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(57) ABSTRACT 
A most probable path is selected from a number n (where 
ne2) of paths of State transitions occurring from a first State 
S (where ke3 and je2) at a time k-jinto a Second State 
S. at a time k. The method includes the Steps of detecting 
predetermined combinations of the first and Second States 
S. and S defining the n probable paths in a predetermined 
period between the times k- and k, and evaluating the 
reliability of a read signal, decoded in the period j, by 
Pa-Pb. Pa and Pb indicate the probabilities of state tran 
Sition of first and Second State transition paths in the period 
j. The first and Second State transition paths are estimated to 
be the most probable and the Second most probable, respec 
tively, among the n probable paths defined by the combina 
tions detected. 

15 
9 

Differential 
Metric 
Calculator 

(Psids 10) Deviation 
Calculator 

Average/Standard 

State 
Transition 
Detector 

6 

  

  

    

  

  

  

  

  

  

  



US 2003/0067998 A1 Patent Application Publication Apr. 10, 2003. Sheet 1 of 17 

006 

  



Patent Application Publication Apr. 10, 2003 Sheet 2 of 17 US 2003/0067998 A1 

FIG.2 

1.E-00 

1.E-01 

1.E-02 

E-03 

1.E-04 

E-0S 

E-06 

1.E-07 

1E-08 

1.E-09 

1.E-10 

f 

5% 10% 15% 20% 25% 

jitter O/Tw%) 

  



Patent Application Publication Apr. 10, 2003. Sheet 3 of 17 US 2003/0067998 A1 

FIG 3 
  



Patent Application Publication Apr. 10, 2003 Sheet 4 of 17 US 2003/0067998A1 

  



Patent Application Publication Apr. 10, 2003. Sheet 5 of 17 US 2003/0067998 A1 

i 

i 

  



Patent Application Publication Apr. 10, 2003. Sheet 6 of 17 US 2003/0067998 A1 

FIG.6A 
Frequency 

Pa-Pb 

Pa-Pb-Pstd 
-Ps td 0 +Psld 

  



US 2003/0067998 A1 Patent Application Publication Apr. 10, 2003. Sheet 7 of 17 

Z | 

G 

00|| 

09 

  

  

  

  



Patent Application Publication Apr. 10, 2003 Sheet 8 of 17 

FIG.8 

Branch Adderl 
Metric Comparator? 
Calculator Selector 

Delay 
Circuit 

Differential 
Metric 
Calculator 

Average/Standard 
Deviation 
Calculator 

Path 
Memory 

State 
Transition 
Detector 

US 2003/0067998 A1 

6 

  



US 2003/0067998A1 Patent Application Publication Apr. 10, 2003 Sheet 9 of 17 

---- * • • • ---${ºs 
• • • • • • • • • •-,-·l-,- Ztas 

-----|#|$(7) 
  



Patent Application Publication Apr. 10, 2003. Sheet 10 of 17 US 2003/0067998 A1 

FIG 10 

veform 
ualizer E C Eq 

9 1 O 1 1 Pentia 
Analyzer 

2 8 12 6 Pavel O 

FIG 77 

Waveform 
Equalizer 

Differential 
Metic 
Analyzer 

  

  

  

    

  

  



Patent Application Publication Apr. 10, 2003 Sheet 11 of 17 US 2003/0067998A1 

F/G, 12 

C J 
Equalizer 

Differential 
Metric 
Analyzer 

Frequency 
Characteristic 
Controller 

2 9 

Differential 
Metric 
Analyzer 

Frequency 
Characteristic 
Controller 

2 9 O 

  

    

  

    

  

  



US 2003/0067998 A1 Patent Application Publication Apr. 10, 2003. Sheet 12 of 17 

Z | 

00|| 

| 6 Z 

  

  

    

  

  



US 2003/0067998 A1 Patent Application Publication Apr. 10, 2003. Sheet 13 of 17 

Z 6 Z 

£ 0 || 

    

  

    

  

  

  



Patent Application Publication Apr. 10, 2003 Sheet 14 of 17 US 2003/0067998A1 

FIG 16 

1.E-00 

1.E-01 

1.E-02 

1E-03 

1.E-04 

1.E-05 

1.E-06 

1.E-07 

1E-08 

1E-09 

1.E-10 
5% 10% 15% 20% 25% 

PRML. Error Index M%) 

  



Patent Application Publication Apr. 10, 2003. Sheet 15 of 17 US 2003/0067998 A1 

FIG 1 7 O/O 

O S(b1, b) 

O/CO 1/CO 

1/23 CO+C1 

A/GIS 



Patent Application Publication Apr. 10, 2003 Sheet 16 of 17 US 2003/0067998A1 

FIG. 19 O/O S(b.3, b2 b, b) 

SO 
(0,0,0,0) 

1/2-kCO 

S8 
(1,0,0,1) 

  

  

  

  



Patent Application Publication Apr. 10, 2003. Sheet 17 of 17 US 2003/0067998 A1 

FIG20 
S(b. 3, bk2, bi b) 

SO SO SO 

(0,0,0,0) 

  



US 2003/OO67998 A1 

METHOD FOR EVALUATING THE QUALITY OF 
READ SIGNAL AND APPARATUS FOR READING 

INFORMATION 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 The present invention relates to a method for 
evaluating the quality of a digital Signal that has been read 
out from a storage medium and then decoded by a maximum 
likelihood decoding technique, and also relates to an appa 
ratus for reading information from a storage medium and 
performing Such quality evaluation on the read Signal. 
0003 2. Description of the Related Art 
0004 Recently, various types of apparatuses (such as 
hard disk drive (HDD), optical disk drive and magneto 
optical disk drive) for reading digital information from a 
Storage medium have been used extensively in audiovisual 
appliances, personal computers and So on. 
0005 FIG. 1 is a block diagram showing a configuration 
for a part of a conventional optical disk drive 900. A light 
beam that has been reflected from an optical disk 1 is 
converted by an optical head 2 into a read Signal. The read 
Signal has its waveform shaped by a waveform equalizer 3 
and then digitized by a comparator 4. The threshold value of 
the comparator 4 is normally Subjected to a feedback control 
So that the output digital Signals of the comparator 4 equals 
Zero when integrated together. 
0006. In the optical disk drive 900, normally a phase 
locked loop (PLL) circuit generates a clock signal that is 
Synchronized with a read signal. A clock signal of that type 
is termed “a read clock signal'. As shown in FIG. 1, the PLL 
circuit includes a phase detector 5, a low-pass filter (LPF) 6 
and a voltage controlled oscillator (VCO) 7. To generate the 
read clock signal, the phase detector 5 detects a difference in 
phase between the output digital Signal of the comparator 4 
and an output clock signal of the VCO 7. The phase 
difference detected is averaged by the LPF 6. In accordance 
with the output of the LPF6, the control voltage of the VCO 
7 is determined. In this manner, the oscillation frequency of 
the VCO 7 is subjected to a feedback control so that the 
phase difference output from the phase detector 5 always 
equals Zero. Thus, the VCO 7 can output a clock signal that 
is Synchronized with the read signal. By using a PLL circuit 
like this, even if the disk has Some degree of eccentricity, for 
example, a clock Signal can be extracted constantly So as to 
be Synchronized with the read signal. 
0007. The read clock signal is used to determine whether 
the recorded code (i.e., digital information) is one or Zero. 
More Specifically, the digital information can be read out by 
determining whether or not each detection pulse of the 
comparator 4 falls within a window width defined by the 
read clock signal. AS used herein, the “detection pulse' of 
the comparator 4 refers to a portion of the output digital 
Signal of the comparator 4 that exceeds the predetermined 
threshold value. 

0008 However, the output detection pulse of the com 
parator 4 might deviate from the window width of the read 
clock signal due to various factors including interSymbol 
interference occurring in the read Signal, the distortion of a 
recording mark, circuit noise and a control residual of the 
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PLL. In that case, an error occurs. Such a time lag created 
between the detection pulse of the comparator 4 and the read 
clock signal is called a "jitter'. 
0009. In reading digital information by the technique 
described above, the quality (which is represented in terms 
of an error rate) of the read signal can be evaluated by using 
the distribution of jitter. The jitter distribution may be 
Supposed to form a normal distribution having a mean of 
Zero. In that case, the error rate Pi (O/Tw) is given by 

Pi(Of Tw) = 2eric ty2) (1) 

rfetz) = - ? tfli (2) eric(3) = -- exp- - - ii. 
W2t J. 2 

0010 where O is the standard deviation of the jitter 
distribution that is Supposed to be a normal distribution and 
Tw is the window width. 

0011 FIG. 2 is a graph showing a relationship between 
the jitter and the bit error rate (BER). As can be seen from 
FIG. 2, as the standard deviation of the jitter increases, the 
BER also increases. The jitter of a read signal can be actually 
measured with a time interval analyzer (TIA). Accordingly, 
even if no errors have actually occurred, the quality of the 
Signal can also be evaluated by the jitter Standard deviation 
Oper the window width Tw. Thus, it is possible to predict the 
probability of occurrence of errors (which will be herein 
referred to as an "error probability”). For that reason, by 
measuring the Standard deviation of the jitter, the perfor 
mance of a given drive, a Storage medium or an optical head 
can be checked and tested. Also, if the parameters of an 
equalizer are controlled in Such a manner as to decrease the 
Standard deviation of the jitter, then a read operation can be 
performed even more constantly. 

0012. In the technique described above, digital informa 
tion is directly obtained from the output digital Signal of the 
comparator 4. According to another known technique on the 
other hand, digital information may also be obtained by a 
maximum likelihood decoding method. Examples of known 
maximum likelihood decoding methods include a partial 
response maximum likelihood (PRML) method. In the 
PRML method, data is read or written from/on a storage 
medium having a high Storage capacity with the potential 
occurrence of interSymbol interference fully taken into 
account. More specifically, a Signal that has been read out 
from Such a high-capacity Storage medium is Subjected, by 
a waveform equalizer, a digital filter and So on, to a partial 
response equalization So as to have a predetermined fre 
quency characteristic. Then, the PR equalized and filtered 
Signal is decoded into most likely (or most probable) digital 
data by a Viterbi decoding technique, for example. Accord 
ing to the PRML method, data can be decoded at a low error 
rate even from a read Signal with a low signal-to-noise ratio 
(SNR) or a read signal that is affected by the intersymbol 
interference relatively Seriously. 

0013 In a maximum likelihood decoding method like 
this, data is decoded from a read Signal by Selecting a most 
probable State transition path. In general, a quantity repre 
Senting the probability of a State transition that leads to a 
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State Sn (where n is a state number) at a time k is defined by 
the following Equation (3): 

k (3) 
L = X. (y; - level) 

i=0 

0014) where y is the actual value of the read signal (or 
digital Sample data) at a time i and level is an expected ideal 
value of the read signal. 
0.015. In a maximum likelihood decoding method, a state 
transition path having the minimum probability quantity as 
represented by Equation (3) is selected. Unlike the above 
described technique of decoding the data as one or Zero by 
determining whether or not the detection pulse falls within 
the window width at each point in time k, a Euclidean 
distance of (y-level) is obtained from the data that is 
Sampled at each point in time k by reference to a read clock 
Signal according to the maximum likelihood decoding 
method. Then, the data is decoded based on the Euclidean 
distance. Accordingly, the decoded result obtained by the 
maximum likelihood decoding method is also affected by a 
past sampled value y of a read signal. 
0016. In this maximum likelihood decoding method, 
even when two read Signals have the same jitter Standard 
deviation O, errors may or may not have occurred in the read 
Signals. For that reason, it is difficult to estimate the error 
rate of the decoded digital data, obtained by the maximum 
likelihood decoding method, by the jitter Standard deviation 
O of the read Signal. Accordingly, an error rate estimating 
method (i.e., a signal quality evaluating method), which is 
more Suitable to the maximum likelihood decoding method, 
needs to be used. 

0.017. A method for evaluating the quality of a signal that 
has been decoded by the maximum likelihood decoding 
method is disclosed in Japanese Laid-Open Publication No. 
10-21651, for example. The apparatus disclosed in Japanese 
Laid-Open Publication No. 10-21651 obtains a difference in 
likelihood between two State transition paths, having a 
minimum Euclidean distance between them, and then pro 
ceSSes this difference by a Statistical method, thereby evalu 
ating the quality of the Signal. 
0.018 More specifically, to obtain a difference in likeli 
hood between two paths that result in the same State at a time 
k, the sums of branch metrics of two survived paths that 
were regarded as most likely for two mutually different 
States at the previous time k-1 are used. However, these 
sums of branch metrics at the time k-1 might be those of 
unwanted paths. For example, a path other than the path in 
question (i.e., a path having likelihood to be checked) may 
have been Selected by mistake before the time k-1. Japanese 
Laid-Open Publication No. 10-21651 does disclose a tech 
nique of Selecting two paths having the minimum Euclidean 
distance between them and obtaining a difference in likeli 
hood between these two paths. However, Japanese Laid 
Open Publication No. 10-21651 does not disclose any spe 
cific method for calculating the target likelihood values of 
these two paths with more certainty. 

SUMMARY OF THE INVENTION 

0019. In order to overcome the problems described 
above, preferred embodiments of the present invention pro 
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vide a method and apparatus for evaluating the quality of a 
read Signal by using indices that are correlated with the error 
rate of digital data decoded by the maximum likelihood 
decoding method. 
0020. A preferred embodiment of the present invention 
provides a method for evaluating the quality of a read signal 
that has been decoded by a maximum likelihood decoding 
method. In this method, a most probable State transition path 
is preferably Selected from a number n (where n is an integer 
equal to or greater than two) of State transition paths that 
represent in probable transitions from a first state S (where 
k is an integer equal to or greater than three and j is an 
integer equal to or greater than two) at a time k-j into a 
Second State S at a time k. The method preferably includes 
the Step of detecting predetermined combinations of the first 
and second states S. and S that define the n probable state 
transition paths in a predetermined period between the 
times k- and k. The method preferably further includes the 
Step of evaluating the reliability of the decoded signal, 
obtained in the predetermined periodj, by using Pa-Pb. Pa 
and Pb are indices indicating the respective probabilities of 
State transition of first and Second State transition paths in the 
predetermined period j. The first and Second State transition 
paths are estimated to be the most probable and the Second 
most probable, respectively, among the n probable State 
transition paths that are defined by the predetermined com 
binations detected. 

0021. In one preferred embodiment of the present inven 
tion, the Step of evaluating the reliability preferably includes 
the steps of defining the index Pa by differences between 
expected values shown by the first State transition path and 
actual Sample values in the predetermined period j, and 
defining the index Pb by differences between expected 
values shown by the Second State transition path and the 
actual Sample values in the predetermined period j. 
0022. In this particular preferred embodiment, the step of 
evaluating the reliability preferably includes the Steps of 
obtaining the indeX Pa as a Sum of Squares of differences 
between the expected values li,..., l- and l shown by 
the first State transition path and the actual Sample values 
y; . . . , y and y in the predetermined period j and 
obtaining the indeX Pb as a Sum of Squares of differences 
between the expected values m-, ..., m- and m shown 
by the Second State transition path and the actual Sample 
valuesy. . . . , y_1 and Y in the predetermined periodj. 
0023. In another preferred embodiment of the present 
invention, the number n is preferably two. 
0024. In still another preferred embodiment, a Euclidean 
distance between the first and Second State transition paths is 
preferably a minimum value. 
0025. In yet another preferred embodiment, the method 
preferably further includes the Step of detecting a variation 
in the reliability of the decoded signal by measuring Pa-Pb 
a number of times. 

0026. In this particular preferred embodiment, the step of 
detecting the variation in the reliability may include the Step 
of deriving a standard deviation of a Pa-Pb distribution as 
the variation. 

0027) Alternatively, the step of detecting the variation in 
the reliability may include the Step of deriving a Standard 
deviation and an average of a Pa-Pb distribution as the 
variation. 
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0028. As another alternative, the step of detecting the 
variation in the reliability may include the Step of detecting 
a frequency of occurrence at which Pa-Pb exceeds a 
predetermined range. 

0029. In yet another preferred embodiment, the method 
may further include the Step of decoding a read signal in 
which a recorded code has a minimum polarity inversion 
interval of two and which has been subjected to a PR (CO, 
C1, CO) equalization. 
0030 Alternatively, the method may further include the 
Step of decoding a read signal in which a recorded code has 
a minimum polarity inversion interval of two and which has 
been subjected to a PR (CO, C1, C1, CO) equalization. 
0031. As another alternative, the method may further 
include the Step of decoding a read signal in which a 
recorded code has a minimum polarity inversion interval of 
two and which has been subjected to a PR (CO, C1, C2, C1, 
CO) equalization. 
0032. In yet another preferred embodiment, the step of 
evaluating the reliability may include the Step of obtaining 
Pa-Pb without calculating Squares of the actual sample 
values. 

0033. Another preferred embodiment of the present 
invention provides an apparatus for reading information. 
The apparatus preferably includes gain controller, first 
waveform equalizer, read clock Signal generator, A/D con 
verter, maximum likelihood decoder and differential metric 
calculator. The gain controller preferably adjusts an ampli 
tude value of a read signal. The first waveform equalizer 
preferably shapes the waveform of the read signal So that the 
read Signal has a predetermined equalization characteristic. 
The read clock Signal generator preferably generates a read 
clock signal that is Synchronized with the read signal. The 
A/D converter preferably generates and outputs Sampled 
data by Sampling the read signal in response to the read 
clock signal. The maximum likelihood decoder preferably 
decodes the Sampled data into most likely digital informa 
tion. The differential metric calculator preferably obtains 
Pa-Pb. Pa and Pb are indices indicating respective prob 
abilities of State transition of first and Second State transition 
paths in a predetermined period. The first and Second State 
transition paths are estimated by the maximum likelihood 
decoder to be the most probable and the second most 
probable, respectively. 

0034. In one preferred embodiment of the present inven 
tion, the apparatus preferably further includes a Second 
waveform equalizer for Shaping the waveform of the read 
Signal differently from the first waveform equalizer So that 
the read Signal has another predetermined equalization char 
acteristic. In that case, the read clock Signal is preferably 
generated from the read Signal that has had its waveform 
shaped by the Second waveform equalizer. 
0035) Other features, elements, processes, steps, charac 
teristics and advantages of the present invention will become 
more apparent from the following detailed description of 
preferred embodiments of the present invention with refer 
ence to the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.036 FIG. 1 is a block diagram illustrating a configu 
ration for a conventional optical disk drive. 
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0037 FIG. 2 is a graph showing a relationship between 
the jitter and the bit error rate (BER). 
0038 FIG. 3 is a state transition diagram that is defined 
by the constraints, including a minimum polarity inversion 
interval of two and the use of a PR (1, 2, 2, 1) equalization 
technique, according to a preferred embodiment of the 
present invention. 

0039 FIG. 4 is a trellis diagram that is defined by the 
constraints, including the minimum polarity inversion inter 
val of two and the use of the PR (1, 2, 2, 1) equalization 
technique, in the preferred embodiment of the present inven 
tion. 

0040 FIG. 5 is a diagram showing two possible state 
transition paths between States SO and SOs that are 
extracted from the trellis diagram shown in FIG. 4. 
0041 FIGS. 6A and 6B are graphs schematically show 
ing the distributions of the reliability Pa-Pb of the decoded 
result. 

0042 FIG. 7 is a block diagram illustrating a configu 
ration for an optical disk drive as an exemplary apparatus for 
evaluating the quality of a read Signal according to a third 
Specific preferred embodiment of the present invention. 
0043 FIG. 8 is a block diagram illustrating detailed 
configurations of the Viterbicircuit and differential metric 
analyzer of the optical disk drive shown in FIG. 7. 
0044 FIG. 9 is a diagram illustrating a detailed configu 
ration of the path memory of the optical disk drive shown in 
FIG. 7. 

004.5 FIG. 10 is a block diagram illustrating a configu 
ration for another optical disk drive according to the third 
preferred embodiment. 
0046 FIG. 11 is a block diagram illustrating a configu 
ration for Still another optical disk drive according to the 
third preferred embodiment. 
0047 FIG. 12 is a block diagram illustrating a configu 
ration for yet another optical disk drive according to the third 
preferred embodiment. 
0048 FIG. 13 is a block diagram illustrating a configu 
ration for an optical disk drive according to a fourth Specific 
preferred embodiment of the present invention. 
0049 FIG. 14 is a block diagram illustrating a configu 
ration for another optical disk drive according to the fourth 
preferred embodiment. 
0050 FIG. 15 is a block diagram illustrating a configu 
ration for Still another optical disk drive according to the 
fourth preferred embodiment. 
0051 FIG. 16 is a graph showing a relationship between 
the PRML error index MLSA and the bit error rate (BER). 
0052 FIG. 17 is a state transition diagram that is defined 
by the constraints, including a minimum polarity inversion 
interval of two and the use of a PR (CO, C1, CO) equalization 
technique, according to another preferred embodiment of the 
present invention. 
0053 FIG. 18 is a trellis diagram that is defined by the 
constraints, including the minimum polarity inversion inter 
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val of two and the use of the PR (CO, C1, CO) equalization 
technique, in the preferred embodiment of the present inven 
tion. 

0.054 FIG. 19 is a state transition diagram that is defined 
by the constraints, including a minimum polarity inversion 
interval of two and the use of a PR (C0, C1, C2, C1, CO) 
equalization technique, according to another preferred 
embodiment of the present invention. 
0055 FIG. 20 is a trellis diagram that is defined by the 
constraints, including the minimum polarity inversion inter 
val of two and the use of the PR (CO, C1, C2, C1, CO) 
equalization technique, in the preferred embodiment of the 
present invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

Embodiment 1 

0056. Hereinafter, a method for evaluating the quality of 
a read signal and an apparatus for reading information 
according to preferred embodiments of the present invention 
will be described with reference to the accompanying draw 
IngS. 

0057 First, a read signal quality evaluating method 
according to a preferred embodiment of the present inven 
tion will be described. In the preferred embodiments to be 
described below, a code having a minimum polarity inver 
sion interval of two, e.g., a code defined by a (1,7) RLL 
modulation method, is used as the recorded code. That is to 
Say, any recorded code always has two or more consecutive 
ZeroS or ones. Also, a Signal is Supposed to be decoded by 
a PRML method in which the frequency characteristics of 
read and write Systems Substantially correspond to a PR (1, 
2, 2, 1) equalization characteristic as a whole. Hereinafter, a 
Specific decoding procedure will be described. 
0.058 Suppose recorded codes (each being made up of 
Zeros or ones) are denoted by: 

0059 Current recorded code: b.; 
0060 Recording code at the previous time: b.; 
0061 Recording code at the second last time: ba; 
and 

0062) 
0063 An ideal value Level of a read signal that has been 
Subjected to the PR (1, 2, 2, 1) equalization is given by: 

Recording code at the third last time: b. 

0.064 where k is an integer representing the time and v is 
an integer of 0 to 6. In the PR (1, 2, 2, 1) equalization, there 
are seven ideal Sample values (or expected values) Level 
(where 0s vs 6) depending on the combination of the 
recorded codes. 

0065 Next, the state transitions of the recorded codes 
will be described. A state at the time k is represented by S 
(b-2, b-1, b) and a state at the previous time k-1 is 
represented by S (b,b,b). The following Table 1 is 
a table of State transitions that is compiled by obtaining 
possible combinations of States at the times k-1 and k. AS 
described above, a modulation technique that defines the 
minimum inversion interval at two (i.e., at least two Zeros or 
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ones appear consecutively) is adopted in this preferred 
embodiment. Accordingly, the possible State transitions that 
a recorded code can make are limited to the following ten: 

TABLE 1. 

State State 

S (bk-3, bik-2, bik-1) S (bk2, bik-1 bit) 
at time k-1 at time k b/Level, 

S (0, 0, 0) S (0, 0, 0) O?O 
S (0, 0, 0) S (0, 0, 1) 1f1 
S (0, 0, 1) S (0, 1, 1) 1/3 
S (0, 1, 1) S (1, 1, 0) Of4 
S (0, 1, 1) S (1, 1, 1) 1/5 
S (1, 0, 0) S (0, 0, 0) Of1 
S (1, 0, 0) S (0, 0, 1) 1/2 
S (1, 1, 0) S (1, 0, 0) O?3 
S (1, 1, 1) S (1, 1, 0) O/5 
S (1, 1, 1) S (1, 1, 1) 1/6 

0066. In the following description, the states S (0, 0, 0), 
S (0, 0, 1), S(0, 1, 1), S (1,1,1), S (1,1,0), S (1, 0, 0). 
and so on at the time k will be identified by S0, S1, S2, 
S3, S4, S5 and so on, respectively, for the sake of 
Simplicity. The State transitions that may occur in the period 
between the time k-1 and the time k (i.e., a period of time 
corresponding to one cycle T of a read clock signal) are 
represented by the state transition diagram shown in FIG. 3. 
When the state transition diagram shown in FIG. 3 is 
expanded with respect to the time axis, the trellis diagram 
shown in FIG. 4 is obtained. 

0067 Look at the state S0 at the time k and the state 
So, at a time k-5 shown in FIG. 5. In FIG. 5, two possible 
paths of State transitions that can occur between the States 
S0 and S0 are indicated by the bold arrows. One A of the 
two possible State transition paths goes through the States 
S0s. S0', S0, S0, S0, and S0, while the other 
possible state transition path B goes through the states S0, 
S1, S2, S4, S5 and S0. In FIGS. 4 and 5, 
(recorded code/Level) is shown for each state transition. In 
this case, Level is Supposed to be any value between -3 and 
3. That is to say, the Level values of -3, -2, -1, 0, 1, 2 and 
3 correspond to Levelo, Level, Level, Levels, Level, 
Levels, and Levels, respectively. 
0068. In this manner, if the states at the times k-5 and k 
are S0 and S0, respectively, it is estimated that the state 
transitions should have occurred along one of the two paths 
A and B. That is to Say, if the decoded result obtained, i.e., 
the data that has been decoded in a period between the times 
k-7 and k, is (C-7, Ck-6 CK-5, Ck-4: Ck-3, C-2, C-1, 
C)=(0, 0, 0, x, x, 0, 0, 0) (where x is either Zero or one), then 
the State transition path A or B is estimated to be the most 
probable one. 

0069. If the states S0 and S0s are detected at the times 
k and k-5, respectively (i.e., if the decoded result obtained 
is (0, 0, 0, X, X, 0, 0, 0)), then it is necessary to determine 
which is more probable, the path A or the path B. This 
decision can be made by comparing the Sum of errors (or 
differences) between ideal Sample values (i.e., expected 
values) shown by the path A and actual Sample values with 
that of errors between ideal Sample values (i.e., expected 
values) shown by the path B and the actual sample values. 
More specifically, for each of these two paths A and B, errors 
between expected values Level at the times k-4, k-3, k-2, 
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k-1 and k and the actual Values Y, Y-3, Y, Y- and 
Y of the read Signal are obtained. The Squares of these 
errors are Summed up, thereby obtaining a Sum of Squared 
errors for each of the paths A and B. By comparing these 
Sums of Squared errors of the paths A and B with each other, 
it is possible to determine which of the two paths A and B 
is the more probable one. 
0070. In this case, the sum of squared errors between the 
expected values lla, liks, 1-2, l- and l (i.e., 0, 0, 0, 0, 0) 
shown by the path A and the Values Y, Y-3, Y, Y 
and Y of the read Signal at the times k-4, k-3, k-2, k-1 and 
k, respectively, is identified by Pa. On the other hand, the 
Sum of Squared errors between the expected values m, 
m-3, m_2, m- and m (i.e., 1,3,4, 3, 1) shown by the path 
B and the Values Y, Y-3, Y, Y and Y of the read 
Signal at the times k-4, k-3, k-2, k-1 and k, respectively, is 
identified by Pb. These sums of squared errors Pa and Pb are 
respectively given by the following Equations (5) and (6): 

Pa=(ys -0)^+(yes-0)^+(y 2-0)^+(y_1-0)^+(y- 
O)2 (5) 
Pb=(ya-1)^+(ys-3)^+(y 2-4)^+(y_1-3)^+(y- 
1)? (6) 

0071. The sum of squared errors Pa obtained in this 
manner is an indeX indicating the probability of State tran 
Sitions of the path Ain the predetermined period between the 
times k-5 and k. That is to say, the smaller the Pa value, the 
more probable the path A will be. On the other hand, the sum 
of Squared errorS Pb obtained in this manner is an indeX 
indicating the probability of state transitions of the path B in 
the predetermined period between the times k-5 and k. That 
is to say, the smaller the Pb value, the more probable the path 
B will be. Also, if the Pa or Pb value is zero, then the path 
A or B is estimated to be the most probable one. 
0072) Next, it will be described what the difference 
Pa-Pb between the Pa and Pb values means. A maximum 
likelihood decoder does not hesitate to choose the path A if 
Pak<Pb or the path B if Pad>Pb. However, if Pa=Pb, then 
either the path A or the path B may be chosen and the 
decoded result may or may not be true. Thus, the Pa-Pb 
value may be used as a measure of the reliability of the 
decoded result. That is to Say, the greater the absolute value 
of Pa-Pb, the higher the reliability of the decoded result 
should be. On the other hand, the closer to Zero the absolute 
value of Pa-Pb, the lower the reliability of the decoded 
result should be. 

0073. This Pa-Pb index indicating the reliability of the 
decoded result is used to evaluate the quality of the read 
signal. For that purpose, by obtaining the Pa-Pb values for 
a predetermined amount of time or a predetermined number 
of times based on the decoded results, a Pa-Pb distribution 
is obtained. FIGS. 6A and 6B schematically illustrate the 
Pa-Pb distributions. Specifically, FIG. 6A shows a Pa-Pb 
distribution where noise is Superposed on the read Signal. AS 
shown in FIG. 6A, this distribution has two peaks. One of 
the two peaks corresponds to a frequency of occurrence that 
reaches a local maximum value when Pa=0. The other peak 
corresponds to a frequency of occurrence that reaches a local 
maximum value when Pb=0. The Pa-Pb value correspond 
ing to the Zero Pa value will be herein identified by -Pstd 
and the Pa-Pb value corresponding to the Zero Pb value will 
be herein identified by Pstd. When Pstd is subtracted from 
the absolute value of Pa-Pb (i.e., when Pa-Pb-Pstd is 
calculated), the distribution shown in FIG. 6B is obtained. 
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0074. By supposing this distribution to be a normal 
distribution, the Standard deviation O and the average Pave 
of the distribution are obtained. The standard deviation O 
and average Pave of this distribution may be used to estimate 
a bit error rate. For example, if the estimated Pa-Pb 
distribution is curved gently and defined by a function that 
may have a value of Zero or less (i.e., unless the frequency 
of occurrence of Pa-Pb=0 is zero), decoding errors may be 
regarded as occurring at a frequency of occurrence that 
corresponds to the probability at which the function 
becomes zero or less. In that case, the error probability P ( 
O, Pave) may be defined by the following Equation (7) using 
the Standard deviation O and the average Pave: 

P(o, Pave)=erfc(Pstd+Pavefo) (7) 

0075. In this manner, the error rate of the digital decoded 
result obtained by a maximum likelihood decoding method 
can be estimated by using the average Pave and the Standard 
deviation O that have been derived from the distribution of 
Pa-Pb. In other words, the average Pave and the standard 
deviation O may be used as indices to the quality of the read 
signal. In the example described above, the Pa-Pb distri 
bution is supposed to be a normal distribution. But if it is 
difficult to regard the Pa-Pb distribution as a normal 
distribution, then it is possible to count how many times the 
Pa-Pb values are equal to or smaller than a predetermined 
reference value instead of deriving the average Pave and the 
standard deviation O as described above. The count obtained 
in this manner may be used as an index indicating the degree 
of variance of the Pa-Pb values. 
0076 According to the preferred embodiment described 
above, if a State transition has occurred from a first prede 
termined State (e.g., S0s) into a second predetermined State 
(e.g., S0) during a predetermined period, the absolute value 
of the difference Pa-Pb between the probabilities of two 
possible paths in the predetermined period is calculated, 
thereby evaluating the reliability of the decoded result. 
Furthermore, by measuring the Pa-Pb values a number of 
times, a variance (or distribution) representing the degree of 
reliability Pa-Pb of the decoded result can be obtained. In 
this manner, the quality of the read signal can be evaluated 
(i.e., the bit error rate of the read signal can be estimated). 
0077. It should be noted that in evaluating the signal 
quality by Such a method, a combination of States, between 
which a State transition should have occurred along one of 
the two paths having the highest error probabilities (i.e., two 
paths having a minimum Euclidean distance between them), 
is preferably Selected, and the Signal quality may be evalu 
ated by reference to the absolute value Pa-Pb of the 
difference between the probabilities of these two paths. 
Hereinafter, this point will be described in detail. 

0078. In decoding a read signal in accordance with the 
above-described State transition rule that requires the use of 
a minimum polarity inversion interval of two in combination 
with the PR (1, 2, 2, 1) equalization, not just the S0s->S0, 
State transition but also fifteen other State transitions may 
occur along two paths in the period between the times k-5 
and k. The following Table 2 lists those sixteen state 
transitions (i.e., 16 combinations of States at the times k-5 
and k) with their respective possible Pa-Pb (or Pstd) values: 
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Equations (10.1) through (10.8) are obtained from the most 
likely decoded results c and the Standard deviation a O and 
average Paves are obtained from their distribution. SuppoS 
ing these distributions are both normal distributions, the 
error probabilities Po and Pse are respectively given by the 
following Equations (11) and (12): 

10+ Pavelo (11) P0(O10, Pave10) = eft(N tele) O10 

36 - Paves (12) 
P36 (O36, Pave36) = er?tree) C36 

0088 That is to say, the error rate can be estimated for 
each pattern of the most likely decoded results. Thus, the 
Standard deviation a Oo and average Paveo or the Standard 
deviation a O. and average Paves may be used as indices 
to the quality of the read Signal. 
0089. If the state transition pattern detection range is 
expanded by one time period (i.e., when combination pat 
terns of State transitions, each of which should have occurred 
along one of two paths, are detected in the period between 
the time k-6 and the time k), the eight patterns shown in the 
following Table 3 may be further detected: 

TABLE 3 

Reliability Pa-Pb 
State of decoded result 

transition If Pa = 0 If Pb - O 

SO - SO -12 +12 
S0 - S1 -12 +12 
S2 - S3 -12 +12 
S2 - S4 -12 +12 
S5 - SO -12 +12 
S5 - S1 -12 +12 
S3 -> S3 -12 +12 
S3 -> S4 -12 +12 

0090. Just like the Equations (11) and (12), the error 
probability P of each of the eight patterns shown in Table 
3 is given by the following Equation (13): 

12ttee (13) P2 (O12, Pave12) erf{ O12 

0091) The point is that the reliability Pa-Pb may be used 
effectively as an indeX to the quality of the read signal by 
detecting only State transition patterns having relatively high 
error probabilities (or error rates). That is to say, an index 
correlated with the error rate can be obtained without 
detecting all State transition patterns. 
0092. As used herein, the “state transition patterns having 
relatively high error probabilities” refer to state transition 
patterns of which the maximum value of the reliability 
values Pa-Pb is relatively small (i.e., patterns having the 
Smallest Euclidean distance, or the absolute distance 
between the paths A and B). In this example, the “state 
transition patterns having relatively high error probabilities' 
are the eight patterns shown in Table 2 in which Pa-Pb=-10 
when Pa=0 or Pb-10. 
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0093. If white noise prevails in the noise included in the 
read Signal, it is expected that an inequality PoëPè>P is 
Satisfied. Among these three error probabilities, only Po 
means a shift error of one bit, while the other two P and P. 
mean a shift error of two or more bits. Generally speaking, 
almost all error patterns are found to be one-bit shift errors 
after PRML processing has been performed. Accordingly, 
the error rate of the read signal may be appropriately 
estimated by Equation (11) that defines the error probability 
Po. In this manner, the quality of the read Signal may be 
evaluated by detecting patterns representing predetermined 
State transitions in a predetermined period and by using, as 
indices, the Standard deviation a O and average Pavel of 
the Pa-Pb-Pstd distribution of the state transition patterns 
detected. 

0094. As described above, the error rate may be estimated 
by using the Standard deviation a Oo. Alternatively, a 
maximum likelihood Sequence amplitude (MLSA), which is 
an error index for use in PRML processing (which will be 
herein simply referred to as an “MLSA index'), may also be 
used as an index to the Signal quality (or error rate). The 
MLSA index is defined by the following Equation (14): 

0095 where di is the square of the minimum Euclid 
ean distance between two possible paths. In the combination 
of modulation code and PRML method as adopted in this 
preferred embodiment, d =10. This MLSA index is 
obtained by Equation (14) on the Supposition that the 
average Paveo used in Equation (11) is Zero (i.e., while 
leaving the average Paveo out of consideration). This is 
because the average Paveo is typically approximately Zero 
and normally does not constitute a major factor of decreas 
ing the correlation between the indeX and the error rate. 
0096 FIG. 16 shows a relationship between the MLSA 
index as defined by Equation (14) and a bit error rate BER 
as derived by Equation (11). It can be seen that just like the 
jitter-error rate relationship shown in FIG. 2, as the MLSA 
index increases, the error rate increases. That is to Say, it can 
be seen that the error rate to be obtained after the PRML 
processing may be estimated by using the MLSA index. 

0097. In the specific preferred embodiment described 
above, a PR (1, 2, 2, 1) equalization technique is used as an 
exemplary (CO, C1, C1, CO) equalization technique (where 
C0 and C1 are arbitrary positive integers). However, even if 
any other (CO, C1, C1, CO) equalization technique (where 
CO and C1 are arbitrary positive integers) is adopted, an 
indeX correlated with the error rate can also be obtained 
through a similar procedure. 

0098. Hereinafter, another specific preferred embodiment 
of the present invention will be described. In the following 
Specific preferred embodiment, a recorded code having a 
minimum polarity inversion interval of two is used as in the 
preferred embodiment described above. However, unlike the 
preferred embodiment described above, a PR (CO, C1, CO) 
(where C0 and C1 are arbitrary positive integers) equaliza 
tion technique (e.g., PR (1, 2, 1) equalization) is applied to 
the following preferred embodiment. 
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0099 Suppose recorded codes (each being made up of 
Zeros or ones) are denoted by: 

0100 Current recorded code: b.; 
0101 Recording code at the previous time: b. 1; and 
0102 Recording code at the second last time: b. 

0103) An ideal value Level, of a read signal that has been 
subjected to the PR (CO, C1, CO) equalization is given by the 
following Equation (15): 

Level=COxb2+C1xb+COxb. (15) 
0104 where k is an integer representing a time and v is 
an integer of 0 to 3. Supposing a State at a time k is identified 
by S (b1, b), a table of State transitions Such as the 
following Table 4 is obtained: 

TABLE 4 

State S (b. 2, b 1) State S (b1, b) 
at time k-1 at time k b/LEVEL 

S (0, 0) S (0, 0) O?O 
S (0, 0) S (0, 1) 1/CO 
S (0, 1) S (1, 1) 1?CO + C1 
S (1, 1) S (1,0) OfC1 + CO 
S (1, 1) S (1, 1) 1?CO + C1 + CO 
S (1,0) S (0, 0) OfCO 

0105. In the following description, the states S (0, 0). S 
(0,1), S (1, 1), S (1,0) and So on at the time k will be 
identified by S0, S1, S2, S3 and so on, respectively, for 
the sake of simplicity. The State transitions that may occur in 
the period between the time k-1 and the time k (i.e., a period 
of time corresponding to one cycle T of a read clock signal) 
are represented by the State transition diagram shown in 
FIG. 17. When the state transition diagram shown in FIG. 
17 is expanded with respect to the time axis, the trellis 
diagram shown in FIG. 18 is obtained. 
0106. In this preferred embodiment, each recorded code 
has a minimum polarity inversion interval of two and the PR 
(CO, C1, CO) equalization technique is used. Under these 
conditions, there are six possible State transition patterns 
(i.e., possible combinations of States) as for State transitions 
occurring from a predetermined State at a time into another 
predetermined State at a different time along two paths (i.e., 
paths A and B) as shown in the following Table 5: 

TABLE 5 

Recording code Recording code 
State (bk-1. . . . . bk) of (bk-1. . . . . bk) of 

transition path. A path B 

SO - S2. (0, 0, 0, 1, 1) (0, 0, 1, 1, 1) 
S2 - SO (1, 1, 0, 0, 0) (1, 1, 1, 0, 0) 
S0 - S0. (0, 0, 0, 0, 0, 0) (0, 0, 1, 1, 0, 0) 
S23 S2. (1, 1, 0, 0, 1, 1) (1, 1, 1, 1, 1, 1) 
SO - SO (0, 0, 0, 1, 1, 0, 0) (0, 0, 1, 1, 0, 0, 0) 
S2 S2. (1, 1, 0, 0, 0, 1, 1) (1, 1, 1, 0, 0, 1, 1) 

0107. In this case, it is determined which of the two paths 
A and B has the higher probability. This decision can be 
made by comparing the Sum of errors between ideal Sample 
values (i.e., expected values) shown by the path A and actual 
Sample values with the Sum of errors between associated 
ideal Sample values (i.e., expected values) shown by the path 
B and the actual Sample values. 
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0108) For example, suppose the state transition S0-> 
S2 should be estimated. AS for this State transition, no 
matter whether the path A (S0s, S0-2, S11, S2’) or the 
path B (S0, S1, S2-1, S2) has been taken, the state 
at the time k-3 is S0 and the State at the time k is S2. In 
this case, it is by using the Sum of Squared errors between the 
expected Values and the actual values y_2, y_1 and y of the 
read Signal in the period between the times k-2 and k that 
it is determined which of the two paths A and B has the 
higher probability. As in the preferred embodiment 
described above, the Sum of Squared errors between the 
expected values shown by the path A and the actual values 
ya, y and y of the read signal in the period between the 
times k-2 and k is identified by Pa. On the other hand, the 
Sum of Squared errors between the expected values shown 
by the path B and the actual Valuesy, y, and y of the 
read Signal in the period between the times k-2 and k is 
identified by Pb. These sums of squared errors Pa and Pb 
(i.e., the error probabilities) are respectively given by the 
following Equations (16) and (17): 

to be the more probable one. On the other hand, if Pad>Pb, 
then the path B is estimated to be the more probable one. 
That is to Say, even when a recorded code having a minimum 
polarity inversion interval of two is combined with the PR 
(C0, C1, CO) equalization technique, the reliability of the 
decoded result can also be evaluated by Pa-Pb. Also, the 
quality of the read signal can be evaluated (or the error rate 
can be estimated) based on the Pa-Pb distribution. 
0110. Furthermore, suppose white noise has been Super 
posed on the transmission line. In that case, a State transition 
having the highest error probability should have a minimum 
Euclidean distance between the paths A and B. The two state 
transition patterns shown in the following Table 6 should 
have the minimum Euclidean distance between their two 
paths: 

TABLE 6 

Recording code Recording code 
State (bk-1. . . . . bk) (bk-1. . . . . bk) 

transition of path. A of path B 

SO - S2. (0, 0, 0, 1, 1) (0, 0, 1, 1, 1) 
S2 - S0. (1, 1, 0, 0, 0) (1, 1, 1, 0, 0) 

0111. The reliabilities Pa-Pb of the two state transition 
patterns shown in Table 6 are given by the following 
Equations (18.1) and (18.2): 

If (ck-4, CR-3, Ck 2 Ck-1, Ck)=(0, 0, x 1, 1), then 
Pa-Pb=(AA 2-BB 2)+(BB-CC)+(CC-DD); (18.1) 

0112 and 
If (ck 4 ct 3, CK 2 Ck-1, CK)=(1, 1, x, 0, 0), then 

0113 where c is the decoded result, k is an integer, and 
AA, BB, CC and DD are given by: 
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0115 Pa-Pb -(2xCO+C1°) that satisfies Equations 
(18.1) and (18.2) is derived from the decoded result c. and 
the Standard deviation O and average Pave are obtained from 
its distribution. Supposing that distribution is a normal 
distribution, the error probability is given by the following 
Equation (19): 

Pale) (19) P(O, Pave) = erfel 
O 

0116. Thus, the standard deviation O and average Pave 
may be used to estimate the error rate of the read signal or 
evaluate the quality of the read signal. 
0117. As described above, even when a recorded code 
having a minimum polarity inversion interval of two is used 
in combination with the PR (CO, C1, CO) equalization, the 
quality of the read signal can also be evaluated by the 
difference in probability Pa-Pb between the two paths of 
State transitions occurring in a predetermined period. 
0118. Hereinafter, another specific preferred embodiment 
of the present invention will be described. In the following 
Specific preferred embodiment, a recorded code having a 
minimum polarity inversion interval of two is used as in the 
preferred embodiments described above. However, unlike 
the preferred embodiments described above, a PR (C0, C1, 
C2, C1, CO) (where C0, C1 and C2 are arbitrary positive 
integers) equalization technique is applied to the following 
preferred embodiment. 
0119 Suppose recorded codes are denoted by: 

0120 Current recorded code: b.; 
0121 Recording code at the previous time: b. , 
0.122 Recording code at the Second last time: b. 2; 
0123 Recording code at the third last time: b. , 
and 

0.124 Recording code at the fourth last time: b. 

0125) An ideal value Level of a read signal that has been 
subjected to the PR (CO, C1, C2, C1, CO) equalization is 
given by the following Equation (20): 

Level=COxb4+C1xb3+C2xb2+C1xb+COxb. (20) 
0.126 where k is an integer representing a time and V is 
an integer of 0 to 8. Supposing a State at a time k is identified 
by S (bs, b_2, b_1,b), a table of State transitions Such as 
the following Table 7 is obtained: 
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TABLE 7-continued 

State State 
S (bk-4, bik-3, S (bk-3, bk-2, 
bik-2 bk-1) bk-1: b) 
at time k-1 at time k b/LEVEL 

S (0, 0, 1, 1) S (0, 1, 1, 1) 1?CO + C1 + C2 
S (0, 1, 1, 0) S (1, 1, 0, 0) OfC1 + C2 
S (0, 1, 1, 1) S (1, 1, 1, 0) Of2*C1 + C2 
S (0, 1, 1, 1) S (1, 1, 1, 1) 1?CO + 2*C1 + C2 
S (1, 0, 0, 0) S (0, 0, 0, 0) OfCO 
S (1, 0, 0, 0) S (0, 0, 0, 1) 1/2*CO 
S (1, 0, 0, 1) S (0, 0, 1, 1) 1/2*CO + C1 
S (1, 1, 0, 0) S (1, 0, 0, 0) OfCO + C1 
S (1, 1, 0, 0) S (1, 0, 0, 1) 1/2*CO + C1 
S (1, 1, 1, 0) S (1, 1, 0, 0) OfCO + C1 + C2 
S (1, 1, 1, 1) S (1, 1, 1, 0) OfCO + 2*C1 + C2 
S (1, 1, 1, 1) S (1, 1, 1, 1) 1/2*CO + 2*C1 + C2 

0127. In the following description, the states S (0, 0, 0, 
O), S (0, 0, 0, 1), S(0, 0, 1, 1), S(0, 1, 1), S (1, 1, 1, 1 
), S (1, 1, 1, 0), S (1, 1, 0, 0), S (1, 0, 0, 0), S (1, 0, 0, 
1), S (0. 1, 1.0) and so on at the time k will be identified 
by S0, S1, S2, S3, S4, S5, S6, S7, S8, S9 and so on, 
respectively, for the Sake of Simplicity. The State transitions 
that may occur in the period between the time k-1 and the 
time k (i.e., a period of time corresponding to one cycle T of 
a read clock signal) are represented by the State transition 
diagram shown in FIG. 19. When the state transition dia 
gram shown in FIG. 19 is expanded with respect to the time 
axis, the trellis diagram shown in FIG. 20 is obtained. 

0128. In this preferred embodiment, each recorded code 
has a minimum polarity inversion interval of two and the PR 
(C0, C1, C2, C1, CO) equalization technique is used. Under 
these conditions, there are 90 possible State transition pat 
terns (i.e., possible combinations of States) for State transi 
tions occurring from a predetermined State at a time into 
another predetermined State at a different time along two 
paths (i.e., paths A and B) as shown in the following Table 
8: 

TABLE 7 

State State 

S (bk-4, bik-3, S (bk-3, bk-2, 
bk-2, bk-1) bk-1 bik) 
at time k-1 at time k b/LEVEL 

S (0, 0, 0, 0) S (0, 0, 0, 0) O?O 
S (0, 0, 0, 0) S (0, 0, 0, 1) 1/CO 
S (0, 0, 0, 1) S (0, 0, 1, 1) 1?CO + C1 
S (0, 0, 1, 1) S (0, 1, 1, 0) OfC1 + C2 

TABLE 8 

Recording code Recording code 
State (bk-1. . . . bk) (bk-1. . . . . bk) 

transition of path. A of path B 

SOs - S6 (0, 0, 0, 0, 0, 1, 1, 0, 0) (0, 0, 0, 0, 1, 1, 1, 0, 0) 
SOs - S5 (0, 0, 0, 0, 0, 1, 1, 1, 0) (0, 0, 0, 0, 1, 1, 1, 1, 0) 
SOs - S4 (0, 0, 0, 0, 0, 1, 1, 1, 1) (0, 0, 0, 0, 1, 1, 1, 1, 1) 
S2s - S0 (0, 0, 1, 1, 0, 0, 0, 0, 0) (0, 0, 1, 1, 1, 0, 0, 0, 0) 
S2s - S1 (0, 0, 1, 1, 0, 0, 0, 0, 1) (0, 0, 1, 1, 1, 0, 0, 0, 1) 
S2s - S2 (0, 0, 1, 1, 0, 0, 0, 1, 1) (0, 0, 1, 1, 1, 0, 0, 1, 1) 
S3s - S0 (0, 1, 1, 1, 0, 0, 0, 0, 0) (0, 1, 1, 1, 1, 0, 0, 0, 0) 
S3s - S1 (0, 1, 1, 1, 0, 0, 0, 0, 1) (0, 1, 1, 1, 1, 0, 0, 0, 1) 
S3s - S2 (0, 1, 1, 1, 0, 0, 0, 1, 1) (0, 1, 1, 1, 1, 0, 0, 1, 1) 
S7s - S6 (1, 0, 0, 0, 0, 1, 1, 0, 0) (1, 0, 0, 0, 1, 1, 1, 0, 0) 
S7s - S5 (1, 0, 0, 0, 0, 1, 1, 1, 0) (1, 0, 0, 0, 1, 1, 1, 1, 0) 
S7s - S4 (1, 0, 0, 0, 0, 1, 1, 1, 1) (1, 0, 0, 0, 1, 1, 1, 1, 1) 
S6s - S6 (1, 1, 0, 0, 0, 1, 1, 0, 0) (1, 1, 0, 0, 1, 1, 1, 0, 0) 
S6 s - S5 (1, 1, 0, 0, 0, 1, 1, 1, 0) (1, 1, 0, 0, 1, 1, 1, 1, 0) 
S6 s - S4 (1, 1, 0, 0, 0, 1, 1, 1, 1) (1, 1, 0, 0, 1, 1, 1, 1, 1) 
S4s - SO (1, 1, 1, 1, 0, 0, 0, 0, 0) (1, 1, 1, 1, 1, 0, 0, 0, 0) 
S4s - S1 (1, 1, 1, 1, 0, 0, 0, 0, 1) (1, 1, 1, 1, 1, 0, 0, 0, 1) 
S4s - S2 (1, 1, 1, 1, 0, 0, 0, 1, 1) (1, 1, 1, 1, 1, 0, 0, 1, 1) 
S0 - S0 (0, 0, 0, 0, 0, 0, 0, 0, 0, (0, 0, 0, 0, 1, 1, 0, 0, 0, 

O) O) 
S0 - S1 (0, 0, 0, 0, 0, 0, 0, 0, 0, (0, 0, 0, 0, 1, 1, 0, 0, 0, 

1) 1) 
S0 -> S2 (0, 0, 0, 0, 0, 0, 0, 0, 1, (0, 0, 0, 0, 1, 1, 0, 0, 1, 

1) 1) 
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TABLE 8-continued TABLE 8-continued 

Recording code Recording code Recording code Recording code 
State (bk-1. . . . bk) (bk-1. . . . . bk) State (bk-1. . . . bk) (bk-1. . . . . bk) 

transition of path. A of path B transition of path. A of path B 

S.-S. so, , , , , , , , , , , , , , , , , S2s - S6 (0, 0, 1, 1, 0, 0, 0, 1, 1, (0, 0, 1, 1, 1, 0, 0, 0, 1, 
1, 0, 0) 1, 0, 0) 

S.-s, so, , , , , , , , , , , , , , , , , S2 - S5 (0, 0, 1, 1, 0, 0, 0, 1, 1, (0, 0, 1, 1, 1, 0, 0, 0, 1, 
S2 S4 (0, 0, 1, 1, 0, 0, 1, 1, 1, (0, 0, 1, 1, 1, 1, 1, 1, 1, 1, 1, 0) 1, 1, 0) 

1) 1) S2s - S4 (0, 0, 1, 1, 0, 0, 0, 1, 1, (0, 0, 1, 1, 1, 0, 0, 0, 1, 
S36 S6 (0, 1, 1, 1, 0, 0, 1, 1, 0, (0, 1, 1, 1, 1, 1, 1, 1, 0, 1, 1, 1) 1, 1, 1) 

O) O) S38 - S6 (0, 1, 1, 1, 0, 0, 0, 1, 1, (0, 1, 1, 1, 1, 0, 0, 0, 1, 
S3 -> S5 (0, 1, 1, 1, 0, 0, 1, 1, 1, (0, 1, 1, 1, 1, 1, 1, 1, 1, 1, 0, 0) 1, 0, 0) 

O) O) S3 -> S5 (0, 1, 1, 1, 0, 0, 0, 1, 1, (0, 1, 1, 1, 1, 0, 0, 0, 1, 
S36 S4 (0, 1, 1, 1, 0, 0, 1, 1, 1, (0, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 0) 1, 1, 0) 

1) 1) S38 - S4 (0, 1, 1, 1, 0, 0, 0, 1, 1, (0, 1, 1, 1, 1, 0, 0, 0, 1, 
S7 - SO (1, 0, 0, 0, 0, 0, 0, 0, 0, (1, 0, 0, 0, 1, 1, 0, 0, 0, 1, 1, 1) 1, 1, 1) 

O) O) S78 - SO (1, 0, 0, 0, 0, 1, 1, 1, 0, (1, 0, 0, 0, 1, 1, 1, 0, 0, 
S7 - S1 (1, 0, 0, 0, 0, 0, 0, 0, 0, (1, 0, 0, 0, 1, 1, 0, 0, 0, 0, 0, 0) 0, 0, 0) 

1) 1) S7 - S1 (1, 0, 0, 0, 0, 1, 1, 1, 0, (1, 0, 0, 0, 1, 1, 1, 0, 0, 
S7 - S2 (1, 0, 0, 0, 0, 0, 0, 0, 1, (1, 0, 0, 0, 1, 1, 0, 0, 1, 0, 0, 1) 0, 0, 1) 

1) 1) S78 - S2 (1, 0, 0, 0, 0, 1, 1, 1, 0, (1, 0, 0, 0, 1, 1, 1, 0, 0, 
S6 - SO (1, 1, 0, 0, 0, 0, 0, 0, 0, (1, 1, 0, 0, 1, 1, 0, 0, 0, 0, 1, 1) 0, 1, 1) 

O) O) 3 is 3 is 

S6 - S1 (1, 1, 0, 0, 0, 0, 0, 0, 0, (1, 1, 0, 0, 1, 1, 0, 0, 0, sers, so 0,0,1,1,1, 0, 0,1,1,1,0,0, 
1) 1) 3 vs. ) 3 vs. ) 

S6 - S2 (1, 1, 0, 0, 0, 0, 0, 0, 1, (1, 1, 0, 0, 1, 1, 0, 0, 1, S6s S1 (1, 1, 0, 0, 0, 1, 1, 1, 0, (1, 1, 0, 0, 1, 1, 1, 0, 0, 
1) 1) 0, 0, 1) 0, 0, 1) 

S46 - S6 (1, 1, 1, 1, 0, 0, 1, 1, 0, (1, 1, 1, 1, 1, 1, 1, 1, 0, S6s S2 (1, 1, 0, 0, 0, 1, 1, 1, 0, (1, 1, 0, 0, 1, 1, 1, 0, 0, 
O) O) 0, 1, 1) 0, 1, 1) 

S46 S5 (1, 1, 1, 1, 0, 0, 1, 1, 1, (1,1,1,1,1,1,1,1,1, S4ks S6 (1, 1, 1, 1, 0, 0, 0, 1, 1, (1, 1, 1, 1, 1, 0, 0, 0, 1, 
O) O) 1, 0, 0) 1, 0, 0) 

S46 S4 (1, 1, 1, 1, 0, 0, 1, 1, 1, (1,1,1,1,1,1,1,1,1, S4s - S5 (1, 1, 1, 1, 0, 0, 0, 1, 1, (1, 1, 1, 1, 1, 0, 0, 0, 1, 
1) 1) 1, 1, 0) 1, 1, 0) 

S07 - S0 (0, 0, 0, 0, 0, 1, 1, 0, 0, (0, 0, 0, 0, 1, 1, 0, 0, 0, S4ks S4 (1, 1, 1, 1, 0, 0, 0, 1, 1, (1, 1, 1, 1, 1, 0, 0, 0, 1, 
0, 0) 0, 0) 1, 1, 1) 1, 1, 1) 

S07 - S1 s 0, 0, 0, 1, 1, 0, 0, 8. s 0, 0, 1, 1, 0, 0, 0, SO 9 - S0 (0, 0, 0, 0, 0, 1, 1, 1, 1, (0, 0, 0, 0, 1, 1, 1, 1, 0, 
s s 0, 0, 0, 0) 0, 0, 0, 0) 

so-s), 0,0,0,1,1,0,0, 0,0,1,1,0,0,0, SO 9 - S1 (0, 0, 0, 0, 0, 1, 1, 1, 1, (0, 0, 0, 0, 1, 1, 1, 1, 0, 
S2. - S6, ?o d 1, 1, 0, 0, 1, 1, 1 o o 1, 1, 1, 0, 0, 1, 1 O, O, O, 1 0, 0, 0, 1) 

k-7 Vk sel, , , , , , , sel, , , , , , , SO 9 - S2 (0, 0, 0, 0, 0, 1, 1, 1, 1, (0, 0, 0, 0, 1, 1, 1, 1, 0, 
S27 - S5 (0, 0, 1, 1, 0, 0, 1, 1, 1, (0, 0, 1, 1, 1, 0, 0, 1, 1, 0, 0, 1, 1) 0, 0, 1, 1) 

1, 0) 1, 0) S29 - S6 (0, 0, 1, 1, 0, 0, 0, 0, 1, (0, 0, 1, 1, 1, 0, 0, 0, 0, 
S27 - S4 (0, 0, 1, 1, 0, 0, 1, 1, 1, (0, 0, 1, 1, 1, 0, 0, 1, 1, S2 -> S5 e..." O. O. O. O (".." O. O. O. O 

1, 1) 1, 1) kg Sk U U 1 1 U U U U 1 3 vs. is is ls - 3 vs. V3 Vs 

S37 - S6 (0, 1, 1, 1, 0, 0, 1, 1, 1, (0, 1, 1, 1, 1, 0, 0, 1, 1, 1, 1, 1, 0) 1, 1, 1, 0) 
0, 0) 0, 0) S2 -> S4 (0, 0, 1, 1, 0, 0, 0, 0, 1, (0, 0, 1, 1, 1, 0, 0, 0, 0, 

S37 - S5 (0, 1, 1, 1, 0, 0, 1, 1, 1, (0, 1, 1, 1, 1, 0, 0, 1, 1, 1, 1, 1, 1) 1, 1, 1, 1) 
1, 0) 1, 0) S39 - S6 (0, 1, 1, 1, 0, 0, 0, 0, 1, (0, 1, 1, 1, 1, 0, 0, 0, 0, 

S37 - S4 (0, 1, 1, 1, 0, 0, 1, 1, 1, (0, 1, 1, 1, 1, 0, 0, 1, 1, 1, 1, 0, 0) 1, 1, 0, 0) 
1, 1) 1, 1) S39 - S5 (0, 1, 1, 1, 0, 0, 0, 0, 1, (0, 1, 1, 1, 1, 0, 0, 0, 0, 

S77 - SO (1, 0, 0, 0, 0, 1, 1, 0, 0, (1, 0, 0, 0, 1, 1, 0, 0, 0, 1, 1, 1, 0) 1, 1, 1, 0) 
O, O) O, O) s s s s s s 

S77 - S1 (1, 0, 0, 0, 0, 1, 1, 0, 0, (1, 0, 0, 0, 1, 1, 0, 0, 0, S3 -> S4 0, 0, 0, 0, 1, , O, O, O, O, 
O, 1) O, 1) 3 is is 3 is is 

S77 - S2 (1, 0, 0, 0, 0, 1, 1, 0, 0, (1, 0, 0, 0, 1, 1, 0, 0, 0, S79 - SO (1, 0, 0, 0, 0, 1, 1, 1, 1, (1, 0, 0, 0, 1, 1, 1, 1, 0, 
1, 1) 1, 1) 0, 0, 0, 0) 0, 0, 0, 0) 

S67 - SO (1, 1, 0, 0, 0, 1, 1, 0, 0, (1, 1, 0, 0, 1, 1, 0, 0, 0, S7 - S1 (1, 0, 0, 0, 0, 1, 1, 1, 1, (1, 0, 0, 0, 1, 1, 1, 1, 0, 
0, 0) 0, 0) 0, 0, 0, 1) 0, 0, 0, 1) 

S67 - S1 (1, 1, 0, 0, 0, 1, 1, 0, 0, (1, 1, 0, 0, 1, 1, 0, 0, 0, S7 - S2 (1, 0, 0, 0, 0, 1, 1, 1, 1, (1, 0, 0, 0, 1, 1, 1, 1, 0, 
0, 1) 0, 1) 0, 0, 1, 1) 0, 0, 1, 1) 

S.-S. (0,0,0,1,1,0,0, 1,0,0,1,1,0,0,0, S69 SO (1, 1, 0, 0, 0, 1, 1, 1, 1, (1, 1, 0, 0, 1, 1, 1, 1, 0, 
S4 -> S6 ( : 1, 1, 0, 0, 1, 1, 1 d : 1, 1, 1, 0, 0, 1, 1 0, 0, 0, 0) 0, 0, 0, 0) 

is so to S69 S1 (1, 1, 0, 0, 0, 1, 1, 1, 1, (1, 1, 0, 0, 1, 1, 1, 1, 0, 
s s 0, 0, 0, 1) 0, 0, 0, 1) S4 S5 1. 1, 1, 0, 0, 1, 1, 1 1. 1, 1, 1, 0, 0, 1, 1 

7 k . . 3 vs. V3 is is is . . is ls - 3 vs. L3 is S69 S2. (1, 1, 0, 0, 0, 1, 1, 1, s (1, 1, 0, 0, 1, 1, 1, 1, 0, 

S4-7 S4 (1, 1, 1, 1, 0, 0, 1, 1, 1, (1, 1, 1, 1, 1, 0, 0, 1, 1, 0, 0, 1, 1) 0, 0, 1, 1) 
1, 1) 1, 1) S4 o - S6 (1, 1, 1, 1, 0, 0, 0, 0, 1, (1, 1, 1, 1, 1, 0, 0, 0, 0, 

SOs - S0 (0, 0, 0, 0, 0, 1, 1, 1, 0, (0, 0, 0, 0, 1, 1, 1, 0, 0, 1, 1, 0, 0) 1, 1, 0, 0) 
0, 0, 0) 0, 0, 0) S4 -e S5 (1, 1, 1, 1, 0, 0, 0, 0, 1, (1, 1, 1, 1, 1, 0, 0, 0, 0, 

SOs - S1 (0, 0, 0, 0, 0, 1, 1, 1, 0, (0, 0, 0, 0, 1, 1, 1, 0, 0, 1, 1, 1, 0) 1, 1, 1, 0) 
0, 0, 1) 0, 0, 1) S4 - S4 (1, 1, 1, 1, 0, 0, 0, 0, 1, (1, 1, 1, 1, 1, 0, 0, 0, 0, 

SOs - S2 (0, 0, 0, 0, 0, 1, 1, 1, 0, (0, 0, 0, 0, 1, 1, 1, 0, 0, 1, 1, 1, 1 1, 1, 1, 1) 
0, 1, 1) 0, 1, 1) 
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0129. In this case, it is determined which of the two paths 
A and B has the higher probability. This decision can be 
made by comparing the Sum of errors between ideal Sample 
values (i.e., expected values) shown by the path A and actual 
Sample values with the Sum of errors between associated 
ideal Sample values (i.e., expected values) shown by the path 
B and the actual Sample values. 

0130. For example, suppose the state transition S0, 
so should be estimated. AS for this State transition, no matter 
whether the path A or the path B has been taken, the state at 
the time k-5 is S0s and the state at the time k is S6. In this 
case, it is by using the Sum of Squared errors between the 
expected Values and the actual Values y-, y-, y-, y 
and y of the read signal in the period between the times k-4 
and k that it is determined which of the two paths A and B 
has the higher probability. As in the preferred embodiments 
described above, the Sum of Squared errors between the 
expected values shown by the path A and the actual values 
ya, y-, y-, y-1 and y of the read signal in the period 
between the times k-4 and k is identified by Pa. On the other 
hand, the Sum of Squared errors between the expected values 
shown by the path B and the actual values y-, y-, y-2) 
y and y of the read signal in the period between the times 
k-4 and k is identified by Pb. These sums of squared errors 
Pa and Pb (i.e., the error probabilities) are respectively given 
by the following Equations (21) and (22): 

to be the more probable one. On the other hand, if Pad>Pb, 
then the path B is estimated to be the more probable one. 
That is to Say, even when a recorded code having a minimum 
polarity inversion interval of two is combined with the PR 
(CO, C1, C2, C1, CO) equalization technique, the reliability 
of the decoded result can also be evaluated by Pa-Pb. Also, 
the quality of the read signal can be evaluated (or the error 
rate can be estimated) based on the Pa-Pb distribution. 
0132) Furthermore, suppose white noise has been Super 
posed on the transmission line. In that case, a State transition 
having the highest error probability should have a minimum 
Euclidean distance between the paths A and B. The sixteen 
state transition patterns shown in the following Table 9 
should have the minimum Euclidean distance between their 
two paths: 

TABLE 9 

State Recording code Recording code 
transition (b. 1, . . . , b) of path A (b 1, . . . , b) of path B 

SOs - S6 (0, 0, 0, 0, 0, 1, 1, 0, 0) (0, 0, 0, 0, 1, 1, 1, 0, 0) 
SOs - S5 (0, 0, 0, 0, 0, 1, 1, 1, 0) (0, 0, 0, 0, 1, 1, 1, 1, 0) 
SOs - S4 (0, 0, 0, 0, 0, 1, 1, 1, 1) (0, 0, 0, 0, 1, 1, 1, 1, 1) 
S2s - S0 (0, 0, 1, 1, 0, 0, 0, 0, 0) (0, 0, 1, 1, 1, 0, 0, 0, 0) 
S2s - S1 (0, 0, 1, 1, 0, 0, 0, 0, 1) (0, 0, 1, 1, 1, 0, 0, 0, 1) 
S2s - S2 (0, 0, 1, 1, 0, 0, 0, 1, 1) (0, 0, 1, 1, 1, 0, 0, 1, 1) 
S3s - S0 (0, 1, 1, 1, 0, 0, 0, 0, 0) (0, 1, 1, 1, 1, 0, 0, 0, 0) 
S3s - S1 (0, 1, 1, 1, 0, 0, 0, 0, 1) (0, 1, 1, 1, 1, 0, 0, 0, 1) 
S3s - S2 (0, 1, 1, 1, 0, 0, 0, 1, 1) (0, 1, 1, 1, 1, 0, 0, 1, 1) 
S7s - S6 (1, 0, 0, 0, 0, 1, 1, 0, 0) (1, 0, 0, 0, 1, 1, 1, 0, 0) 
S7s - S5 (1, 0, 0, 0, 0, 1, 1, 1, 0) (1, 0, 0, 0, 1, 1, 1, 1, 0) 
S7s - S4 (1, 0, 0, 0, 0, 1, 1, 1, 1) (1, 0, 0, 0, 1, 1, 1, 1, 1) 
S6 s - S6 (1, 1, 0, 0, 0, 1, 1, 0, 0) (1, 1, 0, 0, 1, 1, 1, 0, 0) 
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TABLE 9-continued 

(ek-8 ek-7 ek-6 ek-s 
, 0, 0, x, 1, 1, 0, 0), 
BB 3-CCs) 
DD-EE); 
(ek-8 ek-7 ek-6 ek-s 

, 0, 0, x, 1, 1, 1, 0), 
Bk 3-CCk 3) 
FF-GG); 

, 0, 0, x, 1, 1, 1, 1), 
3 (i. B k 

(ek-sek-7 ek-6 eks 

(ek-8 ek-7 ek-6 ek-s 
, 1, 1, x, 0, 0, 0, 1), 

(ek-8 ek-7 ek-6 ek-s 
, x, 0, 0, 1, 1), | 
II); se C k 

( C 
, x, 0, 0, 0, 0), . -BB); 

( Ck-8 Ck-7 Ck-6 Ck-5 
, 1, x, 0, 0, 0, 1), 

i 
( C k 8. Ck-7 Clk-6 Ck-5 

, x, 0, 0, 1, 1), | 
: 

(ek-8 ek-7 ek-6 ek-s 
, 0, 0, x, 1, 1, 0, 0), 

3 

-EE); s i. 
(ek-8 ek-7 ek-6 ek-s 

, 0, 0, x, 1, 1, 1, 0), 
3 A. 

(ek-8 ek-7 ek-6 ek-s 
, 0, 0, x, 1, 1, 1, 1), 

3 

-EE); 

3 p 4. 
I 

State Recording code Recording code 
transition (b. 1. . . . , b) of path A (b 1, . . . , b) of path B 

S6s - S5 (1, 1, 0, 0, 0, 1, 1, 1, 0) (1, 1, 0, 0, 1, 1, 1, 1, 0) 
S6 s - S4 (1, 1, 0, 0, 0, 1, 1, 1, 1) (1, 1, 0, 0, 1, 1, 1, 1, 1) 
S4s - SO (1, 1, 1, 1, 0, 0, 0, 0, 0) (1, 1, 1, 1, 1, 0, 0, 0, 0) 
S4s - S1 (1, 1, 1, 1, 0, 0, 0, 0, 1) (1, 1, 1, 1, 1, 0, 0, 0, 1) 
S4s - S2 (1, 1, 1, 1, 0, 0, 0, 1, 1) (1, 1, 1, 1, 1, 0, 0, 1, 1) 

0133) The reliabilities Pa-Pb of the 16 state transition 
patterns shown in Table 9 are given by the following 
Equations (23.1) through (23.18): 

(23.1) 

(23.2) 

(23.3) 

, 1, x, 0, 0, 0, 0), then Pa-Pb=(DD-EE)+(DD 

(23.5) 

(23.6) 

(23.7) 

(23.8) 

(23.9) 

(23.10) 

(23.11) 

s 

s 

s 

1, 0, 0, x, 1, 1, 1, 1), then Pa-Pb=(CC-II)+ 
(HH-3-IIs)+(CC. 2-EE2)+(EE 1-GG 1)+ 

(23. 

(23. 

(23. 

(23. 

2) 

3) 

4) 

5) 
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If (eks ek-7 ek-6 ek-sek-4 ek-3, ek-2 ek-1, ek)-(1, 
1, 1, 1, x, 0, 0, 0, 0), then Pa-Pb=(GG-JJ)+ 
(EE s-GGs)+(CC. 2-EE 2)+(BB-CC)+ 
(AA-BB); (23.16) 
If (ek-8 ek-7 C1-6 ek-sek-4 ek-3, ek-2 ek-1, ek)-(1, 
1, 1, 1, x, 0, 0, 0, 1), then Pa-Pb=(GG -JJ)+ 
(EE s-GGs)+(CC. 2-EE 2)+(BB-CC)+ 
(BB-HH); 

0134) and 

0135 where c is the decoded result, k is an integer and 
AA, BB, CC, DD, EE, FF, GG, HH, II and JJ are 
given by: 

(23.17) 

(23.18) 

0137 Pa-Pb -(2xCO+2xC1°+C2) that satisfies Equa 
tions (23.1) through (23.18) is derived from the decoded 
result c. and the Standard deviation O and average Pave are 
obtained from its distribution. Supposing that distribution is 
a normal distribution, the error probability is given by the 
following Equation (24): 

Pale) (24) P(O, Pave) = erfel 
O 

0.138. Thus, the standard deviation O and average Pave 
may be used to estimate the error rate of the read signal or 
evaluate the quality of the read signal. 
0.139. As described above, even when a recorded code 
having a minimum polarity inversion interval of two is used 
in combination with the PR (CO, C1, C2, C1, CO) equaliza 
tion, the quality of the read Signal can also be evaluated by 
the difference in probability Pa-Pb between the two paths 
of State transitions occurring in a predetermined period. 

Embodiment 2 

0140 Hereinafter, a second specific preferred embodi 
ment of the present invention will be described. The second 
preferred embodiment relates to a specific method of cal 
culating the probabilities of respective States and the reli 
ability Pa-Pb of the decoded result where the read signal is 
decoded by a PRML decoding method (e.g., the PR (1,2,2, 
1) equalization technique described above). 
0141 As described above, when the PR (1, 2, 2, 1) 
equalization technique is adopted, a trellis diagram Such as 
that shown in FIG. 4 is obtained. In the preferred embodi 
ment described above, the probabilities L'through Lof 
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the respective states S0 through S5 at the time k are given 
by the following Equations (25): 

L'=min L-(y-3)', Li+(y+2)? 
L'=min L'+(y+2), Li+(yk+1)- 
L°=L'+(y+0)? 
L=min L. --(y-3), L'--(y-2) (25) 
L'=min L. --(y-2), L. --(y-1) 
L=L +(y+0)? 

0142 where L- through L are the probabilities 
of the respective states S0 through S5 at the previous time 
k-1, y is the actual Sample value at the time k, and min 
XXX, ZZZ is an operator indicating that the Smaller one of 
XXX and ZZZ should be Selected. 

0143. In this preferred embodiment, however, each 
branch metric (e.g., (y+3)) to be added to its associated 
probability (e.g., L.) at the previous time k-1 is always 
divided by two and then y/2 is always subtracted from the 
sum. In the PRML decoding method, the smallest one of the 
probabilities L., through L. may be selected by compar 
ing them with each other. Accordingly, if these calculation 
rules are applied to all of the equations for obtaining L' 
through L', then the decoded result will not be affected at 
all. Thus, the probabilities L through L. of the respec 
tive states S0 through S5 at the time k may be given by the 
following Equations (26): 

0147 In this manner, when the sample value y is 
detected at the time k, the probabilities L through L of 
the respective states S0 through S5 at the time k may be 
obtained by calculating A through G through simple mul 
tiplications and additions following the Equations (27), i.e., 
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without calculating the Squared errors between the ideal 
values and the actual Sample values. Thus, the circuit 
configuration of the ML decoder does not have to be so 
complicated. 

0148 AS already described for the first preferred embodi 
ment, the quality of the read Signal may be evaluated by 
obtaining the difference in probability Pa-Pb between two 
possible state transition paths (i.e., paths A and B). However, 
this Pa-Pb calculation may also be a relatively simple one 
that includes no Square calculations. Hereinafter, an alter 
native simplified method of calculating Pa-Pb will be 
described Specifically. 
0149. In the first preferred embodiment described above, 
where the PR (1, 2, 2, 1) equalization technique is adopted, 
the Pa-Pb values are preferably obtained for such pairs of 
paths A and B as having the minimum Euclidean distance 
between them. As for the 16 state transitions shown in Table 
2, for example, the Pa-Pb values are preferably obtained for 
the eight state transitions that result in Pa-Pb=+10 when 
Pa=O or Pb=0. 

0150. For example, the Pa-Pb value may be obtained in 
the following manner for the S0->S4 transition, which is 
one of those eight state transitions resulting in Pa-Pb=+10. 
In this case, the path A includes State transitions of 
S0->S0->S1->S2->S4 and the path B includes state tran 
sitions of S0->S1->S2->S3->S4. Then, the probability Pa 
of the path A may be given by: 

Pa=(ys+3)°/2+(y 2+2)°/230 (y_1+0)°/2+(y-1) /2 
0151. On the other hand, the probability Pb of the path B 
may be given by: 

0152. In this case, by using the A through G values, the 
Pa-Pb may be obtained by: 

0153. In this manner, according to this preferred embodi 
ment, the Pa-Pb value can be calculated by using the A. 
through G values that are obtained through Simple additions 
and Subtractions on the Sample value y and the preset values 
th1 through tho. Thus, the Pa-Pb value can be obtained 
relatively easily without performing the Square calculations. 
AS a result, the ML decoder may have a simplified circuit 
configuration. 

0154) The Pa-Pb values may also be calculated by using 
the A through G values in a similar manner for the other 
state transitions. The Pa-Pb values of Some of the other state 
transitions may be obtained in the following manner: 

O155 As for state transition S0->S3: 
Pa-Pb=(As-B)+B 2-F +(F-G) 

0156 AS for state transition S2->S0: 
Pa-Pb=(E-F)-F 2+B, 1+(A-B) 

0157 AS for state transition S2->S1: 
Pa-Pb=(E-F)-F 2+B, 1+(B-C) 

0158 As for state transition S5->S4: 
Pa-Pb=(B-C)+B 2-F_1+(E-F) 

0159. As for state transition S5->S3: 
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0160 AS for state transition S3 ->S0: 
Pa-Pb=(F-G 3)-F 2+B+(A-B) 

0.161 AS for state transition S3 ->S1: 

Embodiment 3 

0163 Hereinafter, a third specific preferred embodiment 
of the present invention will be described with reference to 
FIG. 7. The third preferred embodiment relates to an optical 
disk drive 100 for use to decode a read signal by a PRML 
decoding method. 
0164. In the optical disk drive 100, a read signal, which 
has been read out from an optical disk 8 by an optical head 
50, is amplified by a preamplifier 9. The pre-amplified signal 
is Subjected to AC coupling and then input to an automatic 
gain controller (AGC) 10. The AGC 10 controls the gain of 
its input Signal So that the output of a waveform equalizer 11 
on the next stage will have predetermined amplitude. The 
gain-controlled output signal of the AGC 10 has its wave 
form shaped by the waveform equalizer 11. Then, the 
waveform-shaped output signal of the waveform equalizer 
11 is supplied to both a PLL circuit 12 and an A/D converter 
13. 

0.165. The PLL circuit 12 generates a read clock signal 
that is synchronized with the read signal. The PLL circuit 12 
may have the same configuration as the conventional PLL 
circuit shown in FIG. 1 (including the phase detector 5, LPF 
6 and VCO 7). In response to the read clock signal that is 
supplied from the PLL circuit 12, the A/D converter 13 
samples the read signal. The A/D converter 13 outputs the 
Sampled data obtained in this manner to a digital filter 14. 
0166 The digital filter 14 has a frequency characteristic 
that has been defined So as to match the frequency charac 
teristic of the read/write Systems with the characteristic 
required by a Viterbicircuit 15. In this preferred embodi 
ment, the characteristic required by the Viterbicircuit 15 is 
a PR (1, 2, 2, 1) equalization characteristic. The output 
filtered data of the digital filter 14 is input to the Viterbi 
circuit 15, which decodes the data by a maximum likelihood 
decoding method. More specifically, the Viterbicircuit 15 
decodes the PR (1, 2, 2, 1) equalized signal by the maximum 
likelihood decoding, thereby outputting digital data. 
0167. The Viterbicircuit 15 outputs not only the decoded 
digital data but also Euclidean distances that have been 
calculated at respective points in time (i.e., branch metrics) 
to a differential metric analyzer 16. The differential metric 
analyzer 16 estimates possible State transitions from the 
digital data that has been supplied from the Viterbicircuit 
15. Also, the differential metric analyzer 16 derives Pa-Pb, 
representing the reliability of the decoded result, from the 
estimated State transitions and the branch metrics, thereby 
estimating the error rate of the decoded result. 
0168 Hereinafter, the Viterbicircuit 15 and the differen 
tial metric analyzer 16 will be described in further detail 
with reference to FIG. 8. FIG. 8 is a block diagram 
illustrating an exemplary configuration for the Viterbicircuit 
15 and differential metric analyzer 16. Sample valuesy that 
have been output from the digital filter 14 are input to a 
branch metric calculator 17 of the Viterbi circuit 15. The 
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branch metric calculator 17 calculates respective branch 
metrics corresponding to the distances between the Sample 
values y and their associated expected values Level. Since 
the PR (1, 2, 2, 1) equalization technique is adopted in this 
preferred embodiment, the expected values Level have 
Seven values of 0 through 6. The branch metrics A, B, C, 
D, E, F and G representing the respective distances 
between the expected values and Sample values y at the 
time k are defined by the following Equations (28): 

D=(y-3)', (28) 

F=(y-5)” 
0169 and G=(y-6) 
0170 The branch metrics that have been calculated in 
this manner are input to an adder/comparator/Selector 18. 
The probabilities (i.e., metric values) of the respective States 
S0 through S5 (see FIG. 4) at a current time k are obtained 
from the branch metrics at the current time k and the 
probabilities of those states S0 through S5 at the previous 
time k-1. The probabilities of the respective states SO 
through S5 at the current time k are given by the following 
Equations (29): 

L'=min L'+A. L. --Bl 
L'=min L'+B L +C) 
L*=L-'+D (29) 
L=min L. --G L *-i-Fi 
L'=min Li-Fi L *--El 

0171 where min XXX, ZZZ is an operator indicating that 
the Smaller one of the two values XXX and ZZZ should be 
selected. The metric values L. through L. at the time k 
are Stored in a register 19 and will be used to calculate metric 
values of the respective states S0 through S5 at the next time 
k+1. The adder/comparator/Selector 18 Selects State transi 
tions that have the minimum metric values in accordance 
with Equations (29). Also, based on the results of Selection, 
the adder/comparator/Selector 18 outputs control signals 
Sel0 through Sel3 to a path memory 20, which has a circuit 
configuration such as that shown in FIG. 9, in accordance 
with the following Inequalities (30): 

0172 In response to the input control signals, the path 
memory 20 estimates most probable State transition paths 
according to the State transition rule and outputs digital 
decoded data c corresponding to the estimated State tran 
Sition paths. 
0.173) On the other hand, to evaluate the quality of the 
read Signal, the branch metrics that have been output from 
the branch metric calculator 17 are input to a delay circuit 
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21. The output of the branch metrics to a differential metric 
calculator 22 is delayed for the amount of time correspond 
ing to the time it takes for the adder/comparator/Selector 18 
and the path memory 20 to perform their Signal processing. 
In the meantime, the output digital data c of the path 
memory 20 is input to a state transition detector 23, which 
detects predetermined patterns from the digital data c. 
Specifically, the State transition detector 23 detects data 
patterns corresponding to the eight State transitions given by 
Equations (9.1) though (9.8). When the state transition 
detector 23 detects the predetermined State transitions, the 
differential metric calculator 22 calculates the Pa-Pb values 
of those detected State transitions in accordance with the 
Equations (9.1) through (9.8). 
0174. It should be noted that the Pa-Pb values may be 
calculated by a method including no Square calculations as 
described for the second preferred embodiment. In the 
method of the second preferred embodiment, the Pa-Pb 
values may be obtained without using the branch metrics 
that have been calculated by the branch metric calculator 17. 
Accordingly, in that case, the Sample values y that have 
been output from the digital filter 14 may be directly input 
to the differential metric calculator 22 by way of the delay 
circuit 21 only. The differential metric calculator 22 may 
obtain the Pa-Pb values from the sample values y by the 
method described for the second preferred embodiment. 
0175. The Pa-Pb values that have been calculated in this 
manner for the predetermined State transitions detected are 
input to an average/standard deviation calculator 24. The 
average/standard deviation calculator 24 obtains and outputs 
the average Pave and the Standard deviation Oc of the 
distribution of the input Pa-Pb values. It should be noted 
that the average Pave and the standard deviation Oc to be 
output in this case are obtained for predetermined State 
transitions, each having two possible paths with a minimum 
Euclidean distance between them (i.e., having relatively 
high error probabilities). According to Equation (11), the 
error rate of the read signal can be estimated by using the 
average Pave and the standard deviation Oo. That is to say, 
the Standard deviation and the average obtained by the 
average/standard deviation calculator 24 may be used as 
indices that indicate the quality of the read signal and that 
are correlated with the error rate. It should be noted that the 
error rate may also be obtained with the average Paveo 
Supposed to be Zero because the average is expected to be 
approximately equal to Zero. 
0176) The optical disk drive 100 according to the pre 
ferred embodiment described above has a configuration Such 
as that shown in FIG. 7. Alternatively, the optical disk drive 
100 may further include another waveform equalizer 28 
having Such an equalization characteristic as to allow the 
PLL circuit 12 to generate a clock signal more appropriately 
as shown in FIG. 10. Just like the optical disk drive 100 
shown in FIG. 7, the optical disk drive 100 shown in FIG. 
10 can also obtain the Standard deviation and the average 
and can evaluate the quality of the read signal by using them. 
In addition, by Separately providing two waveform equal 
izers for Shaping the waveform in Such a manner as to get the 
clock signal generated more appropriately and to get the 
read signal adapted to the PRML decoding method more 
Suitably, respectively, a preferred read clock Signal can be 
generated and the read signal can be decoded by the PRML 
decoding method more accurately. An optical disk drive like 
this, including two or more waveform equalizers, is dis 
closed in U.S. patent application Ser. No. 09/996,843, which 
was filed by the applicant of the present application and 
which is hereby incorporated by reference. 
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0177 As another alternative, a read clock signal may also 
be generated based on the output of the A/D converter 13 
(i.e., digital signal) as shown in FIG. 11. Even So, just like 
the optical disk drive 100 shown in FIG. 7, the optical disk 
drive 100 shown in FIG. 11 can also obtain the standard 
deviation and the average and can also evaluate the quality 
of the read Signal by using them. 
0178. In the preferred embodiments described above, the 
quality of the read signal is evaluated by using the Standard 
deviation O and average Pave of the Pa-Pb distribution, 
which are output from the differential metric analyzer 16, as 
respective indices. Optionally, a control operation may also 
be carried out by using these indices (i.e., the Standard 
deviation O and average Pave) to improve the quality of the 
read Signal. For example, the frequency characteristic of the 
waveform equalizer 11 may be modified by the frequency 
characteristic controller 29 shown in FIG. 12 so that the 
average or the Standard deviation output from the differential 
metric analyzer 16 becomes Zero or minimized. Then, the 
quality of the read signal can also be improved. Further 
more, as for an optical disk drive that can write information 
on the Storage medium, recording parameters can be opti 
mized by controlling the recording power or the degree of 
recording compensation (e.g., recording pulse width) So that 
the average or Standard deviation, output from the differen 
tial metric analyzer 16, becomes Zero or minimized. 

Embodiment 4 

0179 Hereinafter, an optical disk drive according to a 
fourth Specific preferred embodiment of the present inven 
tion will be described with reference to FIG. 13. 

0180. In this preferred embodiment, the differential met 
ric analyzer 160 outputs the PRML error index MLSA 
(M=O/2-dii) as defined by Equation (14). It should be 
noted that the PRML error index MLSA is obtained by 
dividing the Standard deviation (or root mean Square) O of 
the most probable State transition path from the read Signal 
by the Euclidean distance between the most probable and the 
second most probable state transition paths. The PRML error 
index MLSA is an index that can be used to evaluate the 
quality of the read signal appropriately when the PRML 
decoding technique is adopted. 
0181. As shown in FIG. 13, the error index MLSA that 
has been output from the differential metric analyzer 160 is 
supplied to a frequency characteristic controller 290. The 
frequency characteristic controller 290 optimizes the char 
acteristics of the waveform equalizer 11 (e.g., the boost level 
and the boost center frequency thereof) So as to minimize the 
error index MLSA. For example, the frequency character 
istic controller 290 may change the boost level slightly and 
then compare the PRML error index MLSA resulting from 
the original boost level with the PRML error index MLSA 
resulting from the Slightly changed boost level. Based on the 
result of the comparison, the frequency characteristic con 
troller 290 may select one of the two boost levels that has 
resulted in the smaller MLSA. By performing such an 
operation repeatedly, the frequency characteristic controller 
290 can optimize the characteristics of the waveform equal 
izer 11 and converge the PRML error index MLSA to a 
minimum value. 

0182. As another alternative, the PRML error index 
MLSA that has been generated by the differential metric 
analyzer 160 may also be supplied to a focus offset searcher 
291 as shown in FIG. 14. In reading a signal from the optical 
disk 8, the optical disk drive 100 performs a focus servo 
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control So that the light beam emitted from the optical head 
50 can always Scan the information recording plane of the 
optical disk 8. This focus servo control is carried out by 
Subjecting the focus actuator (not shown) of the optical head 
50 to a feedback control so that the focus error signal that has 
been detected by a servo amplifier 91 is equalized with a 
predetermined target value X0 by way of a subtractor 92. In 
this case, the focus offset Searcher 291 may output a value 
corresponding to the smallest PRML error index MLSA as 
the predetermined target value X0 to the subtractor 92. Then, 
the focus Servo control may be carried out in Such a manner 
as to minimize the PRML error index MLSA (i.e., to 
minimize the error rate). It should be noted that Such a target 
value X0 may be searched for by detecting the PRML error 
index MLSA corresponding to a slightly changed target 
value X0 and comparing the MLSA value detected with the 
original MLSA value. 

0183 In this preferred embodiment, the focus target 
value is optimized by using the PRML error index MLSA. 
Alternatively, the PRML error index MLSA may also be 
used to optimize any other Servo target value. For example, 
the PRML error index MLSA may also be used for tracking 
Servo control, disk tilt control, lens Spherical aberration 
correction and So on. 

0.184 Furthermore, the present invention is also appli 
cable to an optical disk drive including two optical heads 50 
and 51 for reading a signal from the optical disk 8 and 
Writing a signal on the optical disk 8, respectively, as shown 
in FIG. 15. In that case, the recording power may be 
controlled by reference to the PRML error index MLSA that 
is output from the differential metric analyzer 160. A signal 
to be written on the optical disk 8 is generated by a write 
Signal generator 103 and then Supplied to the Signal writing 
optical head 51 by way of a modulator 102. The modulator 
102 multiplies the write signal by an appropriate recording 
power P and then supplies the product to the optical head 51. 
In this case, the PRML error index MLSA that has been 
generated by the differential metric analyzer 160 may be 
supplied to a recording power controller 292. Then, the 
recording power controller 292 may determine the recording 
power P in Such a manner that the PRML error index MLSA 
is minimized. 

0185. The optical disk drive 100 shown in FIG. 15 gets 
the read and write operations performed by the two different 
heads 50 and 51. Alternatively, a single head may be 
Switched to perform the read or write operation Selectively. 
Also, in the preferred embodiment described above, the 
recording power is controlled by using the PRML error 
index MLSA. Optionally, the width or the phase of write 
pulses may also be controlled by reference to the PRML 
error index MLSA. 

0186 Various preferred embodiments of the present 
invention described above provide a method for evaluating 
the quality of a read signal that has been decoded by a 
maximum likelihood decoding method, in which a most 
probable State transition path is Selected from a number n of 
State transition paths that represent in probable transitions 
from a first State at a time k-jinto a Second State at a time 
k. In this method, Supposing the probabilities of State 
transition of the most and the Second most probable State 
transition paths in a predetermined period between the 
times k-j and k (e.g., a Sum of Euclidean distances in the 
predetermined period j) are represented by Pa and Pb, 
respectively, the reliability of the decoded result obtained in 
the periodj is evaluated by Pa-Pb. Also, by measuring the 
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Pa-Pb values a number of times and by obtaining the 
variance of the Pa-Pb distribution, error indices, which are 
correlated with the error rate of the digital decoded result 
obtained by the maximum likelihood decoding method, can 
be obtained as indices to the quality of the read signal. 
0187 While the present invention has been described 
with respect to preferred embodiments thereof, it will be 
apparent to those skilled in the art that the disclosed inven 
tion may be modified in numerous ways and may assume 
many embodiments other than those Specifically described 
above. Accordingly, it is intended by the appended claims to 
cover all modifications of the invention that fall within the 
true Spirit and Scope of the invention. 
What is claimed is: 

1. A method for evaluating the quality of a read Signal that 
has been decoded by a maximum likelihood decoding 
method, in which a most probable State transition path is 
Selected from a number n (where n is an integer equal to or 
greater than two) of State transition paths that represent in 
probable transitions from a first state S (where k is an 
integer equal to or greater than three and j is an integer equal 
to or greater than two) at a time k-j into a Second State S. 
at a time k, the method comprising the Steps of 

(a) detecting predetermined combinations of the first and 
Second states S. and S that define the n probable state 
transition paths in a predetermined period between the 
times k- and k, and 

(b) evaluating the reliability of the decoded signal, which 
has been obtained in the predetermined period j, by 
using Pa-Pb, where Pa and Pb are indices indicating 
the respective probabilities of state transition of first 
and Second State transition paths in the predetermined 
periodi, the first and Second State transition paths being 
estimated to be the most probable and the Second most 
probable, respectively, among the n probable State 
transition paths that are defined by the predetermined 
combinations that have been detected in the step (a). 

2. The method of claim 1, wherein the step (b) includes 
the Steps of: 

defining the index Pa by differences between expected 
values shown by the first State transition path and actual 
Sample values in the predetermined period j; and 

defining the index Pb by differences between expected 
values shown by the Second State transition path and the 
actual Sample values in the predetermined period j. 

3. The method of claim 2, wherein the step (b) includes 
the Steps of: 

obtaining the indeX Pa as a Sum of Squares of differences 
between the expected values li,..., l and l shown 
by the first State transition path and the actual Sample 
values y-, . . . , y_1 and y in the predetermined 
period j; and 

obtaining the indeX Pb as a Sum of Squares of differences 
between the expected values m-, ..., m- and m. 
shown by the Second State transition path and the actual 
Sample valuesy. . . . , y_1 and y in the predeter 
mined period j. 

4. The method of claim 1, wherein the number n is two. 
5. The method of claim 1, wherein a Euclidean distance 

between the first and Second State transition paths is a 
minimum value. 
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6. The method of claim 1, further comprising the step of 
detecting a variation in the reliability of the decoded signal 
by measuring Pa-Pb a number of times. 

7. The method of claim 6, wherein the step of detecting 
the variation in the reliability includes the Step of deriving a 
standard deviation of a Pa-Pb distribution as the variation. 

8. The method of claim 6, wherein the step of detecting 
the variation in the reliability includes the Step of deriving a 
standard deviation and an average of a Pa-Pb distribution 
as the variation. 

9. The method of claim 6, wherein the step of detecting 
the variation in the reliability includes the Step of detecting 
a frequency of occurrence at which Pa-Pb exceeds a 
predetermined range. 

10. The method of claim 1, further comprising the step of 
decoding a read Signal in which a recorded code has a 
minimum polarity inversion interval of two and which has 
been subjected to a PR (CO, C1, CO) equalization. 

11. The method of claim 1, further comprising the step of 
decoding a read Signal in which a recorded code has a 
minimum polarity inversion interval of two and which has 
been subjected to a PR (CO, C1, C1, CO) equalization. 

12. The method of claim 1, further comprising the step of 
decoding a read Signal in which a recorded code has a 
minimum polarity inversion interval of two and which has 
been subjected to a PR (CO, C1, C2, C1, CO) equalization. 

13. The method of claim 2, wherein the step (b) includes 
the step of obtaining Pa-Pb without calculating Squares of 
the actual Sample values. 

14. An apparatus for reading information, comprising: 
again controller for adjusting an amplitude value of a read 

Signal; 

a first waveform equalizer for shaping the waveform of 
the read Signal So that the read Signal has a predeter 
mined equalization characteristic, 

a read clock Signal generator for generating a read clock 
Signal that is Synchronized with the read signal; 

an A/D converter for generating and outputting Sampled 
data by Sampling the read signal in response to the read 
clock signal; 

a maximum likelihood decoder for decoding the Sampled 
data into most likely digital information; and 

a differential metric calculator for obtaining Pa-Pb, 
where Pa and Pb are indices indicating respective 
probabilities of State transition of first and Second State 
transition paths in a predetermined period, the first and 
Second State transition paths being estimated by the 
maximum likelihood decoder to be the most probable 
and the Second most probable, respectively. 

15. The apparatus of claim 14, further comprising a 
Second waveform equalizer for shaping the waveform of the 
read Signal differently from the first waveform equalizer So 
that the read signal has another predetermined equalization 
characteristic, 

wherein the read clock signal is generated from the read 
Signal that has had its waveform shaped by the Second 
waveform equalizer. 

k k k k k 


