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ENHANCED ADAPTIVE AND SELECTIVE ISI 
CANCELLATION FOR A READ CHANNEL IN 

STORAGE TECHNOLOGIES 

RELATED APPLICATION 

[0001] This is a Continuation-In-Part of patent application 
Ser. No. 09/107,808, entitled ADAPTIVE AND SELEC 
TIVE LEVEL CONDITIONING OF A READ CHANNEL 
IN STORAGE TECHNOLOGIES, ?led Jun. 30, 1998. 

[0002] Additionally, US. patent application of Johannes J. 
Verboom and Fred N. Wamble, Ser. No. 08/994,874, ?led 
Dec. 19, 1997, and entitled METHOD AND APPARATUS 
FOR MAXIMUM LIKELIHOOD DETECTION, is hereby 
incorporated by reference. US. patent application of 
Johannes J. Verboom, Ser. No. 09/105,856 (PHA 23-326), 
?led Jun. 26, 1998, and entitled ADAPTIVE AND SELEC 
TIVE CANCELLATION OF INTER-SYMBOL INTER 
FERENCE OF A READ CHANNEL IN STORAGE TECH 
NOLOGIES, is hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

[0003] The invention relates generally to data recovery of 
storage technologies, and more particularly to methods, 
apparatuses and systems for data recovery by adaptive and 
selective level conditioning and data recognition of a read 
channel of storage technologies. 

[0004] Advances in manufacturing technologies and sys 
tem architecture have led to increasingly poWerful consumer 
electronic devices and computers. These consumer elec 
tronic devices and computers support features and applica 
tions, such as multimedia, in connection With Which vast 
amounts of information are processed and stored. Generally, 
the amount of information is not only vast, but also ever 
increasing. 

[0005] To provide the information, storage technologies 
have been developed, including magnetic, optical and mag 
neto-optical technologies. Although these technologies pro 
vide relatively large storage capabilities, the technologies 
generally demand ongoing improvement so as to overcome 
factors limiting storage capacity. Among other areas for 
ongoing improvement is the accurate detection of recorded 
data, particularly While increasing the recording density. 

[0006] Detection of recorded data is conventionally 
accomplished using a threshold. As an example, channel bits 
of an optical read channel (using, for example, 1,7 run 
length-limited modulation coding) are detected by compar 
ing a read signal to a predetermined threshold: if the read 
signal exceeds the threshold at a particular channel-bit 
location, that channel-bit is considered a ‘1’ (i.e., a mark); 
otherWise the channel-bit is considered a ‘0’ (i.e., a space). 

[0007] Detection against a threshold typically relies on 
setting an appropriate threshold. Generally, the threshold is 
set toWard recovering recorded information Within an 
acceptable bit error rate. To do so, the threshold optimally is 
set to the center of an “eye-pattern”, the eye-pattern being a 
measure that indicates the amplitude and phase margins of 
the read signal. HoWever, the read signal’s amplitude and 
phase margins tend to be affected by various parameters, 
including, among others, the Write poWer, the Write sensi 
tivity of the media, the quality of the spot of the Write and 
read drives (e. g., mark siZe variations), the focus offset of the 
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Write and read drives, and the recording density. For 
example, increased recording density tends to increase inter 
symbol interference (“ISI”) such that amplitude margins can 
degrade as to both marks and spaces. Moreover, because 
these parameters vary across systems and media, the center 
of the eye pattern tends to vary and, in turn, the optimal 
threshold setting tends to vary. 

[0008] When reading channel bits of an optical channel, 
using any one of a plurality of coding methodologies, the 
correct data patterns must folloW prescribed rules and pro 
tocol. For example, using 1,7 run length limited modulation 
coding, the highest frequency possible consists of 2T marks 
on space (Where T=one channel bit period). Due to optical 
aberrations, interference, and other data reading complica 
tions, information read from optical drive occasionally does 
not comply With these prescribed rules, creating data reading 
errors. 

[0009] Accordingly, it is desirable to provide for accurate 
detection of recorded data While accommodating increased 
recording density and other parameters that tend to cause the 
threshold to vary and margins to degrade. Further, it is 
desirable to insure compliance With the data coding rules for 
the type of recording protocol used. 

SUMMARY OF THE INVENTION 

[0010] Methods, circuits and systems are provided for 
enhancing the accuracy of detection of recorded data While 
accommodating increased recording density and other 
parameters that tend to cause the threshold to vary and 
margins to degrade. More speci?cally, methods, circuits and 
systems are provided that adaptively and selectively condi 
tion the levels of samples of a read signal. Additionally, the 
methods, circuits and systems further check the conditioned 
read signal for compliance With applicable data coding rules. 
An advantage of the method, circuit and system is that 
reliable margins are established for selected samples and 
data cross checking is implemented, thereby improving 
detection and accuracy of recorded data, particularly at 
enhanced recording density. 

[0011] A circuit embodying one aspect of the present 
invention includes sample logic, arithmetic logic and con 
ditioning logic. The sample logic receives samples and 
provides a main sample and one or more selected neighbor 
samples. The arithmetic logic compares the main sample to 
the neighbor samples toWard determining satisfaction of 
selected conditioning criteria. If the selected conditioning 
criteria are satis?ed, the conditioning logic selectively and 
adaptively affects level conditioning as to the main sample. 
Preferably, the conditioning is bi-level substitution, Wherein 
either an upper substitution level or a loWer substitution 
level is substituted for a selected main sample. Alternatively, 
the level conditioning can include the substitution of a 
logical Zero or a logical one for the subject channel bit, or 
the creation of a parallel data value determination. 

[0012] In yet a further aspect of the invention, additional 
circuits include compliance logic, a threshold detector (i.e., 
slicer) and overruling logic. The compliance logic Will 
receive signals from conditioning logic indicating certain 
conditions of the main sample and selected neighbor 
samples. The compliance logic further checks these signals 
for compliance With certain protocols or coding rules. If the 
data is compliant With the coding rules, no further adjust 
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ments are done. However, if the data is not compliant, 
further checking is accomplished and, Where appropriate, 
signals Will be sent to the overruling logic to further apply 
level adjustment to the main sample. In one case, level 
adjustment includes the overruling of data detected by the 
slicer. 

[0013] The threshold detector receives data samples from 
the read logic of the optical storage system. These data 
samples are applied to a threshold to create a preliminary 
determination regarding the data. Speci?cally, the data is 
preliminarily determined to be either a 1 or 0 based upon a 
raW threshold determination. HoWever, as mentioned above, 
this threshold determination can include many errors, due to 
the recording density and related degraded margins. In order 
to correct these still existing potential errors, further cir 
cuitry (as described above) is provided for receiving this 
preliminary determination and overruling this initial deter 
mination Where appropriate. 

[0014] In summary, the circuitry is capable of applying the 
level conditioning criteria, and the rule compliance criteria 
in order to assess the accuracy of a parallel threshold 
determination. Subsequently, if the threshold determination 
did not appear to include errors, no additional processing is 
necessary and the initial assessment is used. The initial 
assessment can be accomplished using traditional bit slice 
technology (threshold detection), or any other appropriate 
technology. Alternatively, if the level of conditioning criteria 
indicates that an adjustment is necessary, the overruling 
circuitry Will appropriately cancel the initial assessment and 
either set or reset that channel bit appropriately. Further 
more, rule compliance circuitry is included to insure that the 
read channel bits comply With the rules prescribed for the 
particular data coding methodology being used. Based on 
this compliance evaluation, the preliminary assessment can 
also be overruled as appropriate. 

[0015] A method embodying the present invention com 
prises obtaining level conditioning parameters in association 
With certain reference marks of the read signal: sampling the 
read signal at channel bit locations to provide a plurality of 
samples; selecting a main sample from the plurality of 
samples; selecting one or more neighbor samples from the 
plurality of samples, the neighbor samples being disposed at 
predetermined distances, in channel bits, from the main 
sample; comparing the main sample to each of the neighbor 
samples to determine satisfaction of selected conditioning 
criteria, and applying, Where the selected conditioning cri 
teria are determined to be satis?ed, level conditioning to the 
main sample responsive to the level conditioning param 
eters. 

[0016] An alternative method utiliZing concepts of the 
present invention includes a step of level conditioning as 
outlined above in conjunction With a parallel threshold 
detection and further compliance analysis. Speci?cally, the 
level conditioning above Will create a preliminary logical 
determination as to Whether the subject channel bit is a 
logical one or a logical Zero. UtiliZing this information, 
along With the raW read data itself, the subject channel bit is 
analyZed to ensure it complies With the rules of the particular 
data coding protocol being used. Where appropriate, the 
results from the level conditioning and the compliance 
analysis Will be used to overrule the initial determination 
from the threshold detector. 
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[0017] The various features of novelty Which characteriZe 
the invention are pointed out With particularity in the claims 
anneXed to and forming a part of this speci?cation. For a 
better understanding of the invention, its operating advan 
tages and speci?c objects attained by its use, reference 
should be made to the accompanying draWings and descrip 
tive matter in Which its preferred embodiments are illus 
trated and described, Wherein like reference numerals iden 
tify the same or similar elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 1 (a) shoWs a read signal, the read signal 
having reference and data ?elds. 

[0019] FIG. 1 (b) shoWs a processed read signal, the 
processed read signal having reference and data ?elds, 
including data marks and spaces subject to level condition 
ing. 
[0020] FIG. 2 is a block diagram of a level conditioning 
circuit associated With a read channel, in accordance With 
the present invention. 

[0021] FIG. 3 is a block diagram of a storage system, the 
system including a level conditioning circuit associated With 
a read channel, in accordance With the present invention. 

[0022] FIG. 4 is a block diagram of a read channel output 
utiliZing the parallel level conditioning, rule compliance, 
and threshold detection concepts of the present invention. 

[0023] FIG. 5A - 5Q include a plurality of Waveforms 
Which help to illustrate the principles of level conditioning 
and rule compliance, in accordance With the present inven 
tion. 

[0024] FIG. 6A - 6C are a series of block diagrams of the 
circuitry utiliZed in one embodiment of the invention to 
implement the enhanced adaptive and selective ISI cancel 
lation methodologies of the present invention. 

DETAILED DESCRIPTION 

[0025] Terminology 
[0026] Read channel, as used herein, refers to optical, 
electrical, magnetic and mechanical elements that deliver 
signals from the surface of recording media to processing 
elements for conversion to formats convenient for a user. 

[0027] K-constraint, as used herein, refers to the maXi 
mum number of consecutive logical Zeroes (or ones) in any 
sequence of binary channel bits, in Which the logical ones 
(Zeroes) represent the location of signal transitions. 

[0028] D-constraint, as used herein, refers to the minimum 
number of consecutive logical Zeroes (or ones) in any 
sequence of binary channel bits, in Which the logical ones 
(Zeroes) represent the location of signal transitions. The 
D-constraint is employed to determine the distance betWeen 
samples for evaluation in selecting channel bits subject to 
level substitution, as described more fully beloW. 

[0029] Level conditioning, as used herein, refers to 
manipulating selected samples so as to enhance performance 
(e.g., reliability) in detection or otherWise including the 
designation of logical polarity. Advantages of level condi 
tioning include, as an example, improved detection of logi 
cal polarity (i.e., ‘1’ or ‘0’) for channel bits of a read signal, 
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particularly in the case of enhanced recording density or 
other circumstances that can lead to read errors (e.g., due to 
threshold variation or margin degradation). 

[0030] OvervieW 

[0031] Embodiments of the present invention apply level 
conditioning to selected samples of a read signal. Level 
conditioning is implementable variously. Level conditioning 
preferably is responsive to level conditioning parameters. 
The level conditioning parameters preferably are obtained in 
association With predetermined patterns of marks and spaces 
in a reference ?eld of the read signal. In one embodiment, 
level conditioning is implemented by assigning one of one 
or more substitution levels to a sample, the substitution 
levels preferably being derived from the level conditioning 
parameters. In this embodiment, it is preferred that the 
derivation entails setting each substitution levels equal to a 
respective level conditioning parameter. In such case, the 
level conditioning parameters preferably are based on vari 
ous levels detected from the patterns of the reference ?eld. 
It is to be understood in such case, hoWever, that the level 
conditioning parameters may be otherWise based and the 
substitution levels need not be set equal to a respective level 
conditioning parameter. Alternatively, level conditioning 
includes the assignment of a logical value to the subject 
channel bit based upon the level conditioning criteria. In yet 
a further embodiment, level conditioning involves the cre 
ation of a parallel conditioning signal. 

[0032] HoWever implemented, level conditioning prefer 
ably is adaptable. With assignment of substitution levels, 
adaptable level conditioning comprises adaptively obtaining 
level conditioning parameters and/or adaptively deriving 
substitution levels. In such case, adaptively deriving one or 
more substitution levels entails updating, adjusting and/or 
repeatedly deriving the levels (e.g., at set intervals and/or 
responsive to one or more triggering events). 

[0033] Reference Marks 

[0034] In an illustrative embodiment of the present inven 
tion, a disk is formatted to comprise a plurality of tracks, 
each track including a selected number of segments (e.g., 
225), and each segment having a selected number of frames 
(e.g., 16). Each frame comprises one or more ?elds. The 
?elds contain pre-formatted marks that are employed to 
provide selected functions, including, among others, clock 
synchroniZation, track folloWing, track capturing, address 
ing and track counting. 

[0035] Each frame also comprises a recordable ?eld. The 
recordable ?eld is provided for recording user data. The data 
is organiZed in logical sectors, each sector preferably begin 
ning at a frame boundary. Each sector comprises a selected 
number (e.g., 1024 or 2048) of data bytes, together With 
other information. Such other information provides one or 
more functions including, among others, error correction. 

[0036] FIGS. 1 (a) and (b) shoW typical read signals of a 
read channel, according to the present invention. Each read 
signal includes reference marks and spaces in a reference 
?eld, (ii) illustrative data marks and spaces in a data ?eld, 
the data ?eld comprising user data and (iii) various levels, 
including threshold (a.k.a., “slice”) levels. Although the 
illustrated read signals are analog, each preferably is pro 
cessed as discrete values sampled at a selected frequency. 
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[0037] According to the principles of the invention, 
selected samples associated With the reference ?eld are 
employed in level conditioning. In one embodiment, the 
selected samples are detected to obtain level conditioning 
parameters. In a more speci?c embodiment, the selected 
samples are detected using a selected pattern of marks and 
spaces in the reference ?eld. In an, embodiment Wherein 
level conditioning comprises assignment of substitution 
levels, the pattern preferably is employed to obtain level 
conditioning parameters from Which are derived upper and/ 
or loWer substitution levels: an upper substitution level 
having an amplitude that is greater than the prevailing 
detection threshold and a loWer substitution level having an 
amplitude that is lesser than the prevailing detection thresh 
old. 

[0038] The reference ?eld preferably has patterns of marks 
and spaces selected to optimiZe level conditioning. For 
eXample, it is preferred that the reference ?eld has a pattern 
representative of Worst case detection characteristics likely 
to occur in association With a data ?eld, such that the level 
conditioning optimally enhances detection accuracy. As an 
eXample, the patterns preferably have a space-distances 
betWeen marks that, While complying With coding (e.g., 
1,7RLL, 2,7RLL, NRZ, 8/9, EFM+, etc. ), maximally stress 
the system. 

[0039] The reference patterns can be variously provided. 

The reference patterns preferably comprise either or both a selected set (e.g., number and arrangement) of predeter 

mined marks and spaces located in one or more of the frames 
and (ii) preamble bytes associated With each sector. In one 
embodiment, the selected set comprises tWo marks located 
in a frame’s recordable ?eld and covering tWelve channel 
bits, as shoWn in FIGS. 1(a) and In this embodiment, the 
predetermined marks preferably are repeated in each frame 
such that they are interleaved in the user data, e.g., the user 
data of one logical sector typically being stored in plural 
frames With each frame including the predetermined marks. 

[0040] In another embodiment, the preamble bytes pref 
erably are tWelve in number (eg Where the user data bytes 
are 2048 in number) and comprise tWo marks per byte (i.e., 
24 total marks), all of Which marks are located in the 
recordable ?eld of the ?rst frame associated With the sector. 

[0041] In another embodiment, the preamble bytes corre 
spond to the selected set. For example, the tWo predeter 
mined marks of the selected set are employed 1 to 12 times 
in the sectors ?rst frame in providing the preamble. In so 
doing, functions associated With the marks can be imple 
mented based on one or more algorithms and using isolated 
and/or redundant reference mark information. 

[0042] If the preamble consists of 12 occurrences of the 
selected set, the samples preferably are averaged (or other 
Wise manipulated) over the 12 bytes in obtaining the level 
conditioning parameters at the beginning of each sector. 
Thereafter, the level conditioning parameters preferably are 
obtained, adjusted or updated using all or a portion of the 
selected set in one or more frames subsequent to the ?rst 
frame of the sector, e.g. either non-preamble marks or 
subsequent preamble marks (hereinafter, the term “adaptive 
acquisition” is sometimes used to refer to, any or all of, 
obtaining, adjusting and/or updating respective level condi 
tioning parameters). 
[0043] As an eXample, the level conditioning parameters 
are updated or adjusted based on any or all of the selected 
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set located in one or more frames subsequent to the ?rst 
frame of the sector (e.g., redundant reference mark infor 
mation). The update/adjustment can be based on such 
selected set either individually from a frame, or in groups, or 
collectively across frames. In this example, level condition 
ing is responsive to the level conditioning parameters asso 
ciated With the subsequent frames’ selected set, the level 
conditioning thereby being updated on an ongoing basis. It 
is understood, hoWever, that level conditioning can also be 
updated from one or more of the subsequent frames’ 
selected set (all or part thereof) in the absence of adjustments 
to the level conditioning parameters, Without departing from 
the principles of the invention. 

[0044] As another eXample, the level conditioning param 
eters are obtained based solely on the portion of the selected 
set that is located in one or more frames subsequent to the 
?rst frame of the sector (e.g., isolated reference mark 
information). In this eXample, level conditioning preferably 
is repeatedly obtained on an ongoing basis, the level con 
ditioning associated With a frame being derived from the 
level conditioning parameters associated With the selected 
set in that frame in the sequence of frames, and Without 
reference to level conditioning parameters of other sets of 
other frames. 

[0045] Although the reference patterns can be provided as 
speci?cally described above, it is understood that such 
patters can be otherWise provided Without departing from 
the principles of the invention. For eXample, While the 
above-description locates the reference patterns in the 
recordable ?elds of the frames, it is understood that some or 
all of a reference pattern can be preformatted. HoWever, it is 
preferred that the reference patterns be recorded With the 
user data in the recordable ?eld so that the reference patterns 
are subject to parameters prevailing as the user data is 
Written/read. 

[0046] Level Conditioning Parameters 

[0047] It is to be understood that the level conditioning 
parameters are obtainable from information of the reference 
?eld using various arrangements. Referring to FIGS. 1 (a) 
and (b), eXamples of arrangements include: 

[0048] 1) Detect the value of any one of samples 4, 
6, 10 or 12: or 

[0049] 2) Detect and average the values of all or 
some combination of samples 4, 6, 10 and 12; or 

[0050] 3) Detect the value of any one of samples 3, 
7 or 9; or 

[0051] 4) Detect and average the values of all or 
some combination of samples 3, 7 and 9; or 

[0052] 5) Detect the values of samples 5 and/or 11, 
averaging if both samples are detected; or 

[0053] 6) Detect the value of sample 8; or 

[0054] 7) Combine one or 1) or 2) above With one of 
4) or 5) above, With or Without combining 5) and/or 
6). 

[0055] NotWithstanding the above eXample arrangements, 
it is understood that other arrangements can be implemented 
in obtaining level conditioning parameters (e.g., interpola 
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tion, multiple alternative computations, and the like), With 
out departing from the principles of the invention. 

[0056] In the ?rst eXample, it is preferred that the level 
conditioning parameters be obtained by digitiZing the 
read signal via an appropriately fast analog-to-digital con 
verter, and (ii) acquiring the applicable sample for storage in 
a register. In the second eXample, it is preferred that the level 
conditioning parameters be obtained by digitiZing the 
read signal via an appropriately fast analog-to-digital con 
verter, (ii) acquiring samples for accumulation, e.g., in a 
register, and (iii) manipulating the contents of the register to 
obtain the average result. 

[0057] It is to be understood level conditioning preferably 
is responsive to the level conditioning parameters. In one 
embodiment, level conditioning comprises assigning a 
selected substitution level to a selected sample, the substi 
tution level being derived from the level conditioning 
parameters. This substitution level may, in some implemen 
tations, simply designate the appropriate logic polarity based 
upon the level conditioning parameters. In another embodi 
ment, level conditioning can comprise manipulating a 
sample other than by such assignment, including, as an 
eXample, by applying an offset, in Which case the offset 
preferably is derived from the level conditioning parameters. 
As yet another eXample, level conditioning can employ a 
calculation based on the level conditioning parameters. It is 
understood that level conditioning may be responsive to the 
level conditioning parameters, but engender processes other 
than as described herein, Without departing from the prin 
ciples of the invention. 

[0058] FIGS. 1(a) and (b) also illustrate that level condi 
tioning preferably is applied only for samples of the data 
?eld. 

[0059] Level Conditioning Method 

[0060] FIGS. 1(a) and (b) illustrate a read signal. The read 
signal has tWo initial reference marks, these marks being 
folloWed, in a data ?eld, by marks and spaces in a 1,7RLL 
coding sequence. Moreover, as illustrated, samples 1, 2, 3, 
4, 19 and 20 have levels near to the detection threshold TH. 
As to these samples, then, the tendency for a read error 
typically increases, e.g., responsive to noise and/or threshold 
transients. As such it is desirable to apply level conditioning 
to these samples in order to improve their respective ampli 
tude margins. 

[0061] Accordingly, the level conditioning method is 
directed to identify samples such as samples 1, 2, 3, 4, 19 
and 20 and, Where appropriate, to apply level conditioning 
thereto. Moreover, the level conditioning method is directed 
to so identify samples selectively: preferably only those 
samples that are likely to cause read errors are selected. In 
addition, the level conditioning method is directed to be 
adaptive, Where adaptability preferably is achieved from 
information of the reference ?eld (e.g., including from 
information relating to one or both of preamble marks and 
interleaved marks). 

[0062] In the method based on FIGS. 1(a) and (b), the read 
signal is sampled at channel bit locations to obtain main and 
neighbor samples. The main samples are tested against 
selected conditioning criteria to determine Whether level 
conditioning is to be applied. For this illustration, the 
selected conditioning criteria are satis?ed either (a) if a main 
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sample has a level that is less than the levels of both of the 
tWo neighbor samples disposed at predetermined distances 
(here, tWo channel bits) from the main sample or (b) if a 
main sample has a level that is greater than the levels of both 
of the tWo neighbor samples disposed at predetermined 
distances (here, tWo channel bits) from the main sample. 
Stated more generally, in the case of one main and tWo 
neighbor samples, selected conditioning criteria typically 
comprise determining that a common arithmetic sign is 
associated With the differences betWeen the levels of the 
main sample and each of the respective neighbor samples. 

[0063] Level conditioning preferably is effected by assign 
ing an upper or loWer substitution level to the main sample. 
For example, if the main sample is greater than both of the 
neighbor samples, then an upper substitution level is 
assigned to the main sample. HoWever, if the main sample 
is less than both of the neighbor samples, then an loWer 
substitution level is assigned to the main sample. While, in 
this embodiment, the upper and loWer substitution levels are 
described as a single pair, it is to be recogniZed that other 
arrangements can be employed Without deviating from the 
principles of the invention. Examples of other arrangements 
include: pairs need not be employed, (ii) the pairings may 
be unbalanced (e.g., three upper substitution levels paired 
With a tWo loWer substitution levels), and (iii) more than one 
pair of substitution levels may be employed. Particularly in 
the latter tWo examples, the assignment of a particular 
substitution level from among plural (upper and loWer) 
substitution levels preferably is determined according to 
selected assignment criteria. Clearly, these substitution lev 
els can include a single pair Which is indicative of logical 
polarity. 
[0064] So as to preclude inappropriate selection of a 
sample for level conditioning, the main sample preferably is 
selected for level conditioning only if a preclusion function 
is satis?ed. The preclusion function preferably uses selected, 
one or more conditioning trigger values; as such, level 
conditioning is effected provided that the appropriate con 
ditioning trigger value is exceeded by the difference betWeen 
the levels of the main sample and (ii) selected of the 
neighbor samples. In the illustrated example, level condi 
tioning is effected using level substitution. In that embodi 
ment, level substitution of a loWer substitution level is 
effected When a ?rst conditioning trigger value is exceeded 
by the difference betWeen the levels of the main sample 
and (ii) both of the neighbor samples, Whereas level substi 
tution of an upper substitution level is effected When such 
difference is exceeded by a second conditioning trigger 
value. In any case, the conditioning trigger values preferably 
are determined using selected parameters, including ripple 
and/or noise. Moreover, as described further beloW, the 
conditioning trigger values preferably are derived from 
information of the reference ?eld. 

[0065] As is also described further beloW, the distance 
betWeen the main sample and the neighbor samples prefer 
ably is selected to optimiZe level conditioning. The selection 
typically responds to factors, such as coding. In the case of 
1,7RLL coding, for example, the distance preferably is tWo 
channel bits on either side of the main sample. 

[0066] Level Conditioning Circuit 

[0067] Referring to FIG. 2, a level conditioning circuit 
100 is shoWn, in accordance With the present invention. 
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Level conditioning circuit 100 comprises sample logic 102, 
arithmetic logic 104, sample selection logic 106 and condi 
tioning logic 108. In the illustrative embodiment shoWn in 
FIG. 2, circuit 100 is implemented responsive to 1,7RLL 
coding. 
[0068] The sample logic 102 receives a digitiZed read 
signal 202 and generates a main and tWo neighbor signals, 
the main samples being selectively chosen for level condi 
tioning. Sample logic 102 has selected taps 206A and 206B, 
and is clocked by a channel clock 204 (CCLK). 

[0069] Sample logic 102 also has memory elements 208A, 
208B, 208C and 208D. Each of the memory elements 
208A-D receives the CCLK 204 and is one bit deep so as to 
introduce a one clock cycle delay. The memory elements 
208A-D have respective input terminals 210A-D and output 
terminals 212A-D. The output terminal 212A is coupled to 
the input terminal 210B; the output terminal 212B is coupled 
to the input terminal 210C; and the output terminal 212C is 
coupled to the input terminal 210D. The output terminals 
212B and 212D are coupled to taps 206A and 206B, 
respectively. 
[0070] The input terminal 210A receives the digitiZed read 
signal 202. Accordingly, as clocked by CCLK 204, the 
digitiZed read signal is provided at tap 206A after tWo 
clock cycles of delay folloWing receipt at input terminal 
210A and (ii) at tap 206B after four clock cycles of delay 
folloWing such receipt, i.e., tWo clock cycles of delay 
folloWing provision at tap 206A. For the discussions that 
folloW, (a) T0 denotes the main signal, i.e, samples of the 
delayed digitiZed read signal as provided at tap 206A, (b) 
T-2 denotes a ?rst neighbor signal, i.e., samples of the 
delayed digitiZed read signal as provided at tap 206B and (c) 
T+2 denotes a second neighbor signal, i.e., samples of the 
digitiZed read signal 202 as received by the level condition 
ing circuit 100. 

[0071] Taps 206A and 206B and input terminal 210A are 
coupled to arithmetic logic 104. Arithmetic logic 104, as 
illustrated, comprises subtractors 220A and 220B. In this 
example, tap 206A is coupled to each of subtractors 220A 
and 220B, While subtractor 220A is also coupled to the input 
terminal 210A, and While subtractor 220B is also coupled to 
tap 206B. Subtractor 220A subtracts each sample of T0 from 
a corresponding sample of T+2 to provide an output signal 
Diffl. Subtractor 220B subtracts each sample of T0 from a 
corresponding sample of T-2 to provide an output signal 
Diff2. 

[0072] The output signals Diffl and Diff2, as shoWn, are 
provided to sample selection logic 106. Sample selection 
logic 106, as illustrated, comprises (a) comparators 222A, 
222B, 222C and 222D and (b) control logic 224A and 224B. 
Comparators 222A and 222B compare respective output 
signals Diffl and Diff2 to a selected ?rst conditioning trigger 
value and, based thereon, provide respective signals 
Exceedl and Exceed2. Comparators 222C and 222D com 
pare respective output signals Diffl and Diff2 to a selected 
second conditioning trigger value and, based thereon, pro 
vide respective signals Exceed3 and Exceed4. The Exceedl 
and Exceed2 signals are provided as inputs to control logic 
224A, While the Exceed3 and Exceed4 signals are provided 
as inputs to control logic 224B. Control logic 224A and 
224B, in this illustration, are implemented as respective 
AND gates. Control logic 224A and 224B provide, respec 
tively, a Select LSL signal and a Select USL signal. 
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[0073] Although the ?rst and second conditioning trigger 
values are shoWn provided to the comparators 222A-D from 
memory elements 221A and 221B, it is to be recognized that 
the conditioning trigger values can be otherWise provided, 
Without departing from the principles of the invention. 
Moreover, it also to be recogniZed that a single trigger value 
can be used, provided by any of the structure previously 
described, Without departing from the principles of the 
invention. 

[0074] The comparison to one or more conditioning trig 
ger values preferably is implemented so as to preclude 
selection of samples for level conditioning (referred to 
sometimes herein as the “preclusion function”). In imple 
menting the preclusion function, it is preferred that condi 
tioning trigger values be derived from information of the 
reference ?eld. As one example, in the case of level substi 
tution, the conditioning trigger values preferably are set to a 
fraction (e.g., one-half) of a respectively associated substi 
tution level. As another example, the conditioning trigger 
values are based on characteriZation of ripple, such as by 
including appropriate mark(s) and/or spaces in the reference 
?eld. As yet another example, the conditioning trigger 
values are based on characteriZation of channel noise. As 
still another example the conditioning trigger values are 
based on a combination of one or more of the above, With 
or Without additional parameters. In any case, it is under 
stood that other trigger setting approaches can be used 
Without departing from the principles of the invention. 

[0075] The preclusion function can be selectively disabled 
or not implemented. In such cases, the conditioning trigger 
values preferably are set to a reference amplitude, e.g., Zero. 

[0076] The conditioning logic 108 is coupled to the 
sample logic 102 and to the sample selection logic 106. 
From the sample logic 102, the conditioning logic 108 
receives samples of T0 . From the sample selection logic 
106, the applying circuit 228 receives the Select USL and 
Select LSL signals. 

[0077] In a level-substitution-based embodiment, the con 
ditioning logic 108 preferably comprises applying circuit 
228 coupled to memory elements 223 and 225. From 
memory elements 223 and 225, the applying circuit 228 
receives, as respective inputs, a signal comprising an upper 
substitution level and a signal comprising a loWer substitu 
tion level. Although these substitution levels are shoWn 
provided to the applying circuit 228 from respective 
memory elements 223 and 225, it is to be recogniZed that 
these substitution levels can be otherWise provided, Without 
departing from the principles of the invention. 

[0078] In operation of the level-substitution-based 
embodiment, the applying circuit 228 provides an output 
signal under control of the. Select USL and Select LSL 
signals. To illustrate, control is as shoWn in Table I (a truth 
table, Wherein S-USL represents the Select USL signal, 
S-LSL represents the Select LSL signal, and Output repre 
sents the output signal of applying circuit 228): 

TABLE 1 

S-USL S-LSL Output 

0 0 TO sample 
0 1 LoWer Substitute Level 
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TABLE 1-continued 

S-USL S-LSL Output 

1 0 Upper Substitute Level 
1 1 Invalid/Special 

[0079] As shoWn in this table, if both Select signals are 
loW, the T0 sample is output. HoWever, if one of the Select 
signals is high, the substitution level associated With the high 
signal is output. Moreover, if both of the Select signals are 
high, an invalid/special state is present. In this state, the to 
sample can be output or, alternatively, special processing can 
be provided. For typical conditioning trigger values, this 
invalid/special state Would not arise. As such, special pro 
cessing Would generally be triggered by additional logic 
controlling either/both the conditioning trigger values, the 
conditioning circuit 108 and/or the sample selection logic 
106. 

[0080] Special processing can include processing other 
than the level conditioning described herein. As an example, 
such special processing could entail processing of the read 
signal for reasons differing from, or even antithetical to, the 
promotion of read accuracy. 

[0081] As illustrated, the applying circuit 228 preferably is 
implemented as a three input multiplexer under control of 
the Select USL and LSL signals received from the sample 
selection logic 106. 

[0082] The level conditioning circuit 100 of the illustra 
tion, as previously described, is responsive to 1,7 run 
length-limited (RLL) modulation code. For example, the 
circuit 100 comprises sample logic 102 having four memory 
elements 208A-D. these elements having taps 206A and 
206B and introducing clock cycle delays such that, as 
docked by CCLK 204, the digitiZed read signal is provided 
(i) at tap 206A after tWo clock cycles of delay folloWing 
receipt at input terminal 210A and (ii) at tap 206B after tWo 
clock cycles of delay folloWing provision at tap 206A. So 
con?gured, the sample logic 102 is enabled to provide (a) 
the main signal T0 of samples at tap 206A, (b) a ?rst 
neighbor signal T-2 of samples at tap 206B and (c) a second 
neighbor signal T+2 of samples as such signal is originally 
received by the level conditioning circuit 100. Generally, 
this implementation responds to the constraint of the RLL 
coding: because the d-constraint de?nes the minimum dis 
tance betWeen channel-bit transitions, the d-constraint deter 
mines the distance of the tWo neighbor signals of samples to 
be evaluated in determining Whether samples in the main 
signal are subjected to level conditioning. 

[0083] For codes other than I,7RLL, the d-constraint typi 
cally changes. Responsive thereto, the level conditioning 
circuit 100 typically is implemented differently than as 
illustrated. As an example, the sample logic 102 typically is 
implemented With a different number of memory elements 
208 and/or differently-distanced taps 206, so as to provide 
main and neighbor signals having an appropriate delay 
relationship. Table 2 shoWs, for various example codes, the 
d-constraint and distance of neighbors (in channel-bits). 
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TABLE 2 

Code D-constraint Distance of Neighbors 

NRZ d = O 1 

8/9 d = O 1 

1,7RLL d = 1 2 
2,7RLL d = 2 3 
EFM+ d = 2 3 

[0084] FIG. 3 is a block diagram of a storage system 300, 
in accordance With the present invention. The storage system 
300 comprises: read circuitry 302 that provides for 
reading the storage media so as to generate an analog read 
signal; (ii) an analog to digital converter (ADC) circuit 304 
that receives the analog read signal and generates therefrom 
the digitized read signal 202; (iii) reference ?eld analyzer 
306 Which receives the digitized read signal and, based on 
the marks and/or spaces of one or more reference ?elds, 
obtains one or more level conditioning parameters and, if so 
implemented, one or more conditioning trigger values and 
detection control signals: (iv) the level conditioning circuit 
100 Which receives the digitized read signal, the condition 
ing trigger values and the level conditioning parameters so 
as to generate the processed read signal 230, such signal 230 
comprising a read signal for Which level conditioning is 
selectively (and, preferably, adaptively) effected as to 
selected samples: (v) detection circuitry 308 Which (a) 
receives both the processed read signal 230 from the level 
conditioning circuit 100 and the detection control signals 
from the reference ?eld analyzer 306 and (b) generates an 
output signal comprising detected data (e.g., a sequence of 
transitions); and (vi) processing circuitry 310 for processing 
the data of the detection circuitry’s output signal. The 
system 300 also preferably comprises the channel clock 
(CCLK) 204, Which is applied to and clocks each of the 
above components. 

[0085] The detection circuitry 308 can be variously imple 
mented Within the principles of the invention. As an 
example, the circuitry 308 can be implemented to provide 
conventional bit-slice technology (i.e., detection based on a 
threshold). As another example, the circuitry 308 can be 
implemented to provide an adaptive bit-slice technology. As 
yet another example, the circuitry 308 can be implemented 
to provide maximum likelihood detection mechanism, as 
such mechanism is described in the US. Patent Application 
of Johannes J. Verboom and Fred N. Wamble, Ser. No. 
08/994,874, ?led Dec. 19, 1997, and entitled METHOD 
AND APPARATUS FOR MAXIMUM LIKELIHOOD 
DETECTION, Which is hereinabove incorporated by refer 
ence. 

[0086] In each case, it is preferred that the detection 
circuitry 308 be coupled to the reference ?eld analyzer 306 
so as to receive detection control signals Which are relevant 
to operation of the detection circuitry 308. As to a maximum 
likelihood detection mechanism, the detection control sig 
nals indicate, e.g., the clip level applicable to the digitized 
read signal. 

[0087] As to both conventional and adaptive bit-slice 
technology, the detection control signals preferably indicate 
the detection threshold applicable to each sample. For con 
ventional bit slice technology, the detection threshold typi 
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cally is ?xed, being derived from selected samples of the 
reference ?eld (e.g., the detection threshold is based on the 
average of samples 3, 4, 9 and 10). For adaptive bit slice 
technology, the detection threshold tends to vary. As an 
example, the detection threshold can be derived from 
samples of the reference ?eld, the threshold being updated, 
adjusted or re-derived at predetermined intervals, or based 
on predetermined stimuli, or based on combinations of both. 

[0088] The system 300 can be otherwise implemented 
Without departing from the principles of the invention. As an 
example, the detection circuitry can generate its oWn detec 
tion control signals, rather than receiving these signals from 
the reference ?eld analyzer 306. In such case, the Processed 
Read Signal 230 preferably comprises reference ?eld infor 
mation. 

[0089] As another example, so as to provide each or any 
of the conditioning trigger values and the level conditioning 
parameters, the system 300 preferably comprises respective 
registers for updating/adjusting each such value/parameter. 
In this regard, it is contemplated that each of the condition 
ing trigger values and the level conditioning parameters can 
be one or more in number (as illustrated in FIG. 3 by use of 
the “x” and “y” reference letters). It is also contemplated that 
the reference ?eld analyzer 306 provide, in place of the level 
conditioning parameters, one or more substitution levels 
(e.g., upper and/or loWer substitution levels, in pairs or other 
arrangements, as described above), these levels preferably 
being derived from level conditioning parameters obtained 
from the reference ?eld of the digitized read signal 202. 

[0090] As suggested above, the same level conditioning 
Which involves the examination of neighbor channel bits, 
can be used in parallel With a more standard detection circuit 
(e.g., a circuit implementing conventional bit slice technol 
ogy). In this embodiment, the read signal is provided to both 
a detection circuit and a conditioning circuit. The output of 
the conditioning circuit can then be used to overrule or 
adjust the detection circuit output as appropriate. Further 
more, it is possible to utilize a rule compliance circuit, also 
situated in parallel With the detection circuit and the condi 
tioning circuit. The rule compliance circuit is then similarly 
capable of overruling the output of the detection circuit 
Where appropriate. 

[0091] Referring to FIG. 4, there is shoWn a block dia 
gram outlining this concept. More speci?cally, the read 
signal 402 is provided at an input of an ISI cancellation 
system 400. Speci?cally, this read signal is provided to both 
a delay circuit 404 and a level conditioning circuit 406. Also, 
the input is provided to a rule compliance circuit 408. At the 
output of delay circuit 404, a delayed signal input is pro 
vided to level conditioning circuit 406, rule compliance 
circuit 408, and detection circuit 410 (i.e. slicer 410). By 
using delay circuit 404, rule compliance circuit 408 and 
level conditioning circuit 406 are capable of comparing 
channel bits Which are a predetermined distance from one 
another. For example, in the embodiment utilizing 1,7 RLL 
data coding, the channel bits being analyzed are tWo time 
periods apart (2T). 
[0092] Level conditioning circuit produces an output 
based upon the level conditioning criteria outlined above. 
However, in this embodiment, the output is simply a dual 
state output indicating the level conditioning analysis as to 
Whether a subject channel bit should be identi?ed as a 
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condition 1 or a condition 0. The output from this level of 
conditioning circuit 406 is then provided to rule compliance 
circuit 408 for further analysis. As outlined beloW in further 
detail, rule compliance circuit 408 insures that the data 
pattern being received does not include data patterns Which 
are not alloWed by the speci?c data coding methodology 
being used. For example, in 1,7 RLL data coding, it is 
required that all marks or spaces be at least tWo time periods 
long (2T marks or spaces). Rule compliance circuit 408 
insures that these coding rules are complied With. Rule 
compliance circuit 408 combines this analysis, With the 
determination made by a level conditioning 406 to produce 
an output 412 Which is provided to overrule circuitry 414. 

[0093] As previously mentioned, detection circuit 410 
receives an input from delay circuit 404. Additionally, a 
threshold level (slice level) is provided at second input 416. 
Detection circuit then performs classical threshold detection 
to produce a preliminary assessment of the subject channel 
bit. This preliminary assessment is output from detection 
circuit 410 on output 418. Overrule circuit 414 then receives 
this preliminary assessment. Based upon the signal on 
overrule control output 412, overrule circuitry 414 then 
either outputs the preliminary assessment produced by 
detection circuit 410, or overrules that value depending upon 
the ?ndings of level conditioning circuit 406 and rule 
compliance circuit 408. An appropriate output is then pro 
duced at output 420. 

[0094] As outlined above, level conditioning circuit 406 
searches for the 2T marks and spaces in the digitiZed Read 
Signal from 1,7 RLL encoded data. Those samples identi?ed 
as 2T marks or spaces are then considered clear logical ones 
or logical Zeros. Any channel-bit value as de?ned by the 
slicer 410 for those signal samples is then overruled. 

[0095] Referring to FIG. 5A a Worst-case Waveform is 
shoWn, because the 2T space (samples C and D) is preceded 
by a long mark and the 2T mark (E and F) is folloWed by a 
long space. It also shoWs a slice-level, Which in this case is 
not controlled at the optimal level for the 2T Waveforms. The 
slice-level is used to make a preliminary decision on all 
samples, but the signal conditioning may overrule this 
decision. 

[0096] In the Waveform shoWn in FIG. 5A, the samples C 
and D are recogniZed as a 2T space because the folloWing 
conditions are all met: 

[0097] LikeWise the samples E and F are recogniZed as a 
2T mark because the folloWing conditions are all met: 

[0098] So even though samples C and D are above the 
Slice-Level, they are turned into logical Zeros by the level 
conditioning scheme. These “Condition Zeros” (Cond0) are 
shoWn as triangles, While the “Condition Ones” (Cond1) are 
shoWn as squares. All other samples are shoWn as dots. 

[0099] Note that We only make a correction if We detect 
tWo consecutive Cond1’s or tWo consecutive Cond0’s. 

[0100] Samples A and B are considered logical ones 
because they are above the Slice level. 

[0101] Samples A and H are considered logical Zeros 
because they are beloW the Slice level. 
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[0102] HoWever, in order to avoid the false detection of 
the above conditions in the ?at parts of long marks and 
spaces, We require that one other condition is met. Each 
Cond1 and each Cond0 must be Within an Amplitude 
WindoW. This amplitude WindoW is derived from the tops 
and bottoms of the 3T marks and spaces in the Reference 
Field of each Data Sector and throughout the sector these 
levels are updated by the 3T tops and 3T bottoms of the 
Reference Bytes in each frame. This “3T-WindoW” is likely 
non-critical because, over a very Wide range of Write 
PoWers, the 2T samples are normally Well beloW the 3T tops 
and Well above the 3T bottoms, While the ?at parts of long 
marks and spaces are typically Well outside this WindoW. 

[0103] FIG. 5B shoWs a case in Which sample C has risen 
above E due to a combination of ISI, radial crosstalk and 
optical aberrations. The above conditions are not met and 
since C and D are above the slice-level they are both 
decoded as ‘1’, Which of course is Wrong. 

[0104] This is Where rule compliance is bene?cial. Rule 
compliance has the folloWing tWo modi?cations: 

[0105] 1) If a single Cond0 and a single Cond1 are 
detected, separated by 1 unde?ned sample, then the 
in-betWeen sample and the 2 other adjacent samples 
must be further evaluated, because single marks and 
spaces are illegal in the 1,7 RLL code. 

[0106] 2) The above conditions are slightly modi?ed: 

Sample E is a Condl if: ((E>C) AND (E>G)) OR 
((E>C) AND (E>G)) 
Sample D is a Cond0 if: ((D<B) AND (D<F)) OR 
((D<B) AND (D<F)) 

[0107] Note that We noW alloW one of the tWo relevant 
neighbor samples (at distance 2) to be equal to the center 
one. 

[0108] If 2 consecutive Cond1’s are detected then those 2 
channel-bits are set to ‘1’. LikeWise, if 2 consecutive 
Cond0’s are detected then those 2 channel-bits are set to ‘0’. 

[0109] In the Waveform shoWn in FIG. 5B, sample D is a 
single Cond0 and F is a single Cond1. This means that one 
of the samples C, E or G must be part of a 2T mark and one 
of them must be part of a 2T space. The most likely 
resolution is determined by the amplitude differences of 
(C-E) and (E-G). In this case (E-G) is much larger, Which 
makes sample G the most likely to be correct. As it is more 
negative it is considered a logical Zero. Note that it is also 
clearly beloW the slice level, but that information is not used 
here. 

[0110] Since G is noW chosen to be a Zero, E and F are set 
to ‘1’ and C and D are cleared to ‘0’. 

[0111] So samples C through E are corrected (overruled) in 
case the slice level had decided incorrectly. 

[0112] This is all accomplished by means of relative 
comparisons, independent of the slice level and independent 
of the absolute signal amplitude (ie by means of “Maxi 
mum Likelihood Detection”). HoWever, all Cond1 samples 
and Cond0 samples must be Within the “3T-WindoW” to 
make sure that We Were not dealing With noisy ?ats of long 
marks or spaces. 

[0113] Looking noW to the Waveform of FIG. 5C, sample 
G has dropped beloW sample E, Which is noW the unde?ned 
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sample between a single Cond0 (sample D) and a single 
Cond1 (sample Delta (C-E) is larger than delta (E-G) and 
since (C-E) is positive, C must be a ‘1’. This makes D and 
E a ‘0’ and it makes F and G a ‘1’. Again, the preliminary 
decision by the slice-level is overruled. 

[0114] In FIG. 5D sample G has risen above sample E, 
Which is noW the unde?ned sample betWeen a single Cond1 
(sample D) and a single Cond0 (sample Delta (C-E) is 
larger than delta (E-G) and since (C-E) is negative, C must 
be a ‘0’. This makes D and E a ‘1’ and it makes F and G a 
‘0’. Again, the preliminary decision by the slice-level is 
overruled. 

[0115] FIG. 5E shoWs a Waveform Wherein sample C has 
dropped beloW sample E, Which is noW the unde?ned 
sample betWeen a single Cond1 (sample D) and a single 
Cond0 (sample Delta (C-E) is smaller than delta (E-G) 
and since (G-E) is positive, G must be a ‘1’. Hence, E and 
F are cleared to ‘0’, C and D are set to ‘1’. 

[0116] In FIG. 5F there is shoWn a Waveform Which 
eXhibits tWo problems: C has risen above E and F has 
dropped beloW D. None of the level conditioning conditions 
is met in this case. For this special case a Waveform 
recogniZer is required. This Waveform recogniZer requires: 

[0117] If (B>C) AND (C>D) AND (DzE) AND (E>F) 
AND (F>G) AND (D Within the 3T-WindoW) then: 

[0118] The Waveform shoWn in FIG. 5G illustrates the 
inverse of that shoWn in FIG. 5F. For that special case We 
use a similar Waveform-recognizer: 

[0119] If (B<C) AND (C<D) AND (DzE) AND (E<F) 
AND (F<G) AND (D in 3T-WindoW) then: 

[0120] FIG. 5H illustrates a case similar to that shoWn in 
FIG. 5F. As D=E it meets the Special Case criterion, so C 
and D are cleared and E and F are set. 

[0121] LikeWise, the Waveform of FIG. 5I is similar to 
that of FIG. 5D, eXcept that D=F. Still D is a Cond1 because 
((D>B) AND (D§T)). LikeWise F is a Cond0 because 
((FéD) AND So the unde?ned sample E is com 
pared to C and G just like in FIG. 5D. Thus D and E are set 
to ‘1’, F and G are cleared to ‘0’. 

[0122] FIG. 5J is similar to FIG. 5B, eXcept that samples 
C through F are all equal. Still samples C and D comply With 
the modi?ed level conditioning rules (Cond0) and samples 
E and F comply With the modi?ed rules (Cond1). 

[0123] FIG. 5K is similar to FIG. 5D, eXcept that D=F. 

[0124] The Waveform shoWn in FIG. 5L shoWs a long 
Mark, 3T-space, 2T-mark, Long Space. Samples C,D and E 
are clearly beloW the Slice-level, so are set to ‘0’. D and E 
are also Cond0’s so they are set to 0 again. F and G are both 
Cond1’s and thus are both set to ‘1’. Again, the preliminary 
decision by the slice-level is overruled. 

[0125] FIG. 5M shoWs a Waveform Which displays the 
typical case of several alternating 2T marks and spaces. All 
of the samples B through N are recogniZed by standard level 
conditioning and thus are decoded correctly, even though the 
Slice Level is not correct for these channel-bits. 
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[0126] The Waveform of FIG. 5N is similar to that of FIG. 
5M, but it has 2 problems. First of all sample B has dropped 
beloW D, Which is noW the unde?ned sample betWeen the 
single Cond1 at C and the single Cond0 at E. Delta (B-D) is 
smaller than delta (D-F) and since (F-D) is positive, F must 
be ‘1’. This makes D a ‘0’ and it makes B a ‘1’. 

[0127] Secondly, due to noise (or a small defect), samples 
G through K have become equal. But because of the 
modi?ed level conditioning rules, G is a Cond1, H is a 
Cond0, J is a Cond0 and K is a Cond1. So F and G are set 
to ‘1’, H and J are cleared to ‘0’, K and L are set to ‘1’. 

[0128] FIG. 50 is very similar to FIG. 5N, eXcept that 
sample G is even loWer. Because of that G has become a 
unde?ned betWeen a single Cond1 and a single Cond0. So 
noW it’s delta from E is compared to it’s delta from J. As 
delta (E - G) is larger, F and G are set to ‘1’, H and J are 
cleared to ‘0’ (similar to case 9). 

[0129] If G Would drop even loWer, such that delta (G - J) 
becomes larger than delta (E - G), then samples E through 
H are set Wrong, obviously resulting in a read-error. 

[0130] The Waveform shoWn in FIG. SP is similar to that 
of FIG. 50, but it has a real 3T space at H, J and K (versus 
a defect). Sample H is unde?ned by the level conditioning 
rules, but as it is not enclosed by opposite single rule 
compliance conditions, it is left alone (not overruled). As 
sample H is part of a 3T space, the slice-level should make 
the correct decision. 

[0131] Lastly, FIG. 5Q illustrates a number of 3T Marks 
and 3T Spaces, the Slice-level and the 3T Top and Bottom 
levels. Samples A and D are unde?ned by the level condi 
tioning requirements because they are outside the 3T-Win 
doW, but none of the unde?ned samples is enclosed by 
opposite rule compliance conditions, so they are all de?ned 
by the Slice-level, Which is correct. Level conditioning and 
rule compliance principles are only supposed to make cor 
rections for 2T marks and spaces. 

[0132] In all these cases With unde?ned samples betWeen 
single level conditioned samples, the amplitude deltas 
betWeen the relevant samples is signi?cant, indicating that 
rule compliance offers good margins for these Worst case 
Waveforms. 

[0133] Referring noW to FIGS. 6A through 6C, there is 
shoWn a more detailed block diagram of ISI cancellation 
system 400. Referring speci?cally to FIG. 6A, it can be seen 
that read signal 402 is provided to both an input of delay 
circuit 404 and level conditioning circuit 406. Delay circuit 
404 includes a ?rst register 602, and a second register 604, 
both of Which implement one channel bit period time delays. 
Consequently, the output FB2 from delay 404 trails the input 
FBO by tWo channel bits. Internally, the output from ?rst 
register 602 (FB1) Will trail the input (FBO) by one channel 
bit. 

[0134] These tWo channel bit signals are then provided to 
level conditioning circuit 406. Level conditioning circuit 
406 includes a comparator 610, a ?rst delay circuit 612, a 
second delay circuit 614, and conditioning logic 616. Con 
ditioning logic 616 is capable of providing the initial level 
conditioning analysis to determine the appropriate relation 
ships betWeen a main channel bit and its tWo neighbor 
channel bits. If the appropriate level conditioning conditions 
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are met (as outlined above), conditioning logic 616 Will 
provide an output indicating that the main channel bit should 
be designated as a “Condition One” (Cond1) or a “Condition 
Zero” (Cond0). 

[0135] Once again, level conditioning Will only be under 
taken When the subject channel bit is Within the 3T WindoW. 
Consequently, level conditioning circuit 406 includes a 
WindoW comparator 620 as shoWn in FIG. 6C. WindoW 
comparator 620 receives the delay circuit output 405 (FB2) 
as an input thereto. Delay circuit output 405 is then provided 
at a ?rst input to both ?rst comparator 622 and second 
comparator 624. Also included as input to ?rst comparator 
622 is a 3T top level signal 626. This 3T top level signal is 
indicative of the predetermined 3T signal amplitude. Simi 
larly, comparator 624 receives a 3T bottom level signal 628 
at its second input. First comparator 622 and second com 
parator 624 then provide inputs to comparison logic 630. 
Comparison logic 630 can then produce an output signal 
InWoW0, indicating that the subject channel bit (FB2) is 
either Within or outside the 3T WindoW. As can be seen by 
referring to FIG. 6A, this signal is then provided to condi 
tioning logic 616. As expected, conditioning logic 616 Will 
not produce any output if the subject channel bit is not 
Within the 3T WindoW. 

[0136] Level conditioning circuit 406 has tWo outputs, 
Cond1634 and Cond0636. These outputs provide an indi 
cation if the subject channel bit is designated as a “Condition 
One” (Cond1) or a “Condition Zero” (Cond0). Alternatively, 
signals can indicate Whether no conditioning is appropriate. 
First level conditioning output 634 and second level condi 
tioning 636 are then provided to the rule compliance circuit 
408, Which is shoWn in more detail on FIGS. 6B and 6C. 

[0137] Referring speci?cally noW to FIG. 6B, it can be 
seen that read signal input 402 and delay circuit output 405 
are both provided to the input of a differentiator 640. 
Differentiator 640 is then capable of determining the relative 
amplitude difference betWeen the subject channel bit FB2 
and neighbor channel bit FBO. The output from differentiator 
is then provided to a delay netWork 644 Which includes a 
?rst register 646, a second register 648, and a third register 
650. These registers Will all appropriately produce delays in 
order to provide a difference comparator 652 With appro 
priate values. More speci?cally, difference comparator 652 
Will receive signals indicating the relative difference 
betWeen the subject channel bit and its tWo appropriate 
neighbor channel bits. The output from difference compara 
tor 652 then can indicate Which pair of channel bits (either 
subject channel bit and ?rst neighbor or subject channel bit 
and second neighbor) has a larger relative difference. This 
output is then provided to a pair of delay circuits 654 and 
656 Which provide appropriate timing delays and subse 
quently output an indication of the relative values. 

[0138] As previously mentioned, ?rst conditioning logic 
output 634 and second conditioning logic output 636 are 
provided to rule compliance circuitry 408. Speci?cally, these 
signals are provided to rule compliance logic 660 in order to 
determine if a single unde?ned sample eXists betWeen a pair 
of conditioned channel bits, thus indicating that the data 
pattern is not in compliance With the subject data coding. 
Rule compliance logic 660 includes ?rst delay circuit 662, 
second delay circuit 664, ?rst single point determination 
logic 666 and second single point determination logic 668. 
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If a single condition one or a single condition Zero is found 
to eXist, appropriate signals are produced at the output of 
single point determination logic 666 or second single point 
determination logic 668. This then Will enable further com 
parisons in order to address the unde?ned channel bit. 
Alternatively, if tWo consecutive condition ones or tWo 
consecutive condition Zeros are found to eXist, de?ne set one 
logic 670 and de?ne set Zero logic 672, Which Will produce 
appropriate signals to transmit to overrule control 414. 

[0139] Once a single Condition Zero or a single Condition 
One is found to eXist, rule compliance logic 680, in con 
junction With the outputs from difference comparator 652 
applies the above-outlined rules to determine the appropriate 
logic level for the unidenti?ed channel bit. Once again, 
appropriate outputs are then provided to overrule circuit 
414. 

[0140] As further outlined above, certain circumstances 
eXist Where special case detectors are required. Referring 
speci?cally to 6C, a more detailed block diagram of a special 
case detector 682 is shoWn. Special case detector 682 
includes a special case comparator 684 Which is capable of 
comparing the relative value of adjacent channel bits. As can 
be seen, this special case comparator 684 receives an inter 
mediate input FB1 from delay circuit 404. Consequently, the 
tWo inputs to special case comparator 684 are adjacent 
channel bits Which can then be eXamined. Special case logic 
686 is included in this special case detector 682 Which 
compares the relative values of the numerous adjacent 
channel bits. Applying the rules outlined above, the special 
case comparator can then produce outputs to overrule cir 
cuitry 414 to appropriately set or clear any necessary bits. 

[0141] Referring again to FIG. 5A, detection circuit 410 
includes an input from a delay circuit 404 and a slice level 
input 416. These various inputs are utiliZed to produce a bit 
slice output for the subject data bit. This output is then 
provided to overrule circuitry 414 Which includes inputs 
from rule compliance circuit 408 as Well. As can be seen, 
overrule circuitry 414 includes a timing delay 450 and a shift 
register 452. Shift register 452 includes numerous control 
inputs from overrule control logic 460 in order to appropri 
ately set or reset the various channel bits being analyZed. 
Ultimately, the channel bit logical polarity Will be output 
from overrule logic 414 at output 480. 

[0142] As can be seen, overrule logic 460 includes a 
number of OR gates, all of Which receive inputs from rule 
compliance circuitry 408. Each of these inputs is capable of 
setting or clearing a particular channel bit based upon either 
the above described level conditioning rules or the above 
described rule compliance rules. 

[0143] Conclusion 

[0144] The present invention provides systems, methods 
and apparatus for recovering data from recording media, 
including, for eXample, magnetic disk, optical disk, optical 
tape, and magneto-optical systems. An eXample advantage 
of embodiments of the present invention is that it enables 
provision of accurate detection of recorded data While 
accommodating increased recording density and other 
parameters that tend to cause the threshold to vary and 
margins to degrade. 

[0145] It Will be understood that various other changes in 
the details, materials, and arrangements of the parts and 




