuit of Figs 9-11 allows a 2T pattern, a 3T pattern 

(100100 .•. ), and an 4T pattern (10001000 ... ). Thus, the circuit of 

25 Figs. 9-ll and equations of Table 2 are the preferred embodiment 

and the best mode. 
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In all cases except side •ampling acquisition mode, the 

equations of both Tables l and 2 detect pulses with the same 

latency. For side sampling acquisition, the equations of Table 1 

detect peaks one sample sooner that the equations of Table 2 . 
. 

5 However, the equations of Table 2 are consistent in the amount of 

latency in both acquisition and tracking modes, while with the 

equations of Table 1 for side sampling, the latency in acquisition 

mode is one sample shorter than the latency in tracking mode. 

The equations of Table 2 show detection of a pulse at time Yn· 

10 As with the circuits of Figs. 6-8, the circuit of Figs. 9-11 

processes two signal samples simultaneously. The equations for the 

second sample are the same as the equations of the first sample 

shown in Table 2, with one time delay. Thus, for example, Yn in 

Table 2 is replaced by Yn-i• Yn·l is replaced by yn_ 2 , etc., for the 

15 second sample. 

20 

Referring now to Figs 9-ll, Fig. 9 shows a series of 

comparators, 912-922, that compare the values of Yn' Yn-1' Yn. 2 ' and 

Yn-:5' and compares Yn and Yn-l to the threshold value. Most of the 

comparators have a delay circuit, 924-938, on their output to also 

provide a comparison of Yn-Z' Yn-l' Yn-'' and Yn-s· These circuits 

thus provide all the inputs necessary for the equations of Table 2, 

and the equivalent equations for the second sample as discussed 

above. 

Fig. 10 implements the equations of Table 2 for the current 

25 sample, and Fig. 11 implements the equations of Table 2 for the 

first previous sample. Therefore, in the following description, 
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Figs. 10 and ll will be described together. 

In Figs. 10 and 11, NOR circuits 1002 and 1102 determine if 

the absolute value of the signal is greater than the threshold. As 

shown in Table 2, this comparison is done in tracking mode, but not 

5 in acquisition mode. Multiplexers 1020 and 1120 select side or 

center sampling mode. Multiplexers 1008 and 1108 select positive 

or negative pulses in center sampling mode, and multiplexers 1018 

and 1118 select positive or negative pulses in side sampling mode. 

NANO circuits 1004, and 1104 implement the equations for center 

10 sampling positive pulses, and NANO circuits 1010 and 1110 implement 

the equations for center sampling negative pulses. Multiplexers 

1006, 1106, 1012, and 1112 allow a user to select. one of two 

equations during center sampling. These equations are shown in 

Table 2, equation 3, for positive and negative pulses of center 

15 sampling. This provides flexibility to the user of the circuit. 

NA.ND circuits 1016 and 1116 implement the equations for side 

sampling, positive pulses, and NA.ND circuits 1022 and 1122 

implement the equations for side sampling, negative pulses. 

Condition 3 o! Table 2 may be omitted during tracking mode when 

20 condition 4 is used. 

25 

Because data recorded on a magnetic storage medium is recorded 

using small magnets having alternating north-south poles, the 

signal detected by the read head will always have alternating 

positive and negative pulses. Therefore, for detecting signals 

read from a magnetic recording medium, the equat.ions o.f Tables 1 

and 2 could be easily modified to detect a pulse only if the pulse 



~~-_.-=..:...=_-:-:-..::........:..:..::..::.:...::.._:. ··--·--·-···---··-·· - . 

WO 94/18670 PCT /US94/01084 

194 -- . 
is opposite in polarity to the previous pulse detected. This could 

provide additional noise immunity. 

Havinq thus described a presently pref erred embodiment of the 

present invention, it will now be appreciated that the aspects of 

5 the invention have been fully achieved, and it will be understood 

by those skilled in the art that many changes in construction and 

circuitry and widely differinq embodiments and applications of the 

invention will suggest themselves without departing from the spirit 

and scope o:f the present invention. The disclosures and the 

10 description herein are intended to be illustrative and are not in 

any sense limiting of the invention, more preferably defined in 

scope by the following claims. 
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Table 1 

Acquisition 

Yn sequence is filtered 
by (l+D)/2, then fed 
into Side Sampled 
acquisition pulse 
detector 

is the Threshold value 

Table ' Positive Pulse 

l) Yn < Yn·Z 
2) Yn-3 < Y,,.., 
3) Yn-4 < Yh2 
4) Yn-i > T r 

l) Yn < Yn-1 
2) Y n·Z < Y n·1 
3) Yn-J < Y,,.z 

er 
Yn·l < y 1 

4) Yn-1 > Thr 

is the Threshold value 

PCTfUS94/01084 

Tracking 

Yn sequence is filtered by 
(l+D)/2, then fed into 
Center Sampled tracking 
pulse detector 

~OS Puls~ Hea Pulse 
l) Yn-1 > Thr 1) Yn·i < -Thr 
2) Yn-1 > Yn-Z 2) Yn-1 < Yn-2 
3) Yn-1 > Yn 3) Yn-1 < Y n 

Negative ?Ulse 

l) Yn > Yn-Z 
2) Yn-:s > Yn-1 
3) Y n·4 > Y,,.z 
4) -yn·t > Thr 

1) Y n > Y n·1 
2) Yn-z > Yn-t 
3) Yn·l > Yn-2 

or 
Yn-3 > Y,,., 

4) -yn·1 > Thr 
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applications, including data storage on optical media and data 

communications via modem, network, radio, or fiber-optic link. 

To recover the written or transmitted data sequence, the 

receiver requires a clock signal synchronized with the received 

5 waveform. At each tick of this synchronized clock signal the 

receiver or read circuitry generates one bit of the NRZI data 

sequence by processing the surrounding waveform. It is often 

impossible or at least undesirable to store or transmit a separate 

synchronized clock signal with the data waveform. Instead, 

10 constraints are applied to the encoded NRZI data sequence to ensu:-e 

that timing information may be extracted from the data wavef o:::-::: 

itself and used to "recover" a synchronized clock signal. Such a 

system is referred to as "self clocking". 

Prior art magnetic disk drives typically use a data detection 

15 system known as peak detection, in which analog circuitry 

determines the time instant of each peak in the wavefor=.. Peaks 

that meet a qualification requirement, such as exceeding a 

threshold amplitude, are considered to have been caused by a 

magnetic transition and are therefore associated with an NRZI "one" 

20 bit. The recovered clock divides the waveform into bit cells o:-

windows where the nominal position of a peak is at the center of a 

window. A "one" bit is output for each window that contains a 

qualified peak and a "zero" bit is output for each other window. 

The phase and frequency of the recovered clock are adjusted in a 

25 phase locked loop so as to keep the windows properly aligned •ith 

the peaks. 



,.= ·-'=· ····=· ·-·=·-··-~··-=..;=·.:..:..!==--=--....:.:==..:....>....-.,.. . 

WO 94/18670 PCT/US94/01084 

-- 207 --
Inter-symbol interference (ISI) occurs when pulses are placed 

so close together in a waveform that they overlap significantly. 

The position of a peak in a waveform can be shifted by ISI from 

other nearby pulses. Thus the recording density of a peak 

5 detection channel is limited by the fact that ISI must not be 

permitted to move a peak from one window to anvther. Peak shift 

due to ISI also causes apparent timing errors that affect the 

performance of the clock recovery circuit. 

To achieve higher recording densities and/or greater noise 

10 immunity than peak detection channels, another class of detection 

methods is based on amplitude sampling of the signal wavefo:::-m. 

Many such sampling detection methods can be implemented using 

either analog or digital signal processing devices. In either 

case, a synchronized clock signal is required to control the sample 

15 timing and a means must be provided to recover such a clock signal 

from the data waveform. Thus there is a need for new timing 

recovery methods suitable for use with sampled amplitude detectors 

at high recording densities. The present invention meets this and 

other needs. 

20 This Application is related to Application Serial Nur.\ber 

07/852.01~, filed March 16, 1992, of Richard T. Behrens, Kent D. 

Anderson and Neal Glover, entitled "Method and Apparatus for 

Reduced-Complexity Viterbi-Type Sequence Detectors", and 

Application Serial Number 07/879,939, filed May 8, 1992, of Richard 

25 T. Behrens, Trent Dudley, and Neal Glover, entitled "Digital Pulse 

Detector", both owned by the same entity. Each of these 
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applications is incorporated herein by reference for all that is 

disclosed and taught therein. 
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SUMM.l\RY OF THE INVENTION" 

It is an aspect of the present invention to detect signal 

pulses caused by bit transitions within data being read from a data 

storage device or data communications device. 

5 It is an aspect of the invention to measure a phase error 

between each pulse in a signal waveform and a clock signal used to 

sample the waveform. 

It is another aspect of the invention to compensate the phase 

error measurement for asymmetry of the pulse being detected and to 

10 compensate for nearby pulses. 

It is another aspect of the invention to adjust the frequency, 

and thereby the phase of the clock signal so as to drive the phase 

error measurement toward zero. 

It is another aspect of the invention to measure a frequency 

15 error bet~een a fixed frequency pulse train and a clock signal used 

to sample the pulse train and adjust the frequency of the clock 

signal so as to drive the frequency error measurement toward zero. 

The above and other aspects of the invention are accomplished 

in the preferred embodiment in a mixed analog and digital timing 

20 circuit for timing the conversion of an analog signal to a digital 

signal. The circuit has an analog to digital converter for 

converting the analog signal to digital sample values at controlled 

sampling times, and a variable frequency oscillator for controlling 

when the analog to digital converter performs the conversion. A 

25 pulse detector detects pulses in the digitized signal. A phase 

error circuit subtracts one of two sample values for each pulse 
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from the other to create a digital phase erro= measurement value. 

The two sample values occur on either side of the peak of the pulse 

detected by the pulse detector. The digital phase error 

•easurement value is filtered using a digital filter whose output 

5 is connected to the variable frequency oscillator to adjust the 

sample timing to cause samples to be taken at the desired time 

instants. 

The system also contains a set point register that contains a 

value used to adjust the desired sample phase. The set point may 

10 be used to compensate for the pulse being asymmetrical. This value 

is always added to the digital phase error measuremen~ value. 

In addition to the set point register, the syste~ contains 

compensation registers for pulses that occur at two sample times on 

either side of the detected pulse, since these pulses are close 

15 enough to the detected pulse to change its shape. These values are 

only added into the digital phase error value if a pulse is also 

detected at these sample times. A third compensation registe~ is 

also present for pulses that occur three sample times afte~ the 

detected pulse, and the value of this registe~ is added to the 

20 digital phase error value if this pulse is detected. 

The system also contains a lock to reference mode that 

includes synthesizing a fixed frequency data pattern, inse~ting the 

data pattern in place of the read signal and locking the variable 

frequency oscillator to the synthesized frequency. 
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BRIEF DESCRIPTION Of TliE DRA.~INGS 

The above and other aspects, features, and advantages of the 

invention will be better understood by reading the following more 

particular description of the invention, presented in conjunction 

s with the following drawings, wherein: 

10 

15 

20 

25 

Fig. l shows a block diagram of the environment of the 

invention and illustrates the read channel that contains 

the invention; 

Fig. 2 shows a block dia•m of the analog and analog to 

digital conversion circuitry of the read channel 

containing the invention; 

Fig. 3 sho~s a block diagram of the digital circuitry o~ the 

read channel containing the invention; 

Fig. 4 shows a signal waveform and illustrates center sampling 

of the pulses; 

Fig. 5 shows a signal waveform and illustrates side sa~pli~g 

of the pulses; 

Figs. 6 and 7 show signal waveforms to illustrate overlapping 

pulses; 

Fig. a shows a block diagram of the timing recovery circuit o: 

Fig. 3: 

Figs 9-10 show a logic block diagram of the acquisi tio:i 

circuit of the phase and frequency detector of Fig. 8; 

Figs. 11-12 show a logic block diagram of the tracking circuit 

of the phase and frequency detector of Fig. 8; and 

Fig. 13 shows a diagral'!l of the loop filter circuit of the 
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timing recovery block o! Fiq. J. 
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DESCRIPTION Of THE PREFERRED EMEODIMENT 

The following description is of the best presently 

contemplated mode of carrying out the present invention. This 

description is not to be taken in a limiting sense but is made 

5 merely.for the purpose of describing the general principles of the 

invention. The scope cf the invention should be determined by 

referencing the appended claims. 

Fig. 1 shows a block diagram of a typical environment of the 

invention. Referring now to Fig. l, a computer system 100 contains 

10 a processing element 102 which communicates to other elements of 

the computer system 100 over a system bus 104. A keyboard 106 and 

a display 108 allow a user of the computer system 100 to 

communicate with the computer system 100. A memory 110 contains 

programs and data which cause the computer system 100 to perf or::i 

15 operations desired by the user. 

A disk data storage system 112 is connected to the system bus 

104 for storing data and programs within the computer system 100. 

A disk controller 114 within the disk device 112 communicates to 

the system bus 104 and controls the operations of a disk drive 118, 

20 possibly in conjunction with a local microprocessor (no~ sho~~) 

within the disk data storage system 112. The disk drive 118 

performs the storage function, typically storing the data on 

magnetic media. A bus 116 connects the disk controller 114 to the 

disk drive 118, specifically connecting to a write channel 120 to 

25 write data onto the disk through write heads and amplifiers 128. 

When data is being read from the disk through the read head and 



WO 94/18670 PCT !US9410 l 08-! 

-- 2:..~ -- . 

a.mplif iers 128 the data comes back through ·the read channel 122 

which contains the timing recovery circuit of the present 

invention. The read and write heads may be physically t...~e same 

beads. The data first passes through the analog section 126 of the 

5 read channel 122 and then through the digital section 124 o! the 

read channel 122 before being sent en the bus 116 to the disk 

controller 114. After being processed by the disk controller 114, 

the data is then sent over the system bus 104 to the memory 110 

and/or the processing element 102. 

10 The disk controller 114 also connects to other circuits, not 

shown, within the disk drive 118, such as a circuit which moves the 

read/write heads over the surface of the data storage media. 

Although not shown in Fig. 1, the digital timing circuit of 

the present invention can be used for synchronizing a clock to 

15 pulses within data received !roe a transmission line, such as a 

telephone line or local area network, in a data communications 

receiver. It may also be used in any other device that must ti~e 

and detect pulses within a signal. 

Fig. 2 shows a block diagram of the analog circuitry 126 o~ 

20 the read channel 122. Referring now to Fig. 2, when a read head is 

passing over a track of the data storage medium, it picks up a 

signal which is amplified by a preamplifier, not shown. Afte= this 

preamplification, the signal 201 is passed to a variable gain 

amplifier 202. The signal is further amplified by the variable 

25 gain amplifier 202 and passed through an analog multiplexer 203 and 

then to an analog equalizer circuit 204, which filters the signal 
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as desired, for example, so as to remove unwan~ed high frequencies 

and shape the remaining spectrum, to an Analoq to Digital converter 

206. The A to O converter 206 converts the analog signal into a 

sequence of digital values, providing six bits of digital 

5 information per sample in the preferred embodiment, and then the 

data is passed to a register/de-multiplexer 207. In the preferred 

embodiment, the digital section 124 of the read channel 122 

processes two samples in parallel. To create these two samples, 

the register/de-multiplexer 207 stores every other sample taken by 

LO the A to D converter 206. A!ter the second sample is taken, the 

data from the two samples is passed to the data bus 230. The bus 

230 is clocked by a single half-frequency clock signal. 

The timing necessary for converting the data, also called 

taking a sample, in the A to D converter 206 is supplied by a 

15 variable frequency oscillator 222 which is controlled by the output. 

of a digital to analog converter (DAC) 220. The input to the DAC 

22 O comes from the digital section of the read channel 12 4 as 

timing feed.back signal 234. Alternatively, the DAC 220 may be an 

integral part of the variable frequency oscillator in such a way 

20 that the digital input controls the frequency directly. 

A reference signal 236 is created by a frequency synthesizer 

240 running at the frequency used for writing data, and dividing 

this frequency by four in the divide by four circuit 238. The 

output of the divide by four circuit 238 is a square wave with 

25 period 4T which is connected to the analog multiplexer 20J". The 

filter 204 passes the fundamental frequency of the·square wave but 
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rejects the higher harmonics, thus converting.the reference signal 

into a sinusoid with frequency l/4T. This sinusoidal reference 

signal is equivalent to the data signal typically produced by ?-.~ . • 1.i 

alternating transitions and 
n -rio i·> 

spaces, i.e. 101010... i~ NRZI ',;G. 9_: 
5 representation. It is often called a "2T" pattern because the 

10 

2 T .,, ,,. ti.~ 
distance between transitions is 2 bit cells. The ..Z::Qfgronoe pattern J< • .u. 7

• 
"fbO '1 .. 

is a pulse pattern often used for a preamble signal at the start of lie.. q-; 

a data record. The reference pattern signal 236 is used to set the 

VFO 222 to a nominal frequency before locking to data prea~~le. 

The gain of the variable gain amplifier 202 is contr::::lle::! 

through a gain feedback signal 2J2 which originates in the digi~al 

portion 124 of the read channel 122. The gain feedback signal 232 

is input to a summing junction 210 which has a coarse gain control 

value as its other input. The coarse gain control ca~ be set by 

15 the disk controller 114, or a local microprocessor (no'.: shewn) 

within the disk drive, to provide a nominal gain level w~ic~ is 

then adjusted up or down by the gain feedback signal 2J2. 

being sutlI!led with the coarse gain cont::-ol value, the feedback 

signal is sent to a digital to analog converter 212 and then to a 

20 tilter 214. Because of the nature of many digital to analog 

converters, the output of the DAC 212 may contain glitches when it 

is changing values. Therefore, the filter 214 may be necessary to 

remove these glitches in the feedback signal. Afte:- being 

filtered, the signal is exponentiated by the exponential converter 

25 block 216 and then connected to the variable gain amplifier 202. 

This conversion makes the small-signal gain control dyna~ics 
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P'iq. 3 shows a block diagram o! the diq ital section 12 4 of the 

read channel 122 (Fig. 1). Referring.now to Fig. J, the digital 

data signal 230 from Fig. 2 is input to a delay circuit 304 and a 

5 digital"!ilter circuit 302. The outputs of these two circuits are 

connected to multiplexers 306 and 316, whose outputs are connected 

to multiplexers 310 and 318 respectively. Multiplexers 310 and 318 

also receive signal 230. Multiplexers 306 and 316 may be selected 

independently, however, multiplexers 310 and 318 are always 

10 selected together. In this manner, either the digital data signal 

230 or the filtered/delayed signals may be selected for input to 

both a pulse detector 312 and a timing recovery circuit 328. If 

the filter signal is selected for either the pulse detecto~ 312 or 

the timing recovery 328, either the filter signal or the delay 

15 signal must be selected for input to the other of these circuits. 

20 

The filter 302 inserts a delay into the digital data signal 230, so 

if one circuit selects the filtered signal, the other circuit input 

must be delay compensated by selecting the delayed signal from 

circuit 304 or by also selecting the filter signal from filter 302. 

One circuit suitable for use as the pulse detector 312 is 

disclosed in U.S. Patent Application Serial Number 07/879,938. 

The output of ·the pulse detector 312 is connected to a gain 

control circuit 330 which provides the gain feedback signal 232 

that connects to Fig. 2. The output of the pulse detector 312 is 

25 also connected to the timing recovery circuit 328 whose output 234 

connects to the digital to analog converter 220 or Fig. 2. The 
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output of the pulse detector 312 may also be· connected to a sync 

Jaark detector 322 and an RLL decoder 320, as shown in Fiq. 3, er a 

•ore sophisticated data detector (not shown) may be connected to 

the sync mark detector 322 and the RLL decoder 320. The output of 

s the RLL decoder 320 and the sync mark detector 322 are connected to 

the disk controller 114 (Fig. l) through the bus 116. 

The pulse detector 312 and the timing recovery circuit 328 are 

designed to process pulses using one of two types of sampling 

methods, selected by the user. The first sampling method is called 

10 center sampling wherein one of the samples taken will arrive at or 

near the center, or peak, of a pulse as shown in Fig 4. The 

location of the sampling is controlled by the timing recovery block 

328. In the other method of sampling, called side sampling, the 

timing recovery block J28 will adjust the timing of the VFO 222 

15 (Fig. 2) such that two consecutive samples are taken wherein one of 

the two samples appears on one side of the peak of the pulse and 

the other of the two samples appears on the other side of the peak 

as shown in Fig. 5. The user of the system determines whethe= 

center sampling or side sampling is used by setting a bit in a 

20 control register through the interface 116 (Fig. 1). 

For either center or side sampling, sampling can occur during 

two different time segments within a data record being read from 

the disk media. The first time segment sampling occurs is called 

acquisition mode, because it occurs when the gain control and 

25 timing control are acquiring the gain and timing relationships of 

the pulses. This occurs when the read head is passing a preamble 
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portion cf the data record which always has a-known data pattern to 

facilitate acquisition of the timing and gain. When data is being 

transferred, a di!!erent mode is used for the pulse detector and 

timing recovery, called tracking, since data has an irregular and 

5 a priori unknown pattern of pulses. 

Therefore, the pulse detector and timing recovery circuits are 

designed to process pulses under four separate conditions. The 

first condition is acquisition mode using side sampling, the second 

is acquisition mode using center sampling, third is tracking mode 

10 using side sampling, and fourth is tracking mode using center 

sampling. 

The timing recovery circuit analyzes the current sample of the 

amplitude of the signal as well as the previous two samples of the 

signal amplitude. Using these three samples, Table 1 shows 

15 equations for the timing recovery circuit 328. 

In Table 1, n is the time of the current sample, n-1 is the 

first previous sample, n-2 is the second previous sample and n-J is 

the third previous sample. Yx is the sacple value for a sample 

taken at time x. SGN is the arithmetic sign of the sacple value. 

20 Pz has a value of 1 if a pulse is detected during sample x, and PA 

has a value of O is a pulse is not detected during sample x. ta is 

the acquisition timing set point, and tt is the tracking timing set 

point. a, b, and c are constants used to adjust for nearby pulses. 

The equations of Table l will be further described below. Also, 

25 the equations of Table 1 assume pulse detection at time n of a 

pulse whose peak occurs at time Yn. 1 for center sal'!lpl ing, or between 
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The circuits of Figs. 9-12 

processes two signal samples simultaneously. The equations for the 

second sample are the same as the equations of Table l, with one 

time delay. Thus, for example, y
0 

in Table l would be replaced by 

. 
5 y,,_ 1 , Yn. 1 would be replaced by Yn-Z' and Yn-z would be replaced .by y"_3 • 

Fig. 4 shows a signal waveform of an isolated pulse and 

illustrates center sampling of the pulse. Referring now to Fig. 4, 

a signal waveform 402 is shown having four samples taken with the 

sample identified by reference 412, at time n, being the most 

10 recent sample. Sample 410, at time n-l, is the sample just prior 

to the most recent sample, sample 408 is the next previous sample 

and sample 406 is the oldest of the four samples shown. Nega~ive 

pulses would appear as a mirror image of Fig. 4. The samples taken 

of the pulse are also identified as "a", "b", "l", and "c". Sample 

15 "a" occurs at time n-3 of each pulse, sample "b" occurs at time n-2 

20 

of each pulse, sample "l", occurs at time n-l of each pulse, and 

sample "c" occurs at time n of each pulse. The sample labeled "l" 

is so labeled because the gain circuit adjusts the level of this 

sample to a nominal value of l. 

Fig. 5 shows a signal waveform of an isolated pulse an::! 

illustrates side sampling of the pulse. Referring now to Fig. 5, 

a signal waveform 502 is shown as a positive level above a baseline 

503. Four samples are shown, with the most recent sample being 

sample 510. Sample 508 is the sample previous to the most recent, 

25 506 is the next previous sample and sample 504 is the oldest of the 

four samples shown. These samples are also identified by the time 
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references n through n-3. 

Figs. 6 and 7 show waveforms and sample times for a typical 

pulse tor both side and center sampling, and will be used to 

illustrate the equations shown in Table 1. 

Referring now to Fig. 6, a waveform 602 is shown with side 

sampling mode, with the four samples of the waveforms, "a", "b", 

"l", and "c", being identified !or the value o! the waveform at 

sample times n-3, n-2, n-l, and n, respectively. Because of the 

type of data recording code being used, pulses can never occur at 

10 two successive sampling times, thus pulses must be separated by at 

least two sample times. Therefore, the pulse illustrated by dashed 

line 604 is the closest a pulse could occur prior to the pulse 602 

and the pulse identified by dashed line 606 is the earliest another 

pulse could occur after the pulse 602. 

15 Considering the side sample tracking equation of Table 1, if 

pulse 602 is a symmetric isolated pulse, that is, neither pulse 604 

nor pulse 606 occurs, the phase error will be zero if the value of 

the sample taken at n-2, that is, the "b" sample, is equal to the 

value o! the sample taken at n-1, that is, the "l" sam?le. This 

20 result is shown in the side sample tracking equation as Yn·Z - Yn-1' 

where Yx represents the sample value at time x. Since pulses can 

occur in both positive and negative directions, the sign of Yn-l is 

multi plied into this equation to account for negative sample 

values. That is, the equation 

25 SGN (Y,,.. 1 ) * (Y,,..z - Y,,_ 1) 

will give the phase error for a symmetric isolated pulse. This 
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phase error will be zero if the peak ot the puise occurs exactly at 

the center between the "b" and "l" samples, and will be non-zero if 

the peak is offset from the center. If the peak is offset left of 

center, the "b" sample value will be higher than the •1" sample 
. 

5 value, resulting in a positive phase error value, and if the peak 

10 

15 

20 

is offset right of center, the "b" sample value will be lower than 

the •1• sample value, resulting in a negative phase error value. 

There are many !actors that may cause a pulse to be 

asymmetric, including magnetic, geometrical, and electronic 

factors. Because of this possible asymmetry, the term t: is 

introduced into the equation. The value for tt will be established 

by calibrating the device, however, Table 2 shows nominal values 

for tt for different types of data patterns used during 

acquisition. Therefore, the equation 

SGN (Yn-i> * (Yn--2 - Yn-1) + tt 

gives the phase error equation for an isolated, possibly 

asymmetrical, pulse. 

Since pulse 604 might have occurred two sample times earlier 

than pulse 602, the effects of this pulse must be considered in the 

equations. The term "+ c • P z" accounts for the effects of the 
n• 

pulse 604. Sample "c" of pulse 604 occurs at the same time as 

sample "b" of pulse 602. Therefore, if there was a peak detected 

at time n-2, i.e. Pn-z is one, the phase error is corrected by 

adding a constant value c to offset the "c" sample of pulse 604. 

25 This constant value is determined by calibration of the device and 

is input to the circuit through the interface 116 (Fig. l) -
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Similarly, a pulse could occur two sample times after pulse 

602, represented in Fig. 6 by pulse 606. For this pulse, the "a" 

sample occurs at the same time as the "l" sample of pulse 602. 

Therefore, the phase error is corrected by subtracting a constant 

5 •a" if there is a pulse at time n+2, i.e. if P~z is one. This 

constant value is also determined by calibration o! the device and 

input to the circuit through the interface 116 (Fig. 1). 

The equation for side sample acquisition mode is similar to 

the side sample tracking mode equation, except that the corrections 

10 for the pulses 604 and 606 need not occur. These corrections are 

unnecessary, because in acquisition oode the data pattern is known, 

since the same preamble is written before every data record. 

Therefore, the entire compensation for asymmetry and intersymbol 

interference can be accomplished with a single term t.. Table 2 

15 shows nominal values for t for the three types of acquisition • 
patterns used in the present invention. This constant value is 

also determined by calibration of the device and input. to the 

circuit through the interface 116 (Fig. 1). 

Fig. 7 shows waveforms when center sampling is being used. 

20 Table l shows the center sampling equations, and the center sampled 

acquisition equation is very similar to side sampled acquisition 

equation, except that in center sampling the "b" and "c" samples of 

each pulse are used to determine phase error. Therefore, the 

center sampled acquisition equation substitutes Yn for the Yn-I in 

25 the side sampled acquisition equation. 

The center sampled tracking equation incorporates the same 



--------·-~-==~·~·· -···- -·-·.,,:;.:;:=-=...:.=:::-~~:.::~..:...:.=:=::.:.·.:.:~:::...==.:....:.··--··.~· -~~. ----------- -- -· --· 

WO 94/18670 PCT fUS9410108-i 

-- 22.::. -- •. 

kind ot adjustments that were incorporated in~o the center sampled 

acquisition equation, but the details differ. As shown in Fig. 7, 

a pulse 704 can overlap the pulse 702., and if this occurs, the "c" 

sample cf pulse 704 overlaps the "b" sample of pulse 702. 

5 Therefore, the center sampled tracking equation adds the term "+ c 

* P,,..2" to compensate for the pulse 704, where c is the same 

constant described for the side sampling equations. Similarly, 

pulse 706 can overlap pulse 702 and the center sampled tracking 

equation adds the term •- h * P,,..2" to compensate for the pulse 706, 

10 where b is a constant value determined by calibration of the device 

and input to the circuit through the interface 116 (Fig. l). 

In center sampling, a third pulse, 708, can also overlap the 

pulse 702. One possible way to compensate for the pulse 708 would 

be to subtract a constant "a" times p~3 • However, this requires 

15 that the detector wait at least three sample times before 

determining the phase error for the pulse 702. As shown in Fig. 7, 

the value of the "a" sample for pulse 708 will typically be very 

small for center sampling. Because it is very small, this ter::i of 

the equation can be deferred to a later clock cycle without much 

20 consequence. When deferred by three sample times, the correction 

"- a * P~3" may be included in the phase error equation for the 

next pulse (at time n+3), at which time it is included as "- a '* Pn-

3". Therefore, the center sampled tracking equation includes the 

term "- a * P~3" to provide compensation !or pulse 70S. 

25 Fig. 8 shows a block diagram of the timing recovery circuit 

328 of Fig. 3. Referring now to Fig. 8, the timing recover; 
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circuit 328 is ahown having a phase/frequency cietector 802 which is 

connected to a loop filter 808 to provide the timing :feedback 

aiqnal 234. The phase/frequency detector 802 receives the output 

314 of the pulse detector 312 (Fig. 3). As discussed above and 

5 shown in the equations of Table l, this is the signal "P". The 

phase/frequency detector 802 also receives the data samples 320 

which may have been selected from the raw data samples 2JO or after 

being delayed by the delay 304 or filtered by the digital filter 

302. In addition, the phase/frequency detector 802 receives an 

10 acquisition/tracking signal 810 which tells the phase/frequency 

detector 802 whether acquisition or tracking mode is being used. 

Also, a read/lock signal 812 tells the phase/frequency detector 

whether data is being read from the system, or whether the detector 

is in lock to reference mode. 

15 Lock to reference mode is used to set the frequency of the VFO 

222 (Fig. 2) at a nominal frequency when data is not being read and 

thus minimize the initial frequency error when reading of data is 

started. This is accomplished by creating a periodic reference 

signal at a precisely controlled frequency equal to one fourth of 

20 the nominal sample rate. This signal is connected through analog 

:multiplexer 203 (Fig. 2), into the normal data path. Thus, when 

not reading data, this reference signal may be used to set the VFO 

at the nominal frequency. 

Table 3 shows the equation for the frequency detection, when 

25 the phase/frequency detector 802 is acting as a frequency detector. 

This equation is very similar to the center sampled acquisition 
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phase error equation, except that the ai;n of Yn is reversed and 

the t. term is absent. I! the VFO 222 is samplinq at the correct 

frequency, every other sample will have the same aaqnitude, but 

opposite in si9n. Therefore, if the VFO 222 is aamplinq at the 

correct frequency, Yn + Y~z will be zero. if the VFO is low in 

frequency, the result is negative, and if the VFO is high, the 

result is positive. 

Figs. 9-12 show a logic block diagram of the circuit for the 

phase/frequency detector 802. Figs. 9-lO show the circuit for 

10 determining phase and frequency errors during acquisition mode, and 

Figs. 11-12 show the circuit for determining phase errors in 

tracking mode. Frequency errors are only determined during 

acquisition mode. In the preferred embodiment of the present 

invention, two samples are processed simultaneously. Fig. 9 shows 

15 the processing of the first sample in acquisition mode, Fig. 10 

shows the processing of the second sample in acquisition mode, and 

Fig. 10 also combines the results of Fig. 9 and 10 for acquisition 

mode. Similarly, Fig. 11 shows the processing of the first sample 

in tracking mode, Fig. 12 shows processing of the second sample in 

20 tracking mode, and Fig. 12 also combines the results of Figs. 12 

and 13 for tracking mode. 

Referring now to Fig. 9, the circuits surrounded by dashed 

line 917 partially solves the equations for side and center 

sampling acquisition mode and frequency detection to produce the 

25 result of: 

...... 
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Multiplexer 912 selects either Yn or the inverted value of Yn 

based on the sign of the data input Y,,.,. Adder 914 then adds this 

result to t. for phase error detection or zero for frequency 

detection, and delay circuit 916 delays the result by two time 

periods so that signal 918 becomes SGN (Yn-i) * Y,,..2 + t. or SGN {Yn. 1) 

* Yn-2 + o · 
The circuit surrounded by dashed line 931 produces the other 

part of the equation: 

- SGN (Yn-i) * Yn-1 

For side sampled acquisition and: 

- SGN {Yn} '* Yn 

15 for center sampled acquisition mode and: 

+ SGN (Y,,.. 1) * Yn 

for frequency detection. 

If side sampling read mode is being used, AND circuit 923 and 

multiplexer circuit 928 select y~ 1 for input to the EXCLUSIVE OR 

20 circuit 930. If center sampling or lock to reference mode is being 

used, these circuits select Yn for input to the EXCLUSIVE OR 

circuit 930. EXCLUSIVE OR circuit 927 uses the sign bit, that is, 

bit five, of Yn-i and the READ/LOCK signal 812 to determine whether 

the output of multiplexer 928 should be inverted and a sign bit of 

25 one input to adder 934. If read mode is being used and the sign of 

Y~ 1 is positive, the output of multiplexer 928 is inverted and a 
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sign bit of one is input to adder 934. If frequency mode is being 

used and the sign of y~ 1 is positive, the multiplexer output is not 

inverted, and a sign bit of zero is input to adder 934. The output 

of EXCLUSIVE OR circuit 930 and the output of inverter 932 are 

5 input "to the adder 934 which adds the output or EXCLUSIVE OR 

circuit 930, and carry bit 933 to the signal 918 to produce the 

phase error or frequency error value on signal 936. Because o! the 

EXCLUSIVE OR circuit 930 inverts the output of multiplexer 928, and 

inverter 932 creates a carry bit 933, adder 934 sometimes performs 

10 subtraction. 

Fig. 10 performs the same function as Fig. 9 to produce a 

phase or frequency error signal 1036, however, it uses the previous 

sample as input, and then it combines the phase/frequency error 

outputs 936 of Fig. 9 and 1036 of Fig. 10. 

15 The previous sample inputs to multiplexer 1012 are Yn-i rather 

than the Yn inputs to multiplexer 912, as are the inputs to 

multiplexer 1028 and EXCUJSIVE OR circuit 1027. The result is that 

signal 1036 is the phase/frequency error for the sample previous to 

the sample processed by Fig. 9. The circuits of Fig. 9 and Fig. 

20 10, in combination, process two samples simultaneously. 

After the two phase/frequency errors are determined, the NAND 

circuits 1038, 1040, and 1042 combine the signals to produce the 

output 1044 which is sent to Fig. 12 to be combined with the 

tracking mode signals before being sent to the loop filter 808. 

25 The NA.ND circuits 1038, and 1040 select either the output 936 fron 

Fig. 9 er the output 1036 from Fig. 10 depending upon whether a 
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pulse occurred at time n or at time n-1. These outputs are then 

connected to NANO circuit 1042 which produces the output 1044. 

Figs. 11-12 show the phase/frequency detector circuit for 

tracking mode. Referring now to Fig. 11, NANO circuit 1106 provides 

-
the term "-a * Pn_3 " tor center sampling. For side sampling the 

output of NANO circuit 1106 is zero. Multiplexer 1114 selects "tt 

+ c * Pn. 2" if a pulse occurred at time n-2 or "tt" alone if a pulse 

did not occur at time n-2. There are separate set points for 

acquisition mode and tracking mode. 

10 subtracted from the output of multiplexer 1114 by using the output 

of NANO gate 1106, which inverted the value of "a", and inserted a 

sign bit of one into the adder 1118 through signal 1107 as well as 

a carry bit of one through signal 1147. Therefore, signal 1120 

represents "tt + c * Pn. 2 - a * Pn·:s", although the term "-a * Pn-:s" 

15 vill only be present !or center sampling. 

Multiplexer 1124 selects the value Yn for center sampling and 

y~ 1 !or side sampling and inverts the value before sending it to 

adder 1122. A carry bit of one is input to the adder 1122 through 

signal 1121 to cause either Yn or y,,_ 1 to be subtracted from Yn-'2' 

20 signal 1020. EXCWSIVE OR circuit 1126 adjusts for the sign of Yn. 1 

and adder 1128 combines the result with signal 1120 to produce the 

partial equation: 

SGN Yn-1 * ( Yn-2 - Yn) + tt + c * pn·Z - a * pn-3 

Although the term "-a x Pn·:s" will only be present for center 

25 sampling. Delay circuit 1130 delays this result .by two sample 

times and then adder circuit 1138 subtracts either the constant "a" 
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BACKGROUND Of THE INVENTION 

In a magnetic disk or tape data storage device, data is 

commonxy stored on a magnetic medium by saturation recording in 

5 which each portion of the medium is magnetized to the point of 

saturation in one of two directions. The data to be stored is 

typically encoded to satisfy certain constraints and the encoded 

data is used to modulate the direction of magnetization. In a 

coded representation known as NRZI, each "one" bit of the encoded 

10 data causes a transition in the direction of magnetization, while 

each "zero" bit of the encoded data causes the magnetization 

direction to remain unchanged. A clock signal is used to write a 

sequence of encoded NRZI bits as a recording head moves along a 

track on the medium such that one bit is written at each clock 

15 tick. 

When a read head is passed over the recorded data track, a 

voltage pulse is produced at each transition in magnetization. 

Successive voltage pulses have opposite polarity since successive 

magnetic transitions are in opposite directions. The written NRZI 

20 data sequence may be reconstrucr;ed from the resulting voltage 

waveform by associating a "one" bit with every clock tick at which 

a pulse occurs and a "zero" bit with every clock tick at which no 

pulse occurs. The original user data may then be decoded fro~ the 

NRZI data. 

25 Similar wavefonns composed of pulses sometimes occur in other 
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by those skilled in the art that many changes· in construction and 

circuitry and widely differing embodiments and applications o! the 

invention will suggest themselves without departing from the spirit 

and scope of the present invention. For instance the invention 

5 could be implemented with analog circuitry in place of much o! the 

digital circuitry of the preferred embodiment. The disclosures and 

the description herein are intended to be illustrative and are not 

in any sense limiting of the invention, more preferably defined in 

scope by the following claims. 
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Table l 

Tracking 

SGN (y n-1) * (y n-2-y n-1} +tt +c*P n-2 
-a*P ,,..z 

Table 2 

PATTERN NOMINAL t. NOMINAL tt 

l - b + c - a 

l - b 1 - b 

1 - b 

2 * (c - b) 

c - b + a c - b 

c - b 

Table 3 
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BACKGROUND OF THE INV;:N~ION 

1. Field of th~ Inyen~ion: 

This invention relates generally to de~ection, demodulation 

and decoding of digital information in data storage and/or 

cor:-.. .. 'nunicat.ion systems, and to the efficient implementation of s .. - .... 

circuits. More particularly, the invention relates to sequence­

based demodulation of partial-response signals and to sequence­

based decoding of convolutional codes using a Viterbi-like 

algorithm. 

Ir. the storage or transmission of digital information, the 

bits or symbols of the user data are actually transmitted or storec 

via a physical medium or mechanism whose responses are esser.t.ia:ly 

analog in nature. The analog write or transmit signal going into 

the storage/transmission medium or channel is typically mod~lated 

by channel bits that are an encoded versio~ of the original use=­

data bits. The analog read or receive signal coming from the 

medium is demodulated to detect o= extract estimated channel bits, 

~hich are then decoded into estimated use=-data bits. Ideally, :.!-.-= 
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estimated user-data bits would be an identical copy of the origi~al 

user-data bits. In practice, they can be corrupted by distortion, 

timing variations, noise and flaws in the medium and in the 

write/transmit and read/receive channels. 

The process of demodulating the analog read signal into a 

stream of estimated user-data bits can be implemented digitally. 

Digital demodulatio~ ir. advanced mass storage systems requires that 

the ar.alog read signal be sampled at a rate that is on the orde= o= 

the cha~nel-bit rate. Maximum-likelihood {ML) demodulation is a 

process of constructing a best estimate of the channel bits that 

were written based on digitized sa~ples captured from the analog 

read signal. 

F:GURE 1 shows a~ exemplary read signal 100, which is a 

positive-going pulse generated by an inductive read head, for 

example, from a single medium transition such as transition 103 

from North-South to South-North magnetization of track 104 on a 

rotating disk. Typically, the write signal modulates a transitio~ 

in the state of the medium to write a channel bit of 1 and 

modulates the absence o= a medium transition to write a 0 channel 

bit. Thus, transition 103 corresponds to a single channel bi~ o: 

value 1 i~ a strea~ o: O's. 
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It is common to use run-length-limited (RLL) encoding of the 

original user data bits, which are arbitrary or unconstrained, into 

an RLL-encoded stream of channel bits. It may be desirable tha: 

there be no less than d zeroes between ones; that is, that the 

medium transitions be spaced by at least d+l bit times. This 

constraint can help keep to a manageable level the interference 

effects among the pulses in the analog read signal. On the othe= 

hand, because medi~~ transitions provide timing information t~a: 

must be extracted from the read signal to ensure synchronizatic~ c: 

the demodulator with the pulses in the read signal, it may be 

desirable that there be no more than k zeroes between ones; tha: 

is, that there be a medium transition at least every k'th bit ti~e. 

A.~ RLL(d,k) code is a code that can encode an arbitrary stream o: 

original user-data bits into a stream of channel bits such tha: the 

encoded channel bit stream satisfies these two constraints. 

Fo= example, the following table shows a commonly used 

?.LL ( 2, 7) code : 

000 

0010 

0011 

010 

RLLl2.7l-Encoded Chann~~ Bi~s 

000100 

00100100 

00001000 

100100 
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001000 

0100 

1000 

PCT /US94/01 os..i 

Note that this RLL(2,7) code requires that the information bi: 

rate available for channel bits be twice the bit rate provided fo= 

use=-data bits. Other RLL codes enforce the constrain~ tha: d=l 

(i.e. that no adjacent channel bits both be 1). RLL(l,k) encoding 

is also called one-constraint encoding, or encoding with a minimum 

r'L1n length of 1. 

In FIGURE 1, sample set 101 shows the values of four satt.ples 

~n the case of side sampling of read signal 100; i.e. 0.333, 1.0, 

1.0, and 0.333. Sample set 101 is equivalent to the set 1, 3, 3, 

l; that is, only the ratios among samples are significant. A 

signal model gives rise to an expected sample sequence for a single 

o= isolated transition in medium state. Typically, only a few 

samples of the response to an isolated medium transition are non­

zero; in this case, four are non-zero. In a side-sampled signal 

model such as 1, 3, 3, 1, timing circuitry in the demodulator 

attempts to maintain a lock on the incoming signal such tha~ there 

are two adjace~t samples on opposite sides of the peak of an 

isolated pulse. Other sample timing arrangements may be useful. 

In center sampling, the timing circuitry trys to lock the sarr.ple 
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times to the read signal pulses such that one sample occurs at the 

peak of each pulse. Sample set 102 shows the values of four 

samples in the case of center sampling o: a similar read signa: 

105; i.e. 0.5, 1.0, 0.5, and 0.0 (or 1.0, 2.0, 1.0 and 0.0 

depending on the arbitrary normalization used) . An expected sa~ple 

sequence of 1, 2, 1 corresponds to the signal model known in the 

prior art as Extended Partial-Response Class IV (EPR4). 

Such sample sequences are samples o: a continuo~s-time analog 

read-signal wavefo=m such as may be produced in the receiver cf a 

corn.munications system or in the readback circ~itry of a s~orage 

device. Fo= a system that is bandwidth limited to 1/(2T), where T 

is the sample spacing in time, the sampling theorem declares that 

the continuous time waveform must be a superposition cf sine 

functions (sinc{x) is defined as sin{x)/x fo= x<>O, and as : fc= 

x-0), with one sine function centered at each sa~ple point and of 

amplitude equal to that sample value and with zero crossings a~ al: 

other sample points. As an example, in saturation magnetic 

recording, the current in an inductive write head takes on values 

of +I and -I. The basic excitation applied to the recording 

channel is a step in current from +I to -I, o= vice versa, in the 

analog write signal. This step in write current produces a 

transition in the magneti~ation state of the medium as it moves 

past the head. When an inductive read head is passed over t~is 
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magnetic medium transition, a voltage pulse is induced by the 

bandwidth limited differentiating interaction of the head with the 

magnetization of the medium. By suitable filtering or 

equalization, the sequence of samples on an isolated transition 

response pulse canbemadetobe { ... , 0, 0, 1, 2, 1, 0, 0, ... }, 

in which case the recording or transmission channel matches the 

E?R4 signal model. 

Another sample sequence well known in the prior art is the 

?a=tial Response Class IV signal model (PR4), which corresponds to 

an expected sample sequence of O, 1, 1, 0. There are numerous 

other known signal models. Further, as one is designing or taking 

measurements on a write/medium/read channel, it may be desirable to 

take i~to accou~t the exact response, noise and distortion 

characteristics of the channel in selecting the signal model to be 

implemented in the demodulator. Thus, there is a need for a 

demodulator that is programmable as to the signal model, or 

expected sequence of sample values for an isolated medium 

t::ansition. 

In data storage it sometimes happens that a data record is no: 

read co::rectly on the first attempt. Such an event is usually 

detected by an error detection scheme, but it may not be possible 

to correct the error(s). In that event the only hope of recoverin~ 
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the data is to attempt another read of the data record. On second 

and subsequent reads (i.e. on retrys) it may be desirable to change 

some parameters of the read circuitry in the hopes that such 

changes will suppress or attenuate the error mechanism. Thus there 

is need for read-channel electronics that can be easily changed for 

retries. Additionally, in the case of data storage on rotating 

disks, the constant angular velocity of the disk results in a 

variable velocity of the recording medium with respect to the read 

and write heads. Even if zones are used, in which the channel bit 

rate varies among zones as the heads move in and out on the disk, 

there is still a variatio~ in signal shape within each zone from 

its innermost track to its outermost track. Thus there is a need 

for read-channel electronics that can be easily changed to 

accommodate changes in system characteristics. 

In situations such as mass information storage in magnetic 

medium, signi:icant storage-system speed and capacity gains can be 

realized if the information bits can be closer together in 

position/time on the medium. However, according to information 

theory the sample rate must be at least as high as the channel bit 

rate to u~ilize all available channel capacity. More precisely, 

the Nyquist sampling criterion requires that the sample frequency 

be at least twice the highest frequency contained in the signal, o= 

else information is lost due to aliasing. This information loss 
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could ?e prevented by introducing redundancy through appropriate 

coding, but this would reduce the channel capacity for user 

information. All the partial response signal models described 

herein may contain frequencies up to one-half of the channel bit 

rate, implying that the sample rate must be no less than the 

channel bit rate to avoid aliasing. Sampling at exactly the 

channel bit rate satisfies the Nyquist criterion when the sample 

times are appropriately synchronized with the signal. Sampling at 

the channel bit rate is also convenient for synchronization of the 

demodulator circuits because the demodulator then produces one 

estimated channel bit per sample. 

Therefore, at least one sample of the analog read signal is 

typically required per channel bit that is to be demodulated f:ro:-:i. 

the signal. Digital decoders are typically complex circuits and 

may require a slower processing or clock rate .than can be suppo.::-te:! 

by analog-to-digital converters and simple buffers. Thus, the.::-e is 

a need for demodulator circuitry that can process in real time 

read-signal samples that are taken at a higher samplin~ rate tha~ 

the processing rate of the demodulator itself. 

Further, as medium transitions are more closely positioned, 

the writing and reading processes become more sensitive to the 

distortion, timing variations and noise that are inevitably 
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introd~ced in the processes of writing, storing, and reading. 

Also, as the transitions become closer, the ability of_ the mediu~ 

to fully transition fro~, say, North-South magnetization to South­

North magnetization may be taxed. Also, as the medium transitions 

become closer, interference effects increase among adjacent or 

nearby transitions. 

FIGURE 2 shows how positive-going pulse 200 from first rnedi~~ 

transition 201 co~~ines with negative-going pulse 202 from second 

transition 203 to produce analog read signal 204, which can be 

viewed as the interference of the two pulses. Adjacent medium 

transitions always give rise to read pulses of opposite polarities 

because they always are created by transitions of opposite types, 

for example North-South changes to South-North in transition 2Cl, 

so adjacer.t transition 202 must be South-North changing back to 

North-South. Read signal 204 might give rise to a sequence of 

samples such as 0.333, 1.0, 0.667, -0.667, -1.0, -0.333. To the 

exte~t tha: the read process is linear (and it may not be entirely 

"linear), the voltage waveform induced in the read head will be the 

superposition of a sequence of pulses, where each pulse is the 

response to an isolated magnetic transition on the medium. 

Clearly, engineering a high-performa~ce digital demodulator is 

a complex challenge given the combined effects of the limitec 
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sampling rate in a digital demodulator, possibly incomplete 

transitions in the medium, interference among read-signal responses 

to medium transitions, and distortion, timing variations, noise a~d 

flaws in the medium and in the write and read channels. 

The prior art uses a method known as partial-response 

signaling to inc=ease medium transition rates. Partial-response 

signaling is described in the book "Digital Transmission of 

Information", by Richard E. Blahut, 1990, pp. 139-158 and 249-255. 

This method allows the analog response o: the storage/transmission 

medium and of the write/transmit and read/receive circuitry to a 

medium transition to overlap with the response to adjacent 

transitions associated with s~bsequent information bits. If 

properly implemented, this method can achieve higher information 

bit rates/densities than the alternative of requiring the medium 

transitions to be spaced such that the read signal responses do no: 

overlap significantly. A sequence demodulator is required for 

partial-response signaling. 

The prior art uses the Viterbi algorithm to implement seq~e~ce 

detectors, including demodulators and decoders. The Viterbi 

algorithm is described in the book "Fast Algorithms for Digital 

Signal Processing", by Richard E. Blahu:, 1985, pp. 387-399. A 

Viterbi demodulator does not attempt to decide whether or not a 
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medium transition has occurred immediately upon receipt of the 

sample(s} that correspond to that transition. Rather, as samples 

are taken from the analog read signal, the Viterbi demodulator 

keeps a running tally of the error between the actual sample 

sequence and the sample sequence that would be expected if the 

mediu~ had been written with a particular sequence of transitions. 

Such an error tally is simultaneously kept for several possible 

transition secr~ences. As more samples are taken, less likely 

choices for transition sequences are pruned from consideration. I: 

the set of possible sequences of medium transitions is 

appropriately constrained, then the location of each medium 

transition becomes known with a high degree of likelihood within a 

reasonable time after taking the samples corresponding to that 

transition. This effect is shown in FIGURE 5, which illustrates 

the deferred decision making of a particular Viterbi demodulator in 

the case of a particular actual sample sequence by showing how the 

contents of the path memories evolve as additional read-signal 

samples are taken. A path memory of a sequence demodulator stores 

information concerning a particular sequence of transitions that is 

currently being considered as a candidate for the correct 

transition seq~ence. 

Two of the most significant decisions in designing a modulator 

and corresponding demod~lator are the choice of encoding 
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constraints and the choice of signal models. The encoding 

constraints chosen may effect the complexity of the demodulator. 

The filtering and sampling strategy used in the 

read/receive/demodulate processes can be designed to generate a 

pulse response to an isolated medium transition that corresponds 

with the signal model chosen. A sample sequence model is a 

particular finite-state machine, where the states and transitio~s 

of the finite-state machine are determined by the encoding 

constraints and the signal model chosen. A sequence of expected 

read-signal samples can be viewed as being generated by a sa~ple 

sequence model. Viterbi demodulators keep track of one error tally 

per state in the sample sequence model. 

FIGURE 3 shows the sample sequence model for a stream of 

RLL(l,infinity) encoded channel bits as viewed by a demodula~or 

that uses the EPR4 signal model. Each sequence-model transi~ion is 

represented in FIGURE 3 by an arrow labeled both with the expe~te= 

values for the associated read-signal sample and with the curre~~ 

RLL-encoded channel bit that generated the current medium 

transition, or lack thereof, in the write/transmit/modulate 

process. For example, sequence-model transition 301 is labeled 

with expected sample value 302 (+0.5) and with estimated channel 

bit value 303 (1). Transition 301 occurs upon taking the sample 

that shows the leading edge of the positive-going read-signa: p~:se 
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assoc~ated with an isolated medium transition, as might be prod~ced 

for example in the case of a magnetic medium tr~nsition frorn Nort~­

South magnetization to South-North magnetization. Each sequence­

model state is represented in FIGURE 3 by a circle which, as a~ aid 

to understanding, is labeled with a sequence of 3 digits CO for 

North and l for South) corresponding with the current medium state 

and the medi~rn states associated with the previous two samples 

(!rom right to le!t) . Accordingly, sequence-model transition 381 

is the transition from state 000 (or North, North, North) to state 

001 (or North, North, South) . Note that these state labels do no: 

directly correspond to the sequence of cha~nel bits. Often the 

sequence-model states are referred to by the decimal equivalents a: 

the state labels used in FIGURE 3 as interpreted as three bit 

binary n~mbers. A~l possible sequences of EPR4 signals that can be 

read !ram mediu~ w=itten with an RLL constraint of d-1 may be 

generated by traversing the state diagram of this samp:e sequence 

model. 

In general, the nurrber of states in a sample sequence model 

witho~t RLL constraints is 2~N, where N is the number of samp:es 

between the first and last nonzero samples (inclusive) of the 

system response to its basic excitation. The imposition of codi~~ 

constraints, such as RLL constraints or other codes mapping fro~ 

user-data bits to channel bits, may change the number o: states a~~ 
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transitions between states. For example, in the case of FIGURE 3, 

because of the RLL constraint of d•l chosen, the 010 and 101 states 

are impossible or prohibited states. To take another case, an RLL 

constraint of kc7 that is incorporated into the sample sequence 

model may increase the number of sequence-model states. r: eac:: 

sequence-model transition is assumed to occur with some sDecifie= 

probability, the:-i a sample sequence model is equivalent to a Ma:-k::·.­

model fo:- a source of expected samples. 

The labels on the sequence-model transitions shown in FIGURE 3 

associate the presence (estimated channel bit value of 1) o:­

absence (estimated channel bit value of 0) of a medium transitio~ 

with the sample where the corresponding read-signal response firs: 

appears. There are othe:- ~ays to associate the estimated channel 

bits to be output with the sequence-model transitions, e.g. the 1 

values co~ld appear on sequence-model transitions that correspond 

to the peak o: the read-signal response. 

To understand this sample sequer.ce model, conside·r a si:':'lple 

decoder for an ideal read signal without noise, distortion or 

timing variations that is implemented according to the state 

machine of FIGURE 3. This decoder makes one state transition pe= 

each sa~ple of the read signal. Assume that this decoder is 

currently in state 000 (corresponding to a mediu~ sequence o: 
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North-South, North-South, North-South, or NNN) and the demodulato= 

receives a sample value of +0.5. This sample indicates the leading 

edge of a medium transition from North-South magnetization to 

South-North magnetization. This results in a next state of 001 (o= 

NNS) and a demodulator output or estimated channel bit of l, whic~ 

indicates the presence of this medium transition. Because of the 

one-constraint encoding, the only sample that can be expected to 

occu= next is +1.0, which is the sarr.ple tha~ is aligned with the 

center of the read-signal pulse due to this medium transitio~. 

This sarr.ple results in a next state of 011 (or NSS) and a 

demodulator output of 0, which indicates that another medium­

transi tion response does not start with this sample. Because we 

have now satisfied the run-length constraint, the next sample may 

or may not be affected by the leading edge of a pulse due to a 

second medium transition. Thus state 011 has two possible 

transitions leading from it. If a second medium-transition pulse 

is starting with the next sample, then the +0.5 trailing sample 

that must be present due to the first transition would be offse: by 

the -0. 5 leading sample of the second medium transition'· and the 

expected sample would be 0.0. Therefore, receiving a sample value 

of 0.0 results in a next state of 110 (SSN), and an estimated 

channel bit of 1 to indicate the second medium transition. 

Alternatively, receiving a sample value of +0.5 indicates tha: 

there is no~ ye~ another medium transition and results in a nex: 
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state.of 111 (SSS) and a demodulator output of 0. If the state 

machine is in state 111, then receiving a sample of 0 .. 0 results in 

a next state of 111 and an output of 0, i.e. no new medium 

transition. The remaining transitions and states are symmet=ical 

with those in the above description. Given an ideal set of 

samples, the output of a demodulator that directly implements this 

state machine would exactly reproduce the channel bits written to 

the me di urr .. 

In operation, a Vite=bi dernodulato= can be thought of as 

walking the trellis formed by taking each state of a sample 

sequence model ove= each sample time. FIGURE 4 shows the 

fundamental frame of the trellis of the EPR4 state machine show~ i;. 

FIGURE 3 between time T and time T+l. Each possible transition c: 

the E?R4 state machine is represented as a branch in the trellis 

frame. Let S(T) be the read-signal sample taken at time T. Let 

the branch error metric of, for example, the branch from state OCl 

to 011, be the quantity (S(T) - 1.0) squared, because +l.O is the 

expected sample value for that branch. Because there is only one 

sequence-model transition leading into state 011, the path erro= 

metric for state 011 at time T+l is always the path error metric 

for state 001 at time T, plus this branch error metric and the 

associated estimated channel bit is always 0. To take a seconc 

example, state 001 could be reached at time T+l either fro~ state 
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000 w~th a channel bit of 1 and an expected sample of +0.5 or it 

could be reached from state 100 with a channel bit of 1 and an 

expected sample of 0.0. So for state 001, both branch error 

metrics are computed, i.e. the quantity (S(T) - 0.5)~2 and S(T)A2. 

The first branch error metric is added to the path error metric for 

state 000 at time T, and the second branch error metric is added to 

the path error metric for state 100 at time T. The Viterbi 

algorithm then compares these two metrics and the path with the 

smallest distance from the actual sample sequence is selected as 

indicating the most likely path along which state 001 might be 

entered at time T+l. 

Fo= each sample time, the expec~ed sa~ple for each poss~ble 

state-machine transition, or trellis branch, is compared with the 

read-signal sa~ple to generate an error metric for that branch. 

T~is branch e=ror me~ric is accumulated over multiple sample times, 

thus forming a path error metric. A Euclidean distance metric may 

be used; i.e. a branch error is the square of the difference 

betwee~ the actual read-signal value and the expected value for 

that state transition at that sample time. A Euclidea~ path error 

would be the sq~are root of the sum of the branch errors along tha: 

path, but since only comparisons among path error metrics are 

significant, there is no need to compute a square root and the su~ 

o: the branch paths may be used as the path error metric. O:~e~ 
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error metrics may be used, for example the absolute value of the 

difference between the actual sample and the expected sample. For 

each state at each sample time, the history of possible paths tha: 

may have led to that state is reduced by assuming that the state 

was entered by that path leading into it that has the lowes: path 

metric. This simplification is justified by the fac: tha: no 

future samples will shed any further light on whic~ pa:h may have 

led up to that state at that time. As an example of this 

calculatic~, state 000 in FIGURE 3 could be entered fro~ either 

i:self er from state 100. In the former case, the expected sa~ple 

would be 0.0 and in the latter it would be -0.5. At each sample 

time, the current sample is co~pared with each of these expected 

sa~ple values. Let S be the current sample a~d PCXI the current 

path error metric associated with state X. If (S + 0.5)~2 + P(lOOl 

is less than (S - 0.0)A2 + P(000), then the Viterbi algorith~ 

considers that state 000 would be entered from state 100 at t~is 

time and not from the loop from itself. A similar compu:a:ion is 

performed for each state at each sample time. 

At any sample time, the state that currently has the minimum 

path error metric could be taken as the correct state and the 

estimated channel bit could be taken directly from the seque~ce­

model transition corresponding to the chosen branch into that 

state. But instead, the Viterbi demodulator, like othe~ se~e~ce 
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demodulators, defers this decision until a sequence of subsequent 

samples has been taken. No attempt is made to determine which 

state correctly models the channel bit sequence written into the 

medium at the corresponding write times. Rather, the pruning of 

unlikely past possibilities occurs only within each state for eac~ 

sample. Thus, path histories of estimated channel bits must be 

kept for each state in the sample sequence model. If the modula<::c:-

and demodulator are designed appropriately for the characteris<::ics 

of the medium and the read and write channels, then after a 

reasonable nu~~er of samples beyond sample 7, the path histories 

associated with all of the sequence-model states are very likely to 

make the same estimate of the value of the channel bit 

corresponding to sample T. 

FIGURE 5 illustrates the deferred decisions that a Viterbi 

demodulator makes. This figure was generated by a software 

implementation of a particular Viterbi demodulator operating on a 

particular actual sample sequence. Signal 501 represents a 

digitally sampled ideal read signal without noise, distortion or 

timing variations. Trellis path 502 is the correct path, i.e. it 

corresponds to the written channel bits and to ideal read signal 

501. Signal 503 is a noise signal that is added to signal 501 to 

produce actual sample sequence 504. Trellis 506 shows the paths 

contained in the path memory, after the 10th sample has bee~ take~. 
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for each of the 8 states of the particular sample sequence model 

used in this figure. Note that after the 10th sample, each path 

estimates the same sequence-model state corresponding to the 1st 

through the 5th samples, but that after the 5th sample, the 

contents of the path memories diverge in order to find the most 

likely path into the state that they represent at the 10th sample 

time. Trellis drawings 507-510 show the paths contained in a 1
, 

path memories as of the 11th through the 14th sample time 

respectively. In each of trellis drawings 506-510, the path 

histories associated with all of the seq~ence-rnodel states make the 

same estimate of all channel bits up to a reasonably recent time, 

i.e. between 3 to 5 sa~ples prior to the current sample. 

In a mathematical sense, the maxirnu~-likelihood decision rule 

says to choose as the estimate of the written channel bit sequence 

that sequence, out of all possible channel bit sequences, for w~ic~ 

the conditional probability o: receiving the actual sample sequence 

is highest. A Viterbi demodulator sampling the analog read sig~al 

at the channel bit rate satisfies this maximum-likelihood criterio~ 

if the analog read signal contains white Gaussian noise added to 

the expected read-signal pulse samples and the analog read signal 

is passed through a filter with a frequency response matched to the 

channel. 
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For each state in the sample sequence model, the path 

histories of estimated channel bits are kept in a path memory. The 

path memory in a sequence detector stores the information necessary 

to define each surviving path in the trellis. In a prior-art 

Viterbi detector, there is one surviving path for each state of the 

source model. The information in the path memory may be encoded 

and managed in a variety of ways. One way is to simply store the 

sequence of decisions from each ACS module regarding which cf its 

input paths was chosen at each iteration. In this case the path 

memory amounts to a set of shift registers, and some means must be 

provided to trace the paths back through the trellis to determine 

the estimated channel bit sequence that is the primary output o: 

the demodulator. The length of the path memory is the nu~ber of 

frames back through the trellis for which each surviving path ca~ 

be reconstructed, counting the current fra~e. In well-designed 

detectors, there is a high probability that the surviving pa~hs 

will all emanate from the same sequence-model state at some poin: 

in the trellis within the length of the path memory, and th~s s~are 

a common pa-::h before that. point. When this is so, any .one of the 

surviving paths may be traced back to determine the demod~la:or's 

estimated channel bit output associated with the oldest frame in 

the path memory. 
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In practice; a path memory of 6 to 30 bits may be sufficien~. 

That is, it may be large enough to ensure that there is a high 

probability that the channel bits are identical in each state's 

path memory for the bits at the least-recent end of each path 

memory. Path memory requirements depend on the signal model and o~ 

the coding constraints applied. For example, a lower value for k 

in the RLL(d,k) constraints on the channel bits can in some cases 

lower the length o: the path memory required because the occurre~ce 

of medium transitions tends to force or expedite the Viterbi 

algorithm to make significant decisions. 

Pa~h memories can be burdensome to implement. Thus there is a 

need for techniques to reduce the number of path mempries required 

to implement a Viterbi-like algorithm. 

In typical prior-art implementations of the Viterbi algorith~, 

the signed add, square, add, compare and select computation 

described above is performed for each sequence-model state. The 

results o: the signed add and square computation may be the branch 

error metric for more than one branch. In this case, the output o: 

some of the modules that implement the computation of the branch 

error metrics may be used as inputs to more than one add, compare, 

select (ACS) module. For example, FIGURE 6 is a block diagram o: 

an implementation o: these steps for the EPR4, dcl sample seque~=e 
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model; which is shown in FIGURE 3. Branch error metric generators 

600-604 implement the signed add and square computation for each o: 

the possible values of expected samples, i .. e. -1.0, -0.5, 0, 

+0.5, and +1.0). ACS modules 605, 606, 608, and 609 implemen: the 

add, compare, and select computation for states 000, 001, 111, a~c 

110 respectively. Each also stores the current path error me:=i= 

for the best path, at any given time, into the state it represents. 

They also com.~unicate, via selection indicator lines 611-614 

respectively, to path memories 615 which of the two possible inu~: 

transitions they have selected as the most likely path into the 

state they represent. A more detailed block diagram of the 

implementation of two-input ACS modules 605, 606, 608, and 609 is 

shown in FIGURE 7. Modules 607 and 610 are ACS modules for the 

special case of states 011 and 100 which have only one seque~ce­

model transition leading into them. Modules 607 and 610 i~pleme~: 

the add and store-pa~h-error-metric functions only. In this p=io=-

art Viterbi demodulator implementation, one ACS module is required 

for each state in the sample sequence model. ACS modules can be 

burdensome to implement. 

As more samples are taken per each medium transition response 

and as larger amounts of interference are allowed among pulses ir. 

the read signal, more states are required in the sample seque~~e 

model. Thus there is a need for a technique that reduces the 
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tor side sampling, or the constant "b" for center sampling, before 

sending the result to multiplexer 1140. Multiplexer 1140 selects 

either the output of delay circuit 1130 or the output of adder 

circuit 1138 depending upon whether a peak occurred at time n. 

5 Since delay circuit 1130 has delayed by two clock cycles, signal Pn 

1046 actually represents P~2 and therefore determines whether the 

constant terms a or b should be added in. Therefore, output 1142 

is the solution to the tracking equations of Table l for the 

current sample. 

10 Fig. 12 is identical to the circuit of Fig. 11 except that the 

samples used are delayed by one, and additional circuitry exists to 

combine the two phase errors. For example, the inputs to 

multiplexer 1224 and adder 1222 are one sample behind the inputs to 

th i 1 . . . . h f th t t 12 It 2 - ~ 71.~ '{ e equ va ent circuits in Fig. 11. T ere ore, e ou pu ~ ~~~P 1 
15 provides the solution to the tracking equations of Table 1 delayed ?rC>t q 

by one sample time. 

Fig. 12 then combines the phase error results 1142 and 1242 of 

Figs. ll and 12, respectively, to provide the phase/frequency 

detector output 816 to the loop filter. The NANO circuits 1244 and 

20 1248 select the output 1142 of Fig. 11 or the output 1242 of Fig. 

12 depending upon whether a pulse occurred at time n-2 or time n-3. 

This result is sent to NANO circuit 1246 which produces the output 

1250 which is combined with the acquisition mode signals before 

being connected to the loop rilter. 

25 NANO circuits 1260, 1262, and 1264 select the acquisition 

phase/frequency error signal 1052 or the tracking phase erro.::-
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signal 1250, depending upon the TRK/ACQ · signal to create the 

phase/frequency circuit output 816 which is aent to the loop 

filter. 

Fig. 13 shows a diagram of the loop filter 808. The z-domain 
. 

5 transfer function of this tilter is 

Ft ( z) • ( c, * z * ( z - 1} + c 2) / ( z * ( z - 1) 

where z" 1 represents a delay of two channel bit intervals ( each 

l/f
1

) because this digital filter operates at one-half the channel 

sample rate. Coefficients c 1 1302 and c2 1304 are independently 

10 programmable for acquisition and tracking. For lock to reference 

mode, c 1 is set to zero and c 2 is independently programmable. A 

means is also provided to change the significance of the loop 

filter output between acquisition and tracking modes since the 

appropriate range and resolution of frequency control depends on 

15 which mode is used. Separate registers are provided for each mode 

20 

to facilitate this change. Delay element 1306 is used for 

pipelining and has little effect on the filter response. 

A linear discrete-time approximation to the open-loop transfer 

function of the loop is 

Gt(z) • Cl),* K
0 

* (c1 * z 2 - c 1 * z + c 2 ) / (z,.,.. 1 * (z - 1) 2
) 

where ~ is the gain of the phase detector (which depends upon the 

pulse shape), K
0 

is the control gain of the VCO and n is the number 

of (2/f
1

) clock delays in the loop. 

Having thus described a presently preferred embodiment of the 

25 present invention, it will now be appreciated that the aspects of 

the invention have been fully achieved, and it will be understood 
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010006 with its squared path metric of 0.2402, over the channel-bit 

sequence of 001000 with its squared path metric of 0.2602. 

I! one of the paths in FIGURE 8 is the correct path, i.e. t~e 

path representing the sequence-model transitions that correspond to 

the sequence o! written channel bits, then the other path is an 

error pat~. The selection by the demodulator of the error path 

instead of the correct path would constitute an actual error eve~t, 

and would result in one or more erroneous estimated channel bits 

being output from the demodulator. The example of FIGURE 8 is a 

closed potential error event beginning at time T+l and ending at 

time T~s because the erroneous path and the correct path converge 

to the same state at ti~e T+S. In contrast, it would be an ope~ 

potential error event if the trellis ended at time T+4, before the 

paths had merged. 

More generally, any path through the trellis may be the 

correc~ path and any.pair of paths in the trellis constitutes a 

potential erro= event as long as they begin in the same state. . 
r. 

potential error event is any two paths in the trellis that begin -·· 

the same sta~e and diverge in their second state. The beginning o: 

a potential error event is the point where any two paths diverge. 

A codeword is the expected sample sequence associated with a 

particular trellis patr.. 
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The distance of a potential error event is the distance 

between the codewords of the two paths of the potential error 

event. Using the Euclidean metric, the square of this distance is 

equal to the path error metric that would be built up in the error 

path if the actual sample sequence corresponded to the ideal 

sequence for the correct path. The minimum distance for a give~ 

signal model is defined as the minimum distance o! any closed 

potential error event or the minimum distance of any open pote~tial 

error event of duration greater than the path length, whichever is 

smaller. Since the error rate of the demodulator decreases with 

increased mini~u~ distance, one is motivated to choose, if 

possible, a pat~ lengt~ sufficient to contain all open error events 

whose distance is less than the minimum distance of closed 

potential error events. These considerations are analogous to 

Ham.~ing distance properties of error correction codes. 

At relatively low bit error rates, the performance of a 

Viterbi demodulator is almost entirely determined by the· minim~~ 

distance and by the signal-to-noise ratio. Actual error events o: 
distance larger than the minimum distance are quite improbable 

compared with the minimum distance ever.ts and may safely be ignore= 

in the design of the demodulator without seriously affecting the 

bit erro:: ::ate. Thus the::-e is a need fo::- a technique tha: ::ec:...:::es 
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the implementation complexity of the Viterbi algorithm without 

sacrificing its ability to handle minimum distance error events. 

A par~ial-response information channel is ideally equivale~t. 

to a finite i~pulse response (FIR) digital filter. For exa~ple, i: 

the input to a magnetic disk recording channel is taken as a 

sequence of write current. levels taking values of plus and minus _, 

then the unit pulse response of the digital filter is the response 

to the write curren~ sequence 

-I -I -I -I +I -! -I -I -I 

~~~__.ll~~~~-
divided by 2I (the amplitude of the current pulse) . The DC offse~ 

in the above unit pulse is immaterial if the channel response is 0 

at. DC. This is the case with magnetic disk recording channels 

using inductive read heads. In other cases, the DC offset. can be 

easily corrected for by subtracting the response to a DC cur:::e:it o: 

-I f rorn the response to the above current pulse. For an EPR4 

channel the response to the current pulse above would be as 

follows: 
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... 0 0 1 2 1 0 0 0 {response to first transition) 

plus ... o 0 0 -1 -2 -1 0 Q (response to second transition) 

to give ... 0 0 1 1 -1 -1 0 0 (response to pulse) 

Since an ideal partial-response system is equivalent to a 

discrete-time filter, the analysis techniques used on discrete-time 

filte=s can be applied to partial-response systems. One sue~ 

analysis technique is ~he Z-trans:orm, in which the of 

transform variable z represents a time delay by one sample 

interval. A similar analysis technique com.~only used in magne~ic 

disk storage is the D-transforrn wherein the transforr:i variable D 

represents the sa~e delay as the inverse of z. The Z-tra~sfo~ (or 

D-transforrn) of the unit pulse response of a digital filte= is t~e 

transfer function of that filter, and may be used to reveal its 

characteristics in the frequency domain. For a finite i~?~lse 

response filter, the D-transform is simply the polynomial in D 

whose coefficients are the same as the unit pulse response 

sequence. For the EPR4 unit pulse response sequence of (1, 1, 
, - ~, 

-1), the D-transform is the polynomial 1 + D - DA2 - D~3. Ttis 

polynomial is referred to as the EPR4 partial-response polyno~ial. 

This polynomial factors to (1-D) (l+D)~2, which reveals that the 

EPR4 channel has a spectral null at DC and a second order spect~al 

null at the Nyquist frequency of one half the sample rate. 
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The response of a partial-response channel to a unit pulse ca~ 

be computed by taking the inverse D-transforrn of the partial­

response polynomial. This amounts to reading the sequence of 

polynomial coefficients and taking them as the sequence of sarr.ple 

values. It is also possible to determine the response to an 

isolated transition, otherwise known as the step response o: the 

syste~, from the partial-response polynomial. This is done by 

dividing the polynomial by (1-D) and taking the inverse D­

tra~sform. Dividing out the (1-D) factor from the EPR4 polyno~ia~ 

leaves the polynomial (1 + 2D + 0~2), whic~ corresponds to the E?R~ 

is~la~ed pulse of 1, 2, 1. 

ln addition to their use for demodulating partial-response 

signals, Viterbi detectors can also be used to decode convolutional 

codes. Viterbi decoding of convolutional codes is described in the 

book "E:::-ro:::--Correction Coding for Digital Communications", by 

George C. Clark Jr., and J. Bibb Cain, 1981, pp. 228-235. The 

encoding process for a convolutional code may be described as a 

convolution operation between the data symbol stream and an 

encoding sequence, called a generator. This encoding process may 

also be viewed as a filtering operation where the gene=ato= is the 
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finite-impulse response of a discrete time filter. The convol~~ion 

or filtering is frequently done with finite field arithmetic (often 

binary) . Redundancy may be introduced into convolutional codes in 

order to allow error detection and/or correction capabilities by 

using multiple generators. The encoding filters for the generators 

operate in parallel and their outp~ts may be interleaved ~~to a 

single encoded data stream. By cor:tbining multiple generators w~-M 

decimation or subsampling of the outp~t sequences f rorn each 

encoding filter one can introduce redundancy in any desired arr.aunt. 

For example, one could use three generators, tripling the nu~~er o: 

information syrr~ols, but discard every second symbol from each 

generato= so tha: the encode:::- prod:..:ces 3 encoded symbols fo:::- eve:::-y 

2 da~a symbols and the code rate is 2/3. Such a rate 2/3 encode:::­

is illustrated in FIGURE 9. 

A partial-response data channel is based on the fact that a~ 

isolated ste? or pulse at the input to the channel produces a 

particular response of finite duration in the sampled o~tput 

sequence, and that the response to a sequence of input pulses is 

the linear superposition of the responses to each individual in?u: 

pulse. This is equivalent to a rate 1 convolutional code in whic~ 

the generator is the impulse response of the data channel. 
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Thus there is a need for a technique for reducing the 

implementation complexity of Viterbi detectors for decoding of 

convolutional codes as well as those fo~ demodulation of partial­

response signals. 
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A Viterbi detector, such as may be used to demodulate partial-

response signals or to decode convolutional codes, is modified to 

reduce its implementation complexity. In the case of demodulation, 

a partial-response signal may be viewed as a sequence of expected 

samples generated from a finite-state-machine model. In a typical 

Viterbi demodulator implemented using the add, compare, select 

method, each state in the expected sample sequence model is 

associated with a hardware module to perfor~ the functions of 

adding new bra~ch error metrics to path error metrics, comparing 

path error metrics, and selecting the path having the lowest path 

error metric. In the prior art, the required number of these add, 

compare, select (ACS) modules is equal to the number of sequence-

model states. In this invention, an ACS module may have two or 

more sequence-model states dynamically associated witn it, such 

that at some times one sequence-model state is associated wit~ it 

and at other times another sequence-model state is associated with 

it. The present invention reduces the number of ACS modules 

required and also reduces the size/complexity of the demodulator's 

path memories which must store one path for each ACS module. 

Groups o: sequence-model states may be chosen to share an ACS 

module without signi:icant loss in performance as compared to the 

original, unreduced Viterbi demodulator. Further, the present 
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invention supports a wide range of sample models by making the 

expected sample sequence of an isolated medium transition 

programmable. Further, the present invention reduces the speed at 

which the detector circuitry must operate relative to the sample 

rate by allowing multiple samples to be processed simultaneously. 

Further, several reduced detectors for specific sample sequence 

models are presented for particular applications. The presen: 

invention is equally applicable to other types of Viterbi 

detectors, such as the case of decoders for convolutional codes. 

It is an object of the invention to provide sequence 

detectors, such as demodulators for partial-response signals and 

decoders for convolutional codes, having reduced implementation 

complexity. Implementation complexity may be taken to mean the 

amount of processing req"~ired, whether that processing is errbodiec 

in logic ga~es, analog circuits, or software. 

Anothe= object of the invention is to accomplish the 

complexity reduction with minimal degrada~ion of performance as 

compared to a prior-art Viterbi detector, particularly with respec: 

to minimum distance errors and other errors of relatively high 

likelihood or importance. 
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A.still further object is to provide sequence detectors, 

demodulators, and decoders that are well suited for implementatio~ 

in digital integrated circuit form. 

Yet another object is to provide sequence detectors, 

demodulators, and decoders suitable for signals whose source models 

contain more states than would otherwise be allowable within give~ 

limits for detector complexity. 

A.'iother object of the invention is to reduce the path mer:ic:-y 

required to implement a Viterbi-like algorithm. 

Another object is to apply these simplifications regardless c: 
the convolutional code, the sample sequence model, the channel bit 

encoding constraints, or the signal model used. 

A still further object is to apply these simplifications to 

Viterbi-like demodulators for nonlinear channels, as well as to 

Viterbi demodulators for linear channels. 

Another object is to implement a Viterbi-like detector, 

demodulate=, or decode:- with a programmable expected sample 

sequence for an isolated medium transition. A related object is :o 

support multiple, alternative expected sample sequences for ret=ys 
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or for situations in which the medium characteristics change, e.g. 

within or among zones of a disk storage device in which a constant 

angular velocity of the disk results in variable velocity o= the 

medium with respect to the read or write heads. Another related 

object is to develop programmable sample sequence models tha~ 

support multiple signal models that would require distinct sample 

seq~ence models and distinct hardware architectures when 

implemented with non-programmable sa~ple sequences. 

Another object is to apply these simplifications regardless o: 

the RLL or other user-data-bit to channel-bit encoding used. 

Yet another object is to irr.plement a Viterbi-like detecto=, 

demod~lator, or decoder that can process two or more actua~ sample 

values per detector cycle time. 

Another object is to implement sequence detecto=s for seve=al 

specific sample sequence models and with several specific selected 

subse~s o: potential erro= events by applying the general 

techniques of this invention. 



····-=---~---=-=·-.:.~:;;;.;....;;,._..:.~---·----....:.....--..... ~----~-----------------

WO 94118670 PCT !US94/0 l 084 

-- 283 --

SRIEf DESCRIPTION Of TP~ DRAWINGS 

FIGURE 1 shows a state transition on a medium such as a track 

of a disk drive and its associated pulse in an analog read signal. 

It also shows two digitized sample models of such read-signal 

pulses. 

FIGURE 2 shows two adjacent medium transi~ions and their 

individual and combined read-signal pulses. 

FIGURE 3 is the state machine model of the expected sequence 

o: sa~ples fo= the case of an EPR4 signal model and a d-1 run­

length constraint. 

FIGURE 4 shows the fundamental frame of the E?R~, d~l trellis. 

FIGURE 5 illustrates the deferred decision making of a 

particular Viterbi demodulator in the case of a particular actual 

sample sequence by showing how the contents of the path memories 

evolve as additional read-signal samples are taken. 

FIGURE 6 is a block diagram of a prior-art implernenta~ion o: a 

Vite=bi demodulate= for the EPR~, d-1 sample sequence model. 
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FIGURE 7 is a more detailed block diagram of the 

implementation of an add, compare, select (ACS) module for a 

sequence-model state having two transitions that may enter the 

state. 

FIGURE 8 shows an error event on the EPR4, d-1 trellis. 

FIGURE 9 shows a block diagram of a rate 2/3 encoder for a 

convolutional code suitable for decoding using the Viterbi 

algorithm. 

FIGURE 10 is a sharing diagram where a line between states 

indicates that that pair of states from the EPR4, d-1 sa~ple 

seque~ce model of FIGURE 3 can share an ACS module in the 

demodulator based on the criterion that all error events cf 

distance less than or equal to 2 must be handled properly, i.e. 

the same fashion as would a Viterbi demodulator with one ACS mod~le 

for each of the 6 states of the sample sequence model. 

FIGURE 11 is a version of the sample sequence model fro~ 

FIGURE 3, showing how a reduced-complexity detector for tha: signal 

may be constructed with only two ACS modules that each rep~eser.: 

one o: three states at any given time. 

. .. 
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FIGURE 12 is a block diagram of a simplified implementation o: 

the demodulator shown in FIGURE 6 using only two ACS modules 

selected according to the sharing diagram of FIGURE 10. 

FIGURE 13 is a sample sequence model :or a partial-response 

class IV CPR4J signal without RLL constraints. The corresponding 

partial-:-esponse polynomial is (1 - DJ (1 + DJ, and the expected 

sa~ple seq~ence for an isolated tra~sition is 1, 1. 

FIGURE 14 is a sharing diagram :or the sample sequence model 

of FIGURE 13 under the condition that all error events of distance 

less than or equal to the square root of 2 are resolved properly, 

with a pat~ ler.gth of P - 10. 

FIGURE 15 is a sharing diagram for the sample sequence model 

of FIGURE 3 under the conditions that all error events of distance 

less than or equal to 2 and all error events that correspond to 

drop-outs or drop-ins are resolved properly with a path length o: ? 

... 6. 

FIGURE 16 is the sample sequence model fo= an extended 

partial-response class IV CEPR4) signal without RLL constraints. 

The corresponding partial-response polynomial is Cl - D) (1 + DJ~2, 
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and tbe expected sample sequence for an isolated transition is l, 

2, l. 

FIGURE 17 is a sharing diagram for the sample sequence model 

of FIGURE 16 under the condition that all error events of distance 

less than or equal to 2 are resolved properly, with a path lengt~ 

of P -= 10. 

FIGURE: 18 is a sample sequence model for a partial-respo~se 

class IV (?R4) signal with an RLL constraint o: d - 1. The 

expected sa~ple sequence for an isolated transition is 1,1. 

FIG0R~ 19 is a sharing diagram for the sa~ple seg~ence ~ode: 

o: FIGU?~ 18 under the condition that all error eve~ts of dista~ce 

less than or equal to the square root of 2 are resolved prope::ly, 

with a path length of P c 10. This same sharing diagram applies 

when the added condition of proper resolution of drop-in and drc~­

out error events is applied. 

FIGURE 20 is a sample sequence model state diagram for an R:~ 

constraint of d c 1 and a signal model given by the polyno~ial (l -

0) (1+0)"3. The corresponding expected sample sequence for a~ 

isolated transition is 1, 3, 3, 1. 
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FXGURE 21 is a sharing diagram for the sample sequence model 

of FIGURE 20 under the condition that all error events of distance 

less tha:i or equal to the square root of 10 are resolved prope:-ly, 

with a path length of P • 11. 

FIGURE 22 is a block diagram of an implementation of a Vite:-b~ 

dernod~lato:- for the sample sequence model of FIGURE 20 simplified 

to use only three ACS modules as taken fro~ the sharing diagra~ o: 

FIGURE 21. 

FIGURE 23 is a block diagram of an implementation of a Viterbi 

demodulator for the sample sequence model cf FIGURE 20 simplified 

to use five ACS modules as taken from the sharing diagram of FIGUR~ 

2::.. 

FIGURE 24 is a sha:-ing diagram like FIGURE 21 with the added 

condition that all drop-in and drop-out error events are resolved 

properly. 

FIGuRE 25 is a generic block diagram of a sequence demodulato= 

with sha=ed ACS modules. 

FIGURE 26 is a sample sequence model fo= a nonlinear 

write/medium/:-ead system. 
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FIGURE 27 is a sharing diagram for the sample sequence model 

of FIGURE 26. 

Figure 28 illustrates a six state machine model wit~ a 

programmable expected sequence of samples. 

Figure 29 illustrates a ten state machine model with another 

progra:ru:lable expected sequence of samples. 

FIGURE 30 shows a six-state modified sample sequence model for 

E?R4 with a ~inirnum run length constrai"-: of d•l, each sequence 

model tra~sition in Figure 30 representing the combination of two 

consecutive sequence model transitions i~ the un~odified sa~?le 

sequence ~odel of FIGURE 3. 

FIGU?...E 31 is a sharing diagram for Figure 30 for the conditic~ 

that all potential error events of distance less than or equal to 2 

be handled properly. 

FIGURE 32 is a diagram showing how states from FIGURE 30 may 

be grouped to share two ACS modules. 
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FIGURE 33 shows a ten-state modified sample sequence model fo= 

partial response signals corresponding to the polynomial (1-

D) (l+D)~3 with a minimum run length constraint of d•l, each 

sequence model transition in Figure 33 representing the combination 

of two consecutive sequence model transitions in the original model 

of FIGURE 20. 

FIGURE 34 is a diagram showing how states from FIGURE 33 may 

be g=ouped to share three ACS modules. 

FIGURE 35 is a diagram showing how states from FIGURE 33 may 

be grouped to share five ACS modules. 

FIGURE 36 shows a modified four-state sample sequence model 

for PR4 signals without run length constrai~ts, differing fro~ 

FIGURE 13 in that each sequence model trans:tion in this model 

represents the combination of two consecu~ive sequence model 

transitions in the original model of FIGURE 13. 

FIGURE 37 is a diagram showing how states from FIGURE 36 may 

be grouped to share two ACS modules. 
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DETAILED DESCRTPTION Of THE PREfEREED EM30DIM:ENI 

The present invention can be thought of as exploiting the fact 

that when, as in the prior art, a separate ACS module is associated 

with each sequence-model state, then much of the time the ACS 

modules are computing path error metrics for paths ~hat are so fa= 

away from the actual sequence of samples tha~ their computations 

are very likely to be irrelevant. The present invention 

dynamically associates a particular ACS module (and its associated 

path memory) with more than one sequence-~odel state. One key to 

practicing the present invention is to determine which states ca~ 

share an ACS module witho~t significar.t performance degradation 

terms of distinguishing the correct trellis path from those 

, .... ..... 

potential error events that are reasonably likely to occur, or that 

are of special interest for whatever reasor.. 

The following is a step-by-step procedure for dete=mining 

which states in a sample sequence model may share an ACS module i~ 

a seq-uence demodulator without unacceptable perfo=rna~ce 

degradation. Following the formal description of each step is a~ 

example of how that step is applied to the EPR4 dml sample sequence 

model of FIGURE 3. Several of the steps are clearly well suited 

being carried out with the aid of a compute=. Appendix A lists 

computer software in P..ATLAB which may be used to help ca::::ry o~: 
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steps 3 through 5. MATLAB is a computing tool distributed by The 

MathWorks, Inc. of Natick, Mass. 

Step l. Gene=ate a finite-state-machine model for the 

expected sample sequence from the read signal to be demodulated. 

Numbe= the states in some convenient fashion. 

FIGURE 3 shows the result of step 1 fo= the EPR4 model with 

the d-1 constraint. Fo= convenience we shall refe= to the states 

by the decimal equivalent of their binary labels. For example, a~ 

isolated pulse of positive pola=ity is produced by beginning in 

state 0, ~oving to state 1, then 3, then 7, and remaining in state 

7 via the self-loop. As this model traverses this sequence of 

states, the expected sarr.ple labels on the paths trave=sed generate 

the EPR4 sampled pulse, ( 0. 5, l. 0, 0. 5, 0, ... } , and the estimate:=: 

channel bit labels indicate a single 1 that excited the channel to 

produce this pulse. 

Step 2. Choose a length, P, fo= the path memory in· the 

demodulate=. This path length may be only for analysis pu=poses, 

and the path length implemented may be different if desired. 

In gene=al one should choose a path length no less than the 

rnaximurn dura:ion o~ any open or closed potential er=o= event a: 



WO 94/18670 PCT/US94/01084 

292 --

minimum distance. Other factors may also be involved in the choice 

of path length, particularly in cases where there exist open 

potential error events of infinite length at minimum distance. We 

choose path length P•6 for our example, which is known to be 

adequate for the EPR4, d-1 sample sequence model. 

Step 3. Make a co~plete list of all codewords, or legal 

sequences of expected samples, that are o: length P or less. 

Include in the list the sequence of states that generates each 

codeword. A codeword of length n is any sequence of expected 

samples that can be generated by n consecutive state transitions o: 

the state machine from step 1. For this pu::-pose, two codewords are 

considered distinct if their state sequences differ, even if the 

expected sample seq~ence is the same. In general, codewords o: 

length less than the path memory length, ?, must be considered in 

addition to codewords of length P. 

It is not practical to include the exhaustive list o= EPR4 d~l 

codewords of length 6 or less in this document. As an·exa~ple we 

list all sample sequences of length 4 that begin in state 0 (000) · 

(In performing this step, all sample sequences of length 4 

beginning in any state must be considered, only those starting in 

state 0 being used herein for illustration purposes.) Note that 
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the state sequences for length 4 sample sequences have 5 entries 

because they contain both the beginning and ending states. 

CODEWOE'l STATE SEQUENCE 

0 0 0 0 0 0 0 0 0 

0 0 0 1 0 0 0 0 l 

0 0 1 2 0 0 0 l 3 

0 1 2 l 0 0 l 3 7 

0 l 2 0 0 0 l 3 6 

1 2 1 0 0 1 3 7 7 

l 2 1 -1 0 1 3 7 6 

1 2 0 -2 0 1 3 6 4 

Step~- Conside= all possible potential error events, bo~h 

open and closed, fro~ the list of sample sequences generated in 

Step 3. A potential error event is any pair of sample sequences o: 

equal' length which have the same starting state but differ in the 

second state in their sequences. It is possible for the firs~ 

sample sequence to be the correct {transmitted or stored) sa~p~e 

sequence while the dernod~lator erroneously chooses the second 

sar.1ple sequence. A.'1 error event is "closed" if the two state 

sequences ever return to the same state at the same time (even i: 

they do no~ remain together), otherwise it is "open". Choose a 
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number of ACS modules required to implement a Viterbi-like 

algorithm. 

Consider the following actual sample sequence: 0.0, 0.25, 

0.75, 0.75, 0.25, 0.0 in the d•l EPR4 partial-response model 

described above. The trellis diagram shown in FIGURE 8 shows two 

paths that could equally well, or equally poorly, have generated 

such a sequence of samples (there are other such paths: the two 

paths shown assume that state 000 was the initial state}. The 

cha~nel bit sequences associated with these two paths are 010000 

and 001000. They differ by one bit time in terms of where the 

medium tra~sition occurs. The expected sample sequence associated 

with the first of these two paths is 0.0, 0.5, 1.0, 0.5, 0.0, 0.0, 

while the expected sample sequence for the second path is 0.0, 0.0, 

0.5, 1.0, 0.5, 0.0. The squared Euclidean metric for each path may 

be computed for a given actual sample sequence by summing the 

squares of the differences between the actual sample sequence and 

each expected sample sequence. The result is that each path 

arrives in state 111 at time T+S with a squared path metric of 

0.25. This represents a case where the actual sample sequence lies 

on a decision boundary, and some arbitrary choice must be made 

between the two paths. More commonly, the sample values will favor 

one path over the others, for example an actual sample sequence of 

0.0, 0.26, 0.75, 0.75, and 0.24 favors the channel-bit sequence o:. 
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1 2 1 -1 0 1 3 7 6 2 (closed) 

Step 5. Build a sharing table with one row and one colurn..~ fo= 

each state in the state machine from step 1. Begin with each 

element of the sharing table TRUE. An element is marked FALSE i: 

the two states represented by its row and its column are ever 

simultaneously occupied by the two state sequences of any error 

event in the chosen set. This criterion applies at any position i~ 

each error-event state sequence for the subset of potential error 

events selected in step 4. In the sharing table, either the order 

of the states can be taken both ways, or alternatively only the 

upper triangle of the sharing table can be used. All remaining 

TRUE elements in the sha=ing table, if any, indicate that the 

corresponding pair of states may share an ACS module in the 

demod~lator without sacrificing the ability to handle every er=o= 

event in the chosen subset just as it would be handled in the f~:l 

Viterbi demod~lator. 

For the EPR4 d=l exa~ple, we will build a sharing table wi~~ 6 

rows and 6 columns. Each entry is presumed TRUE until shown to be 

FALSE. Consider the first error event from the example list ·~ 

step 4. The state sequence for the first sample sequence is i~ 

state 0 at the second clock cycle, while the state sequence fc= t~e 
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second sample sequence is in state 1. This means that to 

distinguish between these two paths and properly process this error 

event we must not share an ACS module between states 0 and 1. Thus 

mark the element in the sharing table in the row for state 0 and 

the column for state l as FALSE. Also mark the element in the 

sharing table in the column for state 0 and the row for state 1 as 

FALSE. The remainder of the state sequences for the first example 

error event imply that the pairs (1,3) and (3,7) are also unable to 

share an ACS module. When this line of reasoning is continued 

through all error events in the subset selected in step 4, the 

following sharing table results (where 1 means TRUE and 0 means 

FALSE): 

( 0) ( 1) (3) (7) ( 6) ( 4) 

.Q.Q.O. .ruu. fill. l.ll ll.O. .lJlQ. 

(0) 000 1 0 l 1 1 0 

( 1) 001 0 1 0 l l 1 

( 3) 011 1 0 1 0 l l 

( 7) 111 l 1 0 1 0 1 

( 6) 110 l 1 l 0 1 0 

(4) 100 0 1 1 l 0 l 

The above sharing table shows whethe= pairs of states ca~ 

share an ACS module based on both the error events listed as 
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examples in step 3 and on the additional error events that must be 

considered but were not listed in the example. When in a full 

execution o: step 3 one considers the sample sequences that sta=~ 

from state 7 {111) and the related error events of step 4, one 

finds that the two pairs of states (0,4) and (4,6) cannot sha=e a~ 

ACS module. It happens that sample sequences that s~art fron 

states othe= than 0 or 7 do not yield any additional pairs a: 

s:ates that can not share. 

FIGU?~ 10 shows the i~fo=mation from the above E?R4 d-1 

s~a=ing table i~ a gra?hical way. Each ci=cle represents o~e o: 

t~e 6 states. Each pair o: states that are allowed to sha=e a~ ACS 

rnod~le is connected with a line. A group of states may mu:ua:ly 

s~a=e a~ ACS mod~le only if eve=y pair withi~ the g=oup is allowe= 

to share. 

Ste? 6. Decide how to group the states that are allowed to 

sha=e ACS modules, if any. The states may be grouped to obtain t~e 

mi~imu~ nu~be= cf ACS modules possible, or non-minimum g=oupings 

may be c~cse~ because o: othe= desirable p=operties. 

The E?R4 dcl sharing table from step 5 indicates that there ~s 

only one grouping possible that uses only two ACS modules. I~ :~is 
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grouping, one ACS module is shared by st.ates 000, 011, and 110_, ·--~--~ 

while the second ACS module is shared by states 001, 111, and 100. 

Other groupings are possible using more than 2 ACS modules. 

One of particular interest is to share in the pairs: 000 with 11:, 

001 with 110, and 100 with 011. With this sharing arrangement, ~he 

pa~h labels have a fixed magnitude and only depend on the sta:e c: 

origin fo= ~heir signs, potentially resulting in furthe= 

simplifica:ion of the implementation of the branch-error-metri= 

computation. 

To prevent substantial performance loss one should include a 1
i 

~inimum distance potential error events in the chosen subset. 

Other po:ential error events may be included as desired. For 

example, one could choose to include all the potential erro= eve~:s 

whose distance was less than a specified threshold which is g=ea:er 

than the minimum distance. Or one could choose to include all 

potential erro= events that can be characte=i:ed as resul~i~g fro~ 

a particular non-ideal aspect of the information channei, su=~ as 

dropouts from defects in magnetic medium. Potential error eve~:s 

of length less than the path memory length, P, must be considere= 

in addition to error events of length P. This ca~ be seen by f~=s: 

consideri~g error events of length 2. The 2.terminal states o: a 

le~gth 2 error eve~t cannot share an ACS module unless the 
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associated error event at length 2 has already exceeded the 

threshold distance. It may be possible that all length P 

extensions of this length 2 er=or event exceed the th=eshold 

dista~ce, but the fact that all extensions exceed the threshold 

distance is not sufficient for the 2 states to share an ACS module. 

This argument can be extended to pairs of states on error eve~ts a: 

any length less than ?. Thus, if such a potential e==o= event we=e 

the only one to forbid sharing between a particular pair of states, 

and if one considered only potential error even~s o: length P, o~e 

would erroneously conclude that the pair of states in question were 

able to share an ACS module. !n reality, such sharing would force 

a premature decision between two paths whose distance was still 

below the th=eshold at the ti~e the decision was made. This wo~ld 

reduce the effective minimum distance and increase the erro= rate 

accordingly. 

This completes the step by step process for dete=rr.ining whic~ 

states will share ACS modules ir. a sequence detector. This process 

may be applied to any state-machine signal model to desig~ a 

reduced complexity Viterbi-like detector for that signal. By 

suitable choice of the selected subset of error events, one can 

control the performance degradation associated with the complexity 

reductio~. It is frequently possible to obtain substantial 

co~~lexi:y red~c:ion with negligible perfor~ance degrada:io~. 
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Principles and examples follow whici'1 indicate how such detectors 

may be implemented. 

The sharing of ACS modules may be viewed as a dynamic 

association of the source-model st.at.es with the ACS modules. The 

sharing of ACS modules is implemented by adding one o= mo=e rne~c=y 

bi~s to each shared module to indicate which state the module 

re?resents at any given time. The number of memo=y bits must be 

sufficient to allow a unique representation for each state sha=ing 

the module, thus requiring the number of bits to be greater than or 

equal to the base-2 logarithm of the number of states sha=ing the 

module. At each processing cycle, the branch error metrics fo= all 

input paths to a given ACS module are evaluated and added to the 

corresponding path error metrics stored in other ACS modules. The 

new path error metrics are compared and the lowes~ one is selec~ed 

as the surviving path fo= that ACS module. The new path errc: 

metric for the surviving path is stored in the ACS module fo: use 

in the next clock cycle. In addition, the most rece~t state fro~ 

whic~ the surviving path comes uniquely defines whic~ s~ate the 

curre~t ACS module should represent at this time, so its memory 

bits are set appropriately. The labels on the paths leaving the 

ACS module, which will be used to generate branch erro= metrics 

du:ing th~ next clock cycle, are determined by the memo=y bi=s 

wi~hi~ the ACS module. 
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FIGORE 11 is a sample sequence model in which the sequence-

model states from FIGURE 3 have been grouped into two groups that 

share ACS modules based on the sharing diagram of FIGURE 10. ACS 

module 1100 is associated with one of states 000, 011, o= 110 at: 

any given point: in time. ACS module 1101 is associated with one c: 

the remaining three st:a:es at any given point in time. Trans:tic~ 

1102 either represents the transition from state 000 to it:sel: c:: 

ACS module 1101 currently is in state 000), or it rep=esents the 

transition from state 011 to state 100 (if ACS module 1101 

cu:::rently is in state 011 l . Transit ion 1102 can be described by 

the following table: 

Cu:-:-ent Next: Expect:ed Sample I 
Sr a - "" ~ .. ::i-"" hi .. Es .. i.,.,a-.,.d C':.a'1r, 0 l Bi,. 

ODO coo 0.0 I 0 

011 110 a.a I 1 

For example, if ACS module 1100 internal state memory b~ts 

indicate that it rep=esents state 011 at a particula= time, then 

the self-loop on that module has an expected sample of 0.0, an 

estimated channel bit of 1. Should that path be selected, the~ the 

next state to be represented by that ACS module is 110. Note that 

if the p=esent state is 110, then the self-loop from ACS module 
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1100 to itself does not exist and some means must be provided to 

prevent its selection. 

Similarly, transition 1103 can be represented by the following 

table: 

Cu:::-rent. 
Sr a- ... 

000 

011 

110 

Next 
S .. a .. ,,. 

001 

111 

100 

Expected Sample I 
~S~~marPd rhaMn"'l g•-

0.5 I l 

0.5 I O 

-1. a I O 

Transition 1104 can be represented by the following ta~:e: 

Cu:-ren:. Nex:. Expec:ed Sa:n?le I 
.S .. a ... .a Sta~/::& Es .. ; r.'! .. .od Ch=!'.":::"'.!. '::!. -..,_ 

111 111 0.0 I 0 

100 001 0.0 I 1 

Note that if the p:::-esent state is 001, then the self loop does 

not exist and some means must be provided to prevent its sele=:io~. 

Transition llCS can be represented by the =allowing table: 

Current 
St.a:e 

Next 
State 

Expected Sample I 
Es:ima:ed Channel Sir 
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0.01 011 -1. 0 I 0 

111 110 -0.5 I 1 

100 000 -0.5 I O 

Each path in FIGURE 11 is now in effect labeled with a table 

showing the expected sample labels and the estimated channel bi: 

{to be output to the path merno=yl labels and tne next state :a= 

each of the possible states that may be re?resented by the ACS 

module f=om which the path originates. 

The block diagram in FIGURE 12 shows an implementation of a 

reduced-ccmplexit.y Viterbi dernod~lator for E?R4 signals with d c • 

si~pli:ied in accordance with the sharing diagram of FIGuR'S 10 a~= 

t.he grou?ed sa:':l?le seque:.ce model of F!GURS 11. There a:=e c::-.ly ::;.;:;, 

ACS modules, each having only two sequence-model transit.io~s to 

select. between and each representing one of three states at. a~y 

particular time. There are only 4 branch error metric generato=s 

even though there are 5 different expected-sample values as pa~~ 

labels. This is possible because the tot.al number of paths in the 

state machine of FIGURE 11 is only 4, implying that it is never 

case that branch error metrics for all 5 expected sample values 

will be needed simultaneously. The expected sample memory stc:=es 
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the expected sample labels from the tables for each path in FIGURE 

11. 

FIGURE 13 is a sample sequence model for a par~ial-response 

class IV (PR4) signal without RLL constraints. The corresponding 

partial-response polynomial is (1 - D) {l +DJ, and the expec~e~ 

sample sequence for an isolated medium transition is l, 1. F:G~RE 

14 is a sharing diagram for the sa~ple sequence model of FIGURE 13 

under the condition that all error events of distance less tha~ or 

eq~al to the square root o: 2 are resolved prope=ly for a pa~h 

length of P • 10, i.e. are resolved as they would be by a full 

Viterbi demodulator with one ACS module per sequence-model sta~e. 

FIGUR~ 14 shows that t~ere is a unique grouping for a grouped 

sa~ple sequence model with a ~inimum number of ACS modules: i.e. 

states 1 with 2; and states 3 with 4. 

FIGURE 15 is a sharing diagram for the sample sequence model 

o! FIGURE 3 (EPR4, d•l) unde= the conditions tha: all e==c= eve~:s 

o= distance less than or equal to 2 and all error eve~~s tha: 

correspond to drop-out or drop-in error even~s (more thoroug~ly 

described later) are resolved properly with a path length o:? ~ 6. 

FIGURE 15 shows that there is a unique minimum-ACS grouping fo= 

this case: i.e. states 100 wi:~ 001; states 110 with 011; state 

000; and state :11. 
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FIGUR! 16 is a sample sequence model for an extended partial­

response class IV (EPR4) signal without RLL constraints. The 

corresponding partial-response polynomial is Cl - D} (1 + D)~2, and 

the expected sample sequence for an isolated medium transi~io~ is 

l, 2, 1. FIGURE 17 is a sharing diagram for the signal model o: 

FIGURE 16 under the condition that all error events o: dista~ce 

less than or equal to 2 are resolved prope~ly wi~h a pa~h le~g~h o: 

? • 10. There is only one ACS module th~~ can be shared among ~wo 

sta~es in this case: i.e. states 3 and 4. 

FIGURE 18 ~s a sarr.ple sequence model for a partial-response 

class IV C?R4) sig~al with an RLL constrai~~ of d • 1. ~he 

expected sample seque~ce for an isolated medium transition is :, 

FIGURE 19 is a s~aring diagram for the sample sequence mode: o: 

FIG0?2 18 unde= the condition that all error events of distance 

less than o= eq...:al to the square root. of 2 a::-e :;esolved prope:::-ly 

wit.h a path length o: P - 10. This same sharing diagram applies 

when the added condition cf prope:; resolution of drop-in·a~d dro?­

out e::-ror eve!'\~ s is a?pl ied. Like FIGURE 14, FIGURE 19 s!":ows t.l":.e.: 

there is a unique minimum-ACS grouping: i.e. states 1 with 2; a~d 

states 3 with 4. 
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FIGURE: 20 is a sample sequence model for an RLL constraint of 

d - l and a signal model having a partial-response polynomial of (l 

- 0) (1 + D}~3. The corresponding expected sample sequence fa= an 

isolated medium transition is 1, 3, 3, 1. 

FIGURE 21 is a sha=ing diagram for the sample sequence model 

of FIGURE 20 unde= the condition that all erro= events o: distance 

less than or equal to the squa=e root of 10 are resolved as they 

would be by the full Viterbi demodulator, with a path length o: ? c 

11. The sharing diagra~ o: FIGURE 21 indicates that the states ca~ 

be grouped in the following three groups each shari~g an ACS 

module: l, 3, 8, a:ld 10; 2, 4, and 6; 5, 7, and 9. It is also 

clear that no grouping can be made into less than th=ee shari~g 

groups, since states 1, 2, and 5 have no connections with or.e 

another and must end up in separate groups. FIGURE 22 is a block 

diagram of such a three-ACS implementation. 

There are many sha=ing arrangements for the sample sequence 

model of FIGURE 20 tha~ have four or more ACS modules. ·One of 

special significance is the pairing: 1 and 10, 2 and 9, 3 and 8, 4 

and 7, 5 and 6. This arrangement requires five ACS modules to 

implement, but has the advantage that the magnitude of all expeste6 

samples within the same sequence-model transition is constant 

regard.less o: the cu:::-re!i: sequence-model state withi~ the se:::;·..:e:::::e-
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model ~tate group. This may allow the branch metrics to be 

partially precomputed with minimal additional hardware, which may 

reduce the time required for each iteration to be processed, 

because only the sign of the expected sample depends on the cu=re~: 

sequence-model state. FIGURE 23 is a block diagram o= such a !ive-

ACS i~?le~e~ta:ion. 

F:GD~E 24 is a sharing diagram of the sa~ple sequence model o: 

FIGU:?.::: 2 0. ! t. uses the conditions o: FIGU?~ 21 wi:.h adde::! 

resolved. O~e rnini~~m-ACS groupi~gs for t~is sa~ple seque~ce ~ace~ 

requires the :o:lowing 6 ACS modules: sta:.es 1 and 8; s:.ates 2 a~c 

6; s:.a:.es 3 a:1d ::.o; s-:.ates 5 and 9; st.a:.e 4; and st.a:.e '. 

FIGU?~ 25 is a gene=i= block diagram cf a seqJe~ce de~oc~:a:.c= 

in w~i=~ some or all of the ACS modules are associated with 

mul:i~le sta:.es. The state t=ansitions block dete=rr.ines, fo= eac~ 

ACS module a'.: ea=h iteration, which of its associated sta'.:.es .~ 

should re?rese~~ a: the next iteration based on the selected bra~=~ 

into t.ha '.:. ACS mod~:e and the p=esent state of the ACS module 

which the selected branc~ originates. The branch labe~ selec:io~ 

block determines the app=op=iate branch labels for ea=h bra~c~ 

based U?O~ the presen'.:. state represented by the ACS module fro~ 
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In general, trade-offs may need to be made between the 

complexity reductions allowed by this invention and other 

considera~ions such as circuit timing. For example, the 5-ACS 

implementation of FIGURE 23 may have advantages over the appa=e~:ly 

less complex 3-ACS implementation of FIGURE 22. 

One o: the non-idea~ aspects of so~e mediu~, o: some magne:i= 

recordi~g medium for example, is the prese~ce o: small regions o~ 

the mediu~ tha: do not make tra~sitions, e.g. mag~etize, as 

desi::ed. Such a medium de!ect can result in the a:te~ua:io~ c:: 

complete suppression of the analog read signal over a small ti~e 

interval. Or, it may result in spurious pulses in the analog ::ea~ 

signal caused by the transition between a mag~e:ized regio~ a~d a 

defect regio~. A drop-cu: error is an error in which a writte~ 

transition is not detected, while a d=op-in error is an erro:: in 

which a transition is falsely detected where none was w=itte~. I~ 

a situation where medium defects tend to cause drop-o~t or drop-i~ 

errors, it may be important for the sequence demodulator to ha~cle 

drop outs and drop ins to the best of its ability. If so, drc::;--o:..:: 

and d::op-in errors need to be characteri~ed and included in :~e se: 
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of error events for which the reduced-complexity detector performs 

as well as the full Viterbi detector. 

We characterize an error event as a drop-out if the estimate~ 

channel bit sequence contains a 0 indicating no transitio~ in eve=y 

position where the correct channel bit sequence contains a 0, a~G 

if the estimated channel bit sequence cor.tains ze=os in one o= more 

positions where the correct channel bit sequence contains a -

i~cicati~g that a transition was written. An error event is 

charac~erized as a drop-in when the same error event would be a 

drop-out if the roles of the correct and estimated channel bit 

sequences were reversed. Since either path in an error eve~~ is a 

leaa: choice for the correct pa:h, the inclusio~ o! all d=o?-c~: 

e==o= events in the subset of interest automatically includes al: 

drop-in e=ror events. The events that are not included are :~=se 

tha: represent some co~bination of drop-outs and drop-ins wi:ti~ 

the sa~e error event. The sharing diagrams in FIGURE 15 and F:~u~~ 

24 show the allowable sharing of ACS modules for two differen: 

signa: models when drop-out and drop-in error events are included 

in addi:ion to mir.imu~ distance error events. 
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. 
Partial-response channels are linear systems, but the use of a 

finite state machine model for a signal source does not necessa=ily 

presuppose a linear system. Whether or not a state machine 

represents a linear system, a Viterbi detector may be buil~ tc 

match the state machine model and select surviving paths throu;~ 

the associated trellis. The present invention applies to sue~ 

detecto=s for nonlinea= channels just as well as it applies to 

Viterbi detectors for linear channels. 

FIGURE 26 shows a sample sequence model for a system with a 

nonlinear write/transmit channel, medium response, and/or 

read/receive channel. The type of nonlinearity described here is a 

si~plifica:ion of a nonlinearity a=tually exhibited by some ha=d 

disk medium a: high recording densities. 7he sampled response o: 
this system to an isolated transition is 0, 1, l, 0, as wo~l= =e 

the case fo= a PR4 channel. But because of system nonlinea=i:.ies, 

adjacent transitions mutually reduce the amplitude of the reac'..ba::~: 

pulses for each transition by an amount greater than would be 

predicted by linear superposition of the pulses. If a t=a::.si:.ic:-: 

has a neighboring transition in the adjacent b ; .. -. positions 0:-1 

either but not both sides, then its response pulse is reduced i:-: 

amplitude so that the sam?le values are 0, a, a, 0 for some a<l. 

!f a transition has neighboring transitions in the adjace::.t b::. 

positions on both sides its amplitude C 
... .,, 

... -.... ·-
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sample ..values of 0, b, b, 0 for some b<a. The binary state labels 

may represent a four-bit record of the state of the medium. If the 

location of a transition is associated with the first nonzero 

sample of the resulting pulse, this state machine incorpo=ates one 

bit look-ahead in the sense that the rightmost digit in the state 

label indicates the state of the channel in the bit position 

following the one whose transition response is just beginni~g. 

This is necessary in order to determine whether or no~ the curren~ 

transition is reduced in amplitude by a succeeding transition. 

However, this look-ahead is only conceptual, since we could jus~ as 

well have associated each transition with the sample just be:ore 

its res?onse pulse began. 

7he nonlinear behavior modeled in F:GURE 26 red~ces the 

mi~irnurn distance for this model as compared to the mi~~m~~ dis~a~ce 

for the PR4 model, which is the square root of 2. It also crea~es 

a situa:ion in which there are potential error events o: dista~ce 

sligttly greater than minimum distance but close enough to mir.imu~ 

distan=e that it may be important to include them in the· se: 

considered to be of in:erest in Step 3 of the simplification me~~od 

above. Therefore, the optimal ACS sharing possibilities in the 

sa~ple sequence model of FIGURE: 26 depend on the nonlineari:y 

parameters a and b, as well as on the distance chosen as the 

thresho~d for error events of interest. They may also depend c~ 
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the coding constraints, such as RLL encoding, and the path-memory 

length selected. FIGURE 27 shows a sharing diagram fo= the sample 

sequence model of FIGURE 26 for the case of ac0.85, b-0.7, P-8, and 

including all potential erro: events of distance less tha~ o= equal 

to the square root of 2 (the minimum distance of closed potential 

e~=o= even~s in this case is 0.85 times the square ~oo~ o: 2). The 

sha=ing diagra~ of FIGURE 27 shows that a minimum-ACS detecto= fa= 

this sa~ple sequence model can be implemented by 10 ACS modules as 

:allows: states 0 with 13; states 1 with 12; states 2 with 15; 

states 3 with 14, states 6 with 9; states 7 with 8; state 4; state 

5; state 10; and state 11. 

ci-o- .. ,....-c:: 

In situations where the information rate is low relative to 

the instruction execution rate of an available processor, it is 

possible to demodulate samples of an analog read signal using a 

multip~=pose processor executing appropriate software.· w~~ile S
, ....... .., ............... 

an implementation does not have ACS modules, where a "module" is a 

hardwa=e unit, is does have ACS routines that perform, as a 

sequence of instructions on the processor, a series of add, 

compare, select functions that are equivalent to the functions o: a 

hardware ACS module. The techniques presented herei~ are 
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applicable to reduce the numbe= of executions of such ACS routines 

required to process each sample taken, thus speeding up the maxirnu~ 

sample rate that a given processor can support. It is possible 

tha~ this speed up could, in a particula= situation, make a 

sof~ware implementation of a Viterbi demodulator prac~ical whereas 

without the simplification of the present invention and its 

associated speedup a hardwa=e demodulate= would have been re=~~=e=. 

Besides the potentially lower im?lernentetion cost of such a 

sof~ware demod~lator, a software imple~entation would provide 

potentially very advantageous flexibility in the choice of sa~?le 

models and encoding constraints. 

For some applications, it is preferable to impleme~~ a 

seque~ce detec~or such that one can vary the sa~ple seque~ce 

expected due to an isolated transition. Figure 28 illustra:es a 

six state machine model with a program.~a~le expected sec:f~e~ce c: 

samples a, b, c, a~d Figure 29 illustra~es a ten state mach:ne 

model with another programmable expected sequence of samples a, b, 

l, c. The sample sequence a, b, 1, c can fit any signal mode: o: .:; 

or fewer samples per isola:ed medium transitio~. The values c: a, 

b, and c should be allowed to range fro~, say 0 to 2, so :.ha:. - ....... ,,;:,, .. -.... - .. : 
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can be-chosen such that the constraint that the th!rd expected 

sample is 1 is a mere matter of normalization. For example, 

allowing a and c to range from 0 to approximately 0.5 and allowing 

b to range from 0 to approximately 2, allows the sequence a, b, 1, 

c to cover any pulse shape that may reasonably be ex?ected to be 

p=oduced by inductive magnetic read heads over a range o: recording 

densities. 

A significant implication of the prog:::-a::i..~ability o: t~e 4-

sample detector involves cor.bining some of the special cases t~at 

were treated in the prior art as quite distinct. If one sets a, b, 

1, c to 0, 1, :. , 0 or.e has a detect a::.- fo:::- ?R4. If one sets a, b, 

1, c to 0, 0.5, l, 0.5 one has a detector for E?R4. 7he point is 

that ?R4 and E?R4 and 4-sarnp!es would ordinarily eac~ have their 

own distinct state machine model, and thus their own architect~re 

of ACS modules. The sample model program.~ability cf the p=ese~t 

i~ven~ion suppo=ts the PR4 o= the E?R4 (o= one of numero~s othe= 

signal models) cases with a single detector o= demodulate= 

The use of a programmable sequence detector allows a great 

va= ie-:.y o: retry st ra teg ies to be implemen· · ::i. When used in 

combination with a programmable equalize=, diffe=ent equalization 

ta=gets can be set fo= both the detector and the equa:i=e= for 
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attemp~ed rereads of a data record. For example, one could begi~ 

with the detector set for a side-sampled isolated pulse of 1, 3, 3, 

l and the equalizer programmed to provide such a pulse. Upo~ 

failure to read a da~a record one could then switch to the ce~:e=­

sampled pulse of l, 2, 1, alter the equalizer to provide sue~ a 

~~lse and attempt to read the data record again. 

The use of a p=ograr.~able sequence detec:or also has the 

be~efit that the optimum equalization target may not be the sa~e 

for every part of the recording medium. The inside track o: a 

magnetic disk may need a different pulse shape for best pe=fo=~a~ce 

than the outside track. Also, for disks with multiple heads and 

recording s~rfaces, the optimum pulse shape may be differe~t fo= 

each head. A prograr:tmable detector allows eac~ track of ea=~ 

parame~ers. 

A programmable sequence detecto= may be built using ~he A:S 

shari~g p=inciples of this invention. In this case, care s~o~:~ ~e 

take~ to insu=e tha~ the chose~ sharing a=rangeme~~ is al:owed :2= 

all possible program..~ed values of the expected samples. 
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subset.of potential error events for which you would like to 

preserve the error-handing performance of the full Viterbi 

demodulator. 

For our EPR4 example, we choose to include the set of 

potential error events whose distance is less than or equal to 2, 

since 2 is the minimum distance of all closed potential e=ror 

events and there exist no open potential error events longe= tha~ 

our path memory o: distance less than or equal to 2. Using the 

E~clidean norm, the distance of an er=or eve~t is the square roct 

of the sum of the squares of the differences in each element 

between the two codewords comprising the error event. From our 

exa~ple list in step 3, the following 3 potential error events o: 

lengt~ 4 are selected: 

COD.E:W("):::i, 11 

0 1 2 1 

l 2 1 0 

0 l 2 0 

1 2 1 0 

0 l 2 0 

STAI;: S£0t1:::Nc:::-

0 0 1 3 7 

0 1 3 7 7 

0 0 l 3 6 

0 1 3 7 7 

0 0 1 3 6 

DISTANC::: 

2 (closed) 

1.732 (open) 
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handled properly. The longest potential error event at this 

distance spans six frames of the original single-sample trellis. 

The same potential er:o: event may span parts of four frames i~ the 

double-sample trellis, so for this sharing diagra~ the path le~gt~ 

was taken as P•8, meaning that potential error events up to e~g~t 

samples long were considered. Since the samples are processed i~ 

pai:s, only potential error events o: even length are considered. 

Note tha~ the sharing allowed in this case is identical to the 

sharing allowed when the same sample se~~ence model is a?plied one 

sample at a time. 

Both grouping cf se~~ence-rnodel states to share ACS modules 

and modifica~ion of sa~ple sequence models to process multiple 

samples per transition can be implemented in the same se~~ence 

detector. FIGURE 32 is a diag::-am showing how states f::orn FIG'1?.::: 30 

may be g=ouped to sha=e two ACS modules. Each ACS mod~le handles 

fou= i~pu: paths. Note tha: the=e are parallel paths in the 

figure. Fo::- exa~ple, if state 011 is currently represented by :he 

ACS mod~le fo::- the left-hand group of states, then branch 33 

represe~ts a b:-a~ch f=om 011 to 100 with a label 0, -2/l, 0, w~~le 

branch B4 represents a b::anch from 011 to 111 with a label 1, 0/0, 

C. Each o: these branches represents a possible sequence mode: 

transi:icn and both mus: be considered when the surviving path is 

selected by the ACS module to which they go. FIGURE 32 implies a~ 
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archit·ect.ure with which a sequence detect.or may be implemented fo= 

E?R4 signals wit.h d•l at. a processing rate of one-half "the sample 

rate. 

FIGURE 33 shows a ten-state modified sample sequence model fa= 

pa=tial response signals co=responding to the polynomial Cl-

D) Cl+D)A3 with a minimum run length constraint of d•l. This ~odel 

is modi=ied from FIGURE 20 in that each sequence model transition 

in the modified model =e?resents the combination of two consec~tive 

sequence model transi:ions in the original model of FIGURE 20. 

labels in FIGURE 33 indicate pairs of expected samples and pairs of 

corres?onding es~imated channel bits. 

When the sa~?le sequence model of FIGURE 33 is analyzed to 

determine allowable sharing of ACS modules, the result is the same 

as for the single-sa~ple case. For prope= resolution of all 

po:e~tial e=ror events of distance less than or equal to the scr~a=e 

root a: 10, the sharing diagram is as shown in FIGURE 21. 

FIGURE 34 is a diagram showing how states from FIGURE 33 may 

be grouped to share three ACS modules. Each ACS module handles 

three input paths. In this case, no parallel paths are requirec. 

FIGUR~ 34 implies an architecture with which a sequence detector 

may be implemented for partial response signals correspo:iding 
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the pqlynornial (1-D) (l+D)~3 with d•l at a ACS module cycle rate of 

one-half the sample rate. 

FIGURE 35 is a diagram showing how st.ates from FIGURE 33 may 

be grouped to share five ACS modules. Each ACS module handles two 

or t.hree input paths, and no parallel paths are required. FIG'J? . .:: 

34 shows how a sequence detect.or may be implemented for partia: 

response signals corresponding to the polynomial (1-D) (l+DJ~J w~-~ 

d-1 at an ACS module cycle rate of one-half the sample rate. As ·~ 

the unmodified or single-sample case, t.he branch labels in t~is 

architecture only depend on their state of origin for their si;~s, 

allowing partial precomputation of the branch metrics. 

FIGUR.:: 36 shows a modified four-state sample seq-Jenee model 

for PR4 signals without run length constrai~ts. This model ct.i::e=s 

from FIGURE 13 in that each sequence model transition in t..his ,..j • mo._e_ 

represe~ts the combination of two consecutive sequence model 

transitions in the o::iginal model a: FIGU~ 13. The labels .:..~ 

FIGU?..E 36 .indicat.e pairs of expected sa~ples and pai::-s of 

corresponding estimated channel bits. 

When the sample sequence model of FIGURE 36 is analyzed to 

de:e=~~ne allowable sha::ing of ACS modules, the result is the sa~e 

as fo= the single-sample case. Fo:: prope:: resolution of all 
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potentlal error events of distance less than or equal to the square 

root of 2, the sharing diagram is as shown in FIGURE 14. 

FIGURE 37 is a diagram showing how states from FIGURE 36 may 

be grouped to share two ACS modules. Parallel paths are requi=ed, 

and each ACS module handles four input paths. FIGURE: 37 shows ho~ 

a sequence detecto= may be implemented for PR4 at an A~S modu:e 

cycle rate o: one-half the sample rate. Note that in the p=io= 

art, seq-~ence detectors for PR4 have been built by de-interleavir.g 

the sample sequence into two sub-sequences, each of which is 

demodulated independently using a Viterbi detector for a (1-Dl 

partial response signal. The processing rate in each interleave is 

one-half the sa~~le rate. This de-interleaved demodulation is 

possible fo= PR4 because the PR4 polynomial (1-D) (l+D) - (1 - D~2l 

contains only even powers of D, and there:ore the dependence 

be~ween samples is restricted to samples in the same inte=leave. 

The present invention gives an alterna~ive way to achieve 

pa=allelism and reduce the processing rate in PR4 sequence 

demodula~ors. 

In the claims to follow, the word detector is used in the 

general sense to denote any sequence detector, whethe= used fc= 

demodula~io~, decoding or otherwise. 
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While preferred and alternate embodiments of the presen~ 

invention have been disclosed and described in detail herein, it 

will be obvious to those skilled in the art that various changes i~ 

form and detail may be made therein without departing from the 

spirit and scope thereof. 
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% script file shareacs.rn generates a list of codewords for a given state 
% machine and identifies all error events (startinq in the same state and 
% differing in the first transition) . Then it goes through all error 
% events, screens them against some specified criteria, and deter:nines 
% which states in the state machine can share an ACS unit and path memory 
% without compromising the detector's ability to handle the specified set 
% of error events. It can also analyze the allowable sharing under the 
\ conditions that 2 or more samples are processed per clock cycle. 
\ 
\ The state machine is described by a combined transition/input matrix, A, 
\The matrix is square, and the i,j element is the expected sample for the 
\path from state i to state j. I! there is no path from state i to state 
\ j, th~ matrix A should contain a NaN in the i,j position. A correspcncinq 
\ matrix 0 gives estimated channel bit for each tran!lition !!pecifie= in A 
\ (the element..s of 0 that don't correspond to t:ansition.:i in A a=e don't 
% cares). 
% 
\ Richard T. Behren.::i, February 1992. 
\ 

form.at compact 

' \ Accept u.::ier input to define the problem: 
\ 
clc 
A - input('Ente= the state tran.:iition/input matrix: '); 
0 • input('Enter the output ~~trix: 'l; 
nclock - input ('Enter the num~r of .:1ar.:ple.s to proce!l!I pe= clock cy:::le: 'l : 
N:n.ax - input('Enter the decode= path lengt.h: '); 
if (rem(Nmax,nclock>--OJ 

erro= ('Path lengt.h mu.:1t be a multiple of the number of ::ia..-nple.:i per c.:.oci<.. 'l 
end 
no~type • input ('Enter the de!lired nor:n (u.se 2 fo:: Euclidean l : 'l : 
disp('No~ specify what types of error events you want to include: ') 
disp{' (ll Events with di!ltance <•a qiven "critical" di.::1tance. ') 
disp(' (2) Event!! that can be characterized a!I dropouts.') 
di!!p ( I I) 

critdist - input (•Enter the "critical" di!ltance: 'l: 
savedrop - input('Include dropout error!! (0/ll? '); 
if !lavedrop 

dl - input{'Max number of dropped out 
el!le 

dropout • 0: 
end 

bit!! to consider: 

_,. 

I); 

tellwhy - input('Do you want exa~ple!I of why each !lha::e i.:i forbidden (0.'ll? 'J: 

n - lengt.h(A); 
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{T,I,DJ • statconv(A,O,nclock); 
format· 

l convert the state machine to anothe: 

3haretable - ones(n,n); \begin by assuming all 3tat.e3 are :shareable for N • nclock:nclock:Nmax \ for each len~h of codeword 
disp(('Considering codewor~ of length • int2str(N)]} 
for i - l:n \for each starting state .•. 

disp{('Working on error events that start in state • int.2str(il]l 
tidx • findCT(:,l)••il: \find all transition!! from 3tat.e i :stateseqs - T(tidx, :) '; \keep track of state sequence!! ... 
cws - I(tid.x, :) '; \and codeword3 ... 
output!!• D(tid.x,:) '; \and channel bits. 
(du.mrny,M] - size(cw3); 
for k • (2*nclockl :nclock:N 

new:state!!eq3 • (]; 
newcw:s - (]; 

end 

newout.put:!I - (]; 
for j - l:M 

end 

tidx - find(T(:,1)-•:!Jtat.e!leq!!(k/nclock,j)); 
:stateseq - .:stat.e.:seq!!(:,jl*one.:s{l,len~h(tidx)); 
new:state:seq.:s - [new:state!!eq!! (.:stateseq; T(tid.x,2) ']]; 
cw• cw.:s(:,j)*ones(l,len~h(tidx)); 
newcws • (newcw.:s (cw; I (t.idx,:) ']); 
output~ output.3(:,j)*ones{l,len~h(tid..x)); 
newoutput..:s - [newout.put!I (output; D (tidx, : l ']]; 

.:state.:seq!! - new.:stat.eseqs; 
CW!! - newcw3; 
outputs - newoutput.s; 
(durn:ny,H) - 3i~e(CW!!); \ codewo:d!! of length k f:om .:st.ate -

\ now we have a li!!t of all M codewo:d~ that .:start from .:state i, 
\ and we can investigate all the error event..:s that begin in 3tate -· 

forj-l:(H-1) 
fer le - (j+l) :H 

if (state~eqs(2,jl--.:state.:seq:!l!2,kl) \if pai: i.:s an erro: eve~t 
di~t - no::n(cw3(:,j)-cw3(:,k),normtypel; \ find di3tan=e 
if .:savedrop \ check for dropout/dropin event 

d:opout - i3d..:op(output3(:,j),output.s(:,k),·dll; 
dropout - dropoutlisdrop(outputs(:,k),output3(:,jJ,dl): 

end 
if (d.i~t<:::ritdi~t:.) I dropout. % if a:i event. of inte::e!S:. 

sti - 2: \ 3t.art at the beginning of the error event. 
while (3ti<•CN/nclock+l)l % until the event clo!!e3 

if (stateseq3(sti,j)-•3ta:e3eq3(sti,kll 
3tj - !ltateseqs(3ti,jl: 
.:stk • stateseqs(:sti,kl; 
if ~haretable(~tj,~~k) 

!!haretable(3tj,!ltkl - 0: ' .:share not a:lowe~ 
di!!p(('Marking non3hareable 3tate pdir: 
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clc 

end 
e:1d 
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int2.str(.stjl ', ' int2.str(.stk)]) 
if tellwhy 

end 
end 

di.sp('An error event needing thi:s pair: 'l 
di.sp ( 'Codewords: 'l 
di.sp ( ( cw:s ( : , j) cw.s ( : , k) J ' ) 
di.sp('State .sequences: 'l 
di.sp([.state.seq.s(:,j) .state.seq.s(:,k)] 'l 
disp ( 'Output:s : ' ) 
di.sp ([outputs (:, j) outputs (:,kl l ') 
disp(['Di.stance • 'num2.str(di.st)]l 
if dropout 

disp('This is a dropout event.') 
end 
pause 
clc 

st.i .. .sti + l; 
else 

break 
end 

sharet.able - .sharetable&(.sharet.able'l; 
di:sp ('Sharing table: •) 
di::sp ([nan 1 :n; [ (1 :n)' .sharetable] l) 

-----------~-~--------------------------------~-----------------------
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function dropout - isdrop(outl,out2,dl) 
\ dropout • isdrop(outl,out2,dl) reeurn= a 1 if the error between 
\ binary =equences outl and out2 can be characterized as a dropout, 
% otherwi=e returns a 0. A dropout is indicated when: 
\ (1) every 0 in outl is O in out2 (no drop in or =hiftl 
% and (2) at least one l in outl is 0 in out2 (dropout) 
% and (3) not more than dl ls in outl are 0 in out2 (not too manyl 
% 
\ If dl is not supplied, it is taken as infinity. 
% 
% Richard T. Behrens, February 1992. 
% 
if nargin<3 

dl - inf; 
end 
nL:.mdrop - s~~((outl••ll&(out2••0l); 

dropout .. (-any ( Cout.l••Ol & (out.2-.. li J l ' Cnwnd::op>Ol & (numerop<-dll; 

-----------------------------------------------·-------------------M--
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funct~on [T,I,D] • statconv(A,0,n) 
' [T,I,0] • statconv(A,O,n) conve:ts a state machine from the input format 
' used by shareacs.m (and described therein) to a format suitable to 
\ describe state machines that process n samples per clock cycle. The 
'new format consists of three matrices. Tis a list of transitions, with 
% one row for every transition path in the machine, and two columns 
\ containing the state numbers that the transition path comes from and 
% goes to. I is a list of input labels (expected samples}, with one row 
% for every row in T, and one column for every sample processed in one 
% clock cycle (n) . D is a list of output labels (channel bits) in the 
% same format as I. 

' % Richard T. Behrens, February 1992. 

ns - lengt:h (A) : 

T- ();I-[]; D- (); 
for i - l:ns % for each starting state 

end 

trans - findC-isnan(A{i, :))); \find valid transitions 
stateseqs • trans; \ keep track of state sequences 
cws - A(i,transl: \and input labels ... 
outputs - O(i,trans): \ and outpu: labels. 
M - length(cws); 
fo:: k - 2:n 

end 

newstateseqs - []; 
newcws - []; 
newoutputs .. []; 
for j - l:M 

trans .. find(-isnan(A(stateseqs(k-1,j), :))); 
state!!eq - stateseqs(:,jJ•one3(l,lenr;rt:~(tran3J); 
new3tateseq3 • (newstate3eqs (:stateseq: tran:s]]; 
cw - cws(:,j)•ones(l,length(tran3)); 
newcw:s - (newcw:s [cw; A(stateseq(k-l),tran3J]]; 
output• outputs(:,j)•ones(l,length(trans)); 
newoutputs - (newoutput:s [output; O(state3eq(k-l),tran3))]: 

end 
:stateseqs - newstateseqs; 
cw:s • newcws; 
output:s - newoutputs: 
[dumrny,M] - size(cws): % number of codewords of length·k fro~ :s~a~e -

\ add the length n codeword3 to the tran:sition path li:s~ 
! .. (I: CW3 ' ] : 

T .. [T; [i•ones (M, ll 3tate:sec;:s (n,: l 'J J: 
D [D; outputs']; 

----a·-------~---~----------~----~----M------------------------------~ 
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Sometimes the reql.:ired sample rate and corresponding channel 

bit rate exceed the maximum ACS module cycle rate, i.e. the rate at 

which a particular implementation of an ACS module can accept new 

actual sample values and select surviving paths. When this oc=urs, 

a means is needed to restructure the computations so that more 

processing may be done in parallel. This can be accomplished in a 

sequence detector by beginning with a suitably modified sample 

sequence mod.el. 

Consider the case where a doubling of the rate at whic~ an ACS 

module processes read-signal samples is sufficient. In this case, 

the sa~ple _sequence mode! is modified by considering each pair of 

possible consecutive sequence model transitions as a single sta~e 

transition in the modified sample sequence model. All seque~ce­

model transitions of the modified sample sequence model rep=esen~ 

all possible consecutive pairs of transitions from the original 

sample sequence model. The modified detector accepts a pair a: 

samples of the analog read signal, generates branch metrics by 

comparing the received sample pair to expected sample pairs fo= 

each branch, adds the compound branch metrics to previous path 

metrics and selects the surviving paths. In effect, the samp:e 

sequence model is modified to accept and process multiple samples 

per state transition, and the fundamental frame of the 
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corre~ponding trellis is replaced by a modified fundamental frame 

whose branches represent all paths through two consecutive 

fundamental frames of the original trellis. 

The advantage of this modification is that the add, compare, 

select process can operate at one half of the sample rate. The 

cost of this modification is that the compound branch metrics are 

more complex to compute and that there may, in general, be more 

paths entering each ACS module. The comparisons among the greate= 

number of path metrics may be carried out in parallel, as may the 

computation of the compound branch metrics. As will be clear to 

one skilled in the art, an analogous modification can be used to 

process 3 or more samples in parallel per cycle of the ACS module. 

FIGURE 30 shows a six-state modified sample sequence model :o= 

EPR4 with a minimum run length constraint of d•l. This model 

differs from FIGURE 3 in that each sequence-model transition in 

this model represents the combination of two consecu~ive sequence 

model transitions in the unmodified sample sequence model of F!GU~~ 

3. The labels in FIGURE 30 indicate pairs of expected samples a~d 

pairs of corresponding estimated channel bits. 

FIGURE 31 is a sharing diagram obtained when we req-Jire that 

all potential error events of distance less than or equal to 2 be 
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What is claimed is: 

1. An integrated circuit synchronous read channel for 

receiving digitized read signals representing samples of a 

read signal of a magnetic storage device and recovering 

digital data represented thereby comprising: 

a transition detector for detecting amplitude pulses of 

the digi"tized read signals indicative of storage media 

transitions and for generating an output signal representative 

of the amplitude pulses, said output signal being a sequence 

of binary digital signals; 

timing recovery circuitry responsive to the digitized 

read signal and the output signal of the transition detector 

to provide a timing control signal for controlling the timing 

of digitized samples of the read signal; 

a sequence detector responsive to the digitized read 

signals for receiving as stream of the digitized read signals 

and determining a corresponding sequence of binary digital 

signals likely to be represented thereby, said sequence 

detector including a path memory means for constructing 

sequences of binary digital signals, a comparison means for 

comparing the received read signai to a set of predetermined 

ideal read signals, and a selection means for selecting one of 

said set of ideal read signals which resembles the received 

read signal and for selecting a sequence of binary digital 

signals from the path memory means which corresponds to the 

selected ideal read signal; 

an RLL (d,k) decoder for providing a run length limited 

decoded output by decoding the selected sequence of binary 

digital signals from the sequence detector or for providing a 

run length limited decoded output by decoding the sequence of 

binary digital signals from the transition detector; 

control means for directing either the sequence of binary 

digital signals from the sequence detector or the sequence of 

binary digital signals from the transition detecto~ to the 

RLL (d,k) decoder. 
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2. The integrated circuit synchronous read channel of 

claim 1 further comprised of digital pulse shaping filter 

circuitry for modifying the digitized read signals prior to 

receipt thereof by at least one of (i) the sequence detector, 

(ii} the transition detector and (iii} the timing recovery 

circuitry. 

3. The integrated circuit synchronous read channel of 

claim 2 further comprised of delay means for delaying coupling 

of the digitized read signals to the transition detector or to 

the timing reciver circuitry to match a delay in coupling the 

digitized read signals to the timing recovery circuitry or the 

transition detector, respectively, imposed by the digital 

pulses shaping filter circuitry. 

4. The integrated circuit synchronous read channel of 

claim 2 wherein the digital pulse shaping filter circuitry 

includes variable filter parameters. 

5. The integrated circuit synchronous read channel of 

claim 2 wherein the digital pulse shaping filter circuitry 

modifies the digitized read signals using programmable filter 

parameters. 

6. The integrated circuit synchronous read channel of 

claim 1 further comprising the spectrum smoothing filter 

circuitry for filtering the digitized read signals prior to 

processing by the sequence detector. 

7. The integrated circuit synchronous read channe~ of 

claim 1 wherein the sequence detector processes two digitized 

read signals at a time, the two digitized read signals 

respectively representing digitized samples of a read signal 

of a magnetic storage device during two successive channel bit 

ti:nes. 
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8. An integrated circuit synchronous read channel for 

receiving read signals responsive to transitions in magnetic 

polarity stored in a magnetic storage device and recovering 

digital data represented thereby comprising: 

timing recovery circuitry responsive to the read signals 

to provide a timing control signal for recovery of the binary 

digital signal timing in the read signal; and, 

a sequence detector responsive to the read signals for 

receiving a read signal and determining the corresponding 

sequence of binary digital signals likely to be represented 

thereby said binary digital signals having a minimum run 

length constraint of d>O and said sequence detector comprising 

a path memory means in which sequences of bina::y digital 

signals are constructed, a comparison means to compare the 

received read signal to a set of ideal read signals, and a 

selection means which selects an ideal read signal which 

resembles the received read signal and thereby also selec~s 

the sequence of binary digital signals in the pat~ memory 

which corresponds to the selected ideal read signal. 

9. The integrated circuit synchro~ous read cha~nel of 

claim 8 wherein d=l. 

10. The integrated circuit synch~onous read cha~nel of 

claim 8 wherein said timing recovery circuitry comprises: 

timing error measurement circuitry for providing a timing 

error measurement sig~al responsive to the present qua~tity of 

bit timing error; 

timing correction circuitry for correcting the present 

timing in response to the timing error measure~en~ signal 

received from the timing error measurement circuitry; and, 

sensing circuitry for determining when the timing 

correction circuitry responds to the timing error measurement 

signal. 
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11. The integrated circuit synchronous read channel of 

claim 10 wherein the sensing circuitry is a transition 

detector for detecting pulses in the amplitude of the received 

read signal indicative of magnetic transitions on the storage 

media. 

12. The integrated circuit synchronous read channel of 

claim 10 further comprised of control circuitry for selecting 

either the sequence of binary digital signals from the 

sequence detector or an output from the sensing circuitry. 

13. The integrated circuit synchronous read channel of 

claim 8 further comprised of an RLL{d,k) decoder for providing 

a run length limited decoded output by decoding the sequence 

of binary digital signals from the sequence detector. 

14. The integrated circuit synchronous read channel of 

claim 13 wherein the RLL(d,k) decoder is an RLL{l,7} decoder. 

15. The integrated circuit synchronous read channel of 

claim 8 wherein the timing recovery circuitry includes a 

digital phase detector and a digital timing loop filter. 

16. The integrated circuit synchronous read cha~nel of 

claim 10 wherein the timing error measurement circuitry 

comprises a digital phase detector and the timing correctior. 

circuitry comprises a digital timing loop filter. 

17. The integrated circuit synchronous read channel of 

either of claims 15 and 16 wherein the timing correction 

circuitry provides a digital frequency control signal 

responsive to bit timing phase errors for direct coh~rol o: 

the frequency of a clock determining bit timing. 
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18. The integrated circuit synchronous read channel of 

either of claims 15 and 16 wherein the coefficients of the 

digital timing loop filter are programmable. 

19. The integrated circuit synchronous read channel of 

claim 8 further comprised of automatic gain control circuitry 

coupled to the read signals to provide a gain control signal 

responsive thereto. 

20. The integrated circuit synchronous read channel of 

claim 19 wherein the read signals are digitized read signals 

~epresenting digitized samples of the read signal of the 

magnetic storage device and wherein the automatic gain control 

circuitry includes a digital gain error detector responsive to 

the digitized read signal samples and a digital gain loop 

filter. 

21. The integrated circuit synchronous read channel of 

claim 20 wherein the digital gain loop filter provides a 

digital gain control signal for directly controlling the gain 

of a variable gain amplifier. 

22. The integrated circuit synchronous read channel of 

claim 20 wherein the coefficients of the digital gain locp 

filter are programmable. 

23. The integrated circuit synchronous read channel of 

claim 20 wherein the digital gain error detector provides a 

digital gain error measurement signal responsive to the 

difference between a progranunable desired signal level a.:-~d the 

digitized read signal. 

24. The integrated circuit synchronous read channel o: 

claim 8 further comprised of digital pulse shaping filter 

circuitry for modification of the digitized read signa::.s prior 
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to receipt thereof by at least one of (i) the sequence 

detector and (ii) the timing recovery circuitry. 

25. The integrated circuit synchronous read channel of 

claim 11 further comprised of digital pulse shaping filter 

circuitry for modification of the digitized read signals prior 

to receipt thereof by at least one of (i) the sequence 

detecto"r, (ii) the timing recovery circuitry, and (iii) the 

transition detector. 

26. The integrated circuit synchronous read channel of 

claim 25 further comprised of delay circuitry for delaying the 

coupling of the digitized read signals to the transition 

detector or the timing recovery circuitrx to match the delay 

of the coupling of the digitized read signals to the timing 

recovery circuitry or the transition detector, respectively, 

imposed by the digital pulse shaping filter. 

27. The integrated circuit synchronous read channel of 

either of claims 24 and 25 wherein the digital pulse shaping 

filter circuitry includes prograrrmable filter parameters. 

28. The integrated circuit synchronous read channel of 

claim 8 further comprised of spectrum smoothing filter 

circuitry for filtering the digitized read signals to reduce 

the effect of head bumps prior to processing by the sequence 

detector. 

29. The integrated circuit synchronous read channel of 

claim 28 wherein the spectrum smoothing filter includes 

programmable coefficients. 

30. The integrated circuit synchronous read chan~el of 

claim 28 wherein the spectrum smoothing filter includes 

programmable delays. 
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31. The integrated circuit synchronous read channel of 

claim 8 wherein the read signals are digitized read signals 

representing digitized samples of the read signal of the 

magnetic storage device and wherein the sequence detector 

processes two digitized read signals at a time, the two 

digitized read signals representing digitized samples of a 

read signal of a magnetic storage device during two successive 

channel bit times. 

32. The integrated circuit synchronous read channel of 

claim 8 wherein the read signals are digitized read signals 

representing qigitized samples of the read signal of the 

magnetic storage device and wherein the timing recovery 

circuitry processes two digitized read signals at a time, the 

two digitized read signals representing digitizec samples of a 

read signal of a magnetic storage device during two successive 

channel bit times. 

33. The integrated circuit synchronous read channel of 

claim 8 wherein the read signals are analog signals and the 

read channel includes sampling circuitry to periodically 

sa.~ple the analog signals. 

34. The integrated circuit synchronous read channel of 

claim 33 wherein the sampling circuitry includes digitizi~g 

circuitry to produce digitized read signals representing 

digitized samples of the read signal of the magnetic storage 

device. 

35. The integrated circuit synchronous read channel of 

claim 8 further comprised of a microprocessor interface and a 

plurality of control registers. 

36. A digital integrated circuit for receiving dig~tized 

read signals representing digitized samples of a read signal 
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of a magnetic storage device and recovering digital data 

represented thereby comprising: 

timing recovery circuitry responsive to the digitized 

read signals to provide a timing control signal for 

controlling the timing of digitized samples of the read 

signal; and, 

a sequence detector responsive to the digitized read 

signals· for receiving a read signal and determining a 

corresponding sequence of binary digital signals likely to be 

represented thereby said binary digital signals having a 

minimum run length constraint of d>O and said sequence 

detector comprising a path memory means in which sequences of 

binary digital signals are constructed, a comparison means to 

compare the received read signal to a set of ideal read 

signals, and a selection means which selects an ideal read 

signal which resembles the received read signal and thereby 

also selects the sequence of binary digital signals in the 

path memory which corresponds to the selected ideal read 

signal. 

37. The digital integrated circuit of claim 36 wherein 

the timing recovery circuitry is programmable to control the 

phase of the digitized read signal such that the pulses in the 

digitized read signal may be selectively side sampled or 

center sampled. 

38. The digital integrated circuit of claim 37 wherein 

the sequence detector is programmable to determine a sequence 

of binary digital signals from a digitized read signal in 

which the pulses are selectively side s~~pled or center 

sampled. 

39. The digital integrated circuit of claim 36 wherein 

d::l. 
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40. The digital integrated circuit of claim 36 wherein 

said timing recovery circuitry comprises: 

timing error measurement circuitry for providing a timing 

error measurement signal responsive to the present quantity of 

bit timing error; 

timing correction circuitry for correcting the present 

timing in response to the timing error measurement signal 

received from the timing error measurement circuitry; and, 

sensing circuitry for determining when the timing 

correction circuitry responds to the timing error measurement 

signal. 

41. The digital integrated circuit of claim 40 wherein 

the sensing circuitry is a transition detector for detecting 

pulses in the amplitude of the digitized read signal 

indicative of magnetic transitions on the storage media. 

42. The digital integrated circuit of claim 36 wherein 

said timing recovery circuitry comprises: 

timing error measurement circuitry for providing a timing 

error measurement signal responsive to the present quantity of 

bit timing error; 

timing correction circuitry for correcting the present 

timing in response to the timing error measurement signal 

received from the timing error measurement circuitry; and, 

control circuitry responsive to an external transitio~ 

detector for determining when the timing correction circuitry 

responds to the timing error measurement signal. 

43. The digital integrated circuit of claim 40 f~rther 

comprised of controllable means for selecting either the. 

sequence of binary digital signals from the sequence detector 

or the output from the transition detector. 

44. The digital integrated circuit of claim 36 further 

comprised of an RLL(d,k) decoder for providing a run length 
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limited decoded output by decoding the sequence of binary 

digital signals from the sequence detector. 

45. The digital integrated circuit of claim 44 wherein 

the RLL(d,k) decoder is an RLL(l,7} decoder. 

46. The digital integrated circuit of claim 36 wherein 

the timing recovery circuitry includes a digital phase 

detector and a digital timing loop filter. 

47. The digital integrated circuit of claim 40 wherein 

the timing error measurement circuitry comprises a digital 

phase d~tector and the timing correction circuitry comprises a 

digital timing loop filter. 

48. The digital integrated circuit of either of claims 

46 and 47 wherein the timing recovery circuitry provides a 

digital frequency control signal responsive to bit timing 

phase errors for direct control of the frequency of a clock 

determining bit timing. 

49. The digital integrated circuit of either of claims 

46 and 47 wherein the coefficients of the digital timing loop 

filter are progranunable. 

50. The digital integrated circuit of claim 36 further 

comprised of automatic gain control circuitry coupled to the 

read signals to provide a gain control signal responsive 

thereto. 

51. The digital integrated circuit of claim 50 wherein 

the read signals are digitized read signals representing 

digitized samples of the read signal of the magnetic storage 

device and wherein the automatic gain control circuitry 

includes a digital gain error detector responsive to the 

digitized read signal samples and a digital gain loop filter. 
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52. The digital integrated circuit of claim 51 wherein 

the digital gain loop filter provides a digital gain control 

signal for directly controlling the gain of a variable gain 

amplifier. 

53. The digital integrated circuit of claim 51 wherein 

the coefficients of the digital gain loop filter are 

programmable. 

54. The digital integrated circuit of claim 36 further 

comprised of digital pulse shaping filter circuitry for 

modification of the digitized read signals prior to receipt 

thereof by at least one of (i} the sequence detector and (ii) 

the timing recovery circuitry. 

55. The digital integrated circuit of claim 41 further 

comprised of digital pulse shaping filter circuitry for 

modification of the digitized read signals prior to receipt 

thereof by at least one of (i) the sequence detector, (ii) the 

timing recovery circuitry, and (iii) the transition detector. 

56. The digital integrated circuit of claim 55 further 

comprised of delay circuitry for delaying the coupling of the 

digitized read signals to the transition detector or the 

timing recovery circuitry to match the delay of the coupling 

of the digitized read signals to the timing recovery circuitr-y­

or the transition detector, respectively, imposed by the 

digital pulse shaping filter. 

57. The digital integrated circuit of either of claims 

54 and 55 wherein the digital pulse shaping filter circuitry 

includes programmable filter parameters. 

58. The digital integrated circuit of claim 36 further 

comprised of spectrum smoothing filter circuitry- for filtering 
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the digitized read signals to reduce the effect of head bumps 

prior to processing by the sequence detector. 

59. The digital integrated circuit of claim 58 wherein 

the spectrum smoothing filter includes programmable 

coefficients. 

60. The digital integrated circuit of claim 58 wherein 

the spectrum smoothing filter includes programmable delays. 

61. The digital integrated circuit of claim 36 wherein 

the read signals are digitized read signals representing 

digitized samples of the read signal of the magnetic storage 

device and wherein the sequence detector processes two 

digitized read signals at a time, the two digitized read 

signals representing digitized samples of a read signal of a 

magnetic storage device during two successive channel bit 

times. 

62. The digital integrated circuit of claim 36 wherein 

the read signals are digitized read signals representing 

digitized samples of the read signal of the magnetic storage 

device and wherein the timing recovery circuitry processes two 

digitized read signals at a time, the two digitized read 

signals representing digitized samples of a read signal of a 

magnetic storage device during two successive channel bit 

times. 

63. The digital integrated circuit of claim 36 further 

comprised of an RLL encoder for RLL encoding digital data to 

be written to a magnetic storage device. 

64. The digital integrated circuit of claim 36 further 

comprised of: 
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a processor interface and a plurality of control 

registers from which a processor may read information and to 

which a processor may write information; and, 

a serial interface having a serial data line and a serial 

clock line. 

64. The digital integrated circuit of claim 64 further 

comprised of: 

multiplexing circuitry for providing as the output of the 

integrated circuit; 

i) the digital data to be written to a magnetic storage 

device in 2 bit wide form during writing to the storage 

medium; and, 

ii) selectively providing the output of the serial data 

line and the serial clock line when not writing to the storage 

medium. 

66. The digital integrated circuit of claim 64 wherein 

the serial interface includes.circuitry for reading in serial 

form on the serial data line the contents of mapped external 

registers. 

67. The digital integrated circuit of claim 66 wherein 

the serial interface includes circuitry responsive to requests 

presented at the processor interface to selectively: 

a) read in serial form on the serial data line the 

contents of one of the mapped external registers and then 

provide the contents of said mapped external register at the 

processor interface; or 

b) provide at the processor interface the contents of a 

mapped external register specified in a previous request and 

then read in serial form on the serial data line the contents 

of a second mapped external register specified in the present 

request. 
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68. The digital integrated circuit of claim 66 wherein a 

processor may write control information to a specified mapped 

external register by writing to the mapped external register's 

address in the digital integrated circuit, and wherein the 

serial interface includes circuitry for presenting in serial 

form on the serial data line to the specified mapped external 

register the data written to the mapped external register's 

address in the digital integrated circuit each time the 

processor writes to the mapped external register's address. 

69. A digital integrated circuit comprising: 

an RLL encoder for RLL encoding digital data to be 

written to a magnetic storage device; 

a processor interface and a plurality of control 

registers from which a processor may read information and to 

which a processor may write info=mation; and, 

a serial interface having a serial data line and a serial 

clock line; 

multiplexing circuitry for providing as the output of the 

integrated circuit 

i} the output of the RLL encoder in 2 bit wide form 

during writing to the storage medium; and, 

ii) selectively providing the output of the serial 

data line and the serial clock line when not writing to the 

storage medium. 

70. The digital integrated circuit of claim 69 wherein 

the serial interface includes circuitry for reading in serial 

form on the serial data line the contents of mapped exte:r-nal 

registers. 

71. The digital integrated circuit of claim 70 wherein 

the serial interface includes circuitry responsive to requests 

presented at the processor interface to selectively: 

a) read in serial form on the serial data line the 

contents of one of the mapped external registers and ther. 
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provide the contents of said mapped external register at the 

processor interface; or 

b) provide at the processor interface the contents of a 

mapped external register specified in a previous request and 

then read in serial form on the serial data line the contents 

of a second mapped external register specified in the present 

request .. 

72. The digital integrated circuit of claim 69 wherein a 

processor may write control information to a specified mapped 

external register by writing to the mapped external register's 

address in the digital integrated circuit, and wherein the 

serial interface includes circuitry for presenting in serial 

form on the serial data line to the specified mapped external 

register the data written to the mapped external register's 

address in the digital integrated circuit each time the 

processor writes to the mapped external register's address. 


