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FULL AND HALF-RATE SIGNAL SPACE DETECTION FOR CHANMNELS
WITH A TIME-VARYING MTR
FIELD OF THE INVENTION
The present invention relates to disc drlves
More partlcularly, the present invention relates to a
data detector in a disc drive wherxein the data detector
detects data encoded according to a code having time
varying constraints.
BACKGROUND OF THE INVENTION
A typical disc drive includes one or more
discs mounted for rotation on a hub or spindle. A
typical disc drive alsc includes a transducer supported
by a hydrodynamic air bearing which flies above each
disc. The transducer and the hydrodynamic air bearing
are collectively referred to as a data head. A drive
controller is conventionally used for controlling the
dise drive based on commands zreceived from a host

system. The drive controller controls the disc drive to

vetrieve information from the disce and to store
information on the discs.

In one conventional disc drive, an
electromechanical actuator operates within a negative
feedback, closed-loop servo system. The actuator moves
the data head radially over the disc surface for track
seek operations and holds the transducer directly over
a track on the disc surface for track following
operatlons

Information is typically stored in concentric
tracks on the surface of the discs by providing a write
signal to the data head to write information on the
surface of the disc representing the data to be stored.
In retrieving data from the disc, the drive controller
controls the electromechanical actuator so that the data
head flies above the disc and generates a read signal
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based on information stored on the disc. The read
signal is typically conditioned and then decoded by the
drive controller to recover the data.

A typical read channel includes the data head,

-'preconaitioning logic (such as preamplifiéation_

circuitry and filtering circuitry), a data detector and
recovery circuit, and error detection and correction
circuitry. The read channel is typically implemented in
a drive controller associated with the disc drive.

In disc drives, it is important that the error
rate per number of bits recorded (the bit error rate) be
maintained at a relatively low level. In order to
improve bit error rate performance in disc drives, or in
order to increase the linear recording density in disc
drives, maximum likelihood sequence detection (MLSD)
methods are desired. Such methods can be implemented
using the well known Viterbi algorithm. However, a
direct implementation of an MLSD method is very costly.
For example, the channel response after forward
filtering is typically quite long, and may contain ten
or more terms. Thus, a Viterbi detector would require
2% gates, which is impractically complex. Therefore,
other techniques have been investigated which tend to
reduce complexity yet still provide results which
approach those of direct MLSD methods .

One such technique is to apply the Viterbi
algorithm to a reduced number of terms by cancelling
some of the terms with feedback. For example, by
cancelling all but two terms (and including the main
cursor) allows the Viterbi detector to have only four
states. Such detectors are referred to as reduced state
sequence estimators (RSSE).

Another technique is to choose a channel
response target which is not a perfectly whitened
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target, but which has a fewer number of terms. In such
gystems, partial response (PR) targets have been
developed. Among those targets is one referred to as
enhanced extended partial response. maximum. 1ikelihood
(E*PRML) target. At high recording de'risities, it has

been observed that for certain high order partial

response channels (such as the E?PRML) channel, the
dominant error events (the difference between two input
sequences) encountered with detectors used with such
partial response targets are generally of the form +/-
(2,-2,2). Such errors are typically caused when a
tribit is shifted by one sample time, or when a guadbit
is mistaken as a dibit or vise versa.

The present invention addresses these and
other problems, and offers other advantages over the
prior art.

SUMMARY OF THE INVENTION

_ A relatively new class of codes are recently
being investigated. Such codes include a wmaximum
transition run (MTR) code which has been proposed as a
way of removing dominant error events in Maximum
Likelihood Sequence detectors (MLSD) at high densities
or in higher-order partial response channels such as
enhanced extended partial response maximum likelihood
(E?PRML) . MTR codes act to increase the winimum
Euclidean distance between data samples in a magnetic
recording channel. '

' For example, an MTR=2 code limits the run of
consecutive transitions in the write current to two. In
essence, an MTR=2 code removes all patterns of encoded
data containing more than two consecutive transitions.
Consequently, the MTR=2 code also removes all patterns
which cause a dominant error event for MLSD detectors at
high recording densities and higher order PR channels.
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Using_ MTR constraints, one detector has been
developed which is referred to as the 3D~110 detector
whose performance is comparable to a fixed delay tree
search with decision feedback of depth 2 (FDTS/DF(2)) at
high symbol densities. The deétector. is constructed by
considering vectors of three received samples in a three
dimensional space. Three planar boundaries are
calculated and are used to divide the signal space into
two regione, each of which correspond to a decision of
+1 or -1 for the bit currently being processed. The 3D-
110 detector also includes a forward filter which
removes precursor intersymbol interference (ISI) terms
and forces the two post cursor ISI terms to be 1 and 0,
respectivély, where the cursor is also normalized to 1.
A feedback filter is implemented which removes all but
the two post cursor ISI texrms. Therefore, with no error
propagation through the detector, the eguivalent
discrete-time channel pulse response can be denoted as
110. Such a constraint on the channel 'resx.aonse is used
to simplify the detector structure.

While the magnetic channel natural response is
close to the 110 target at high recording densities, it
deviates significantly from the 110 target at lower
recording densities. Thus, constraining the pulse
response to this particular 110 target results in
performance degradation compared to the FDTS/DF(2),
specifically at lower recording densities. Even at high
densities, the implementation of practical elements in
the detector can also cause deviation of the channel
response from the 110 target. For example, the use of
constrained length finite impulse response (FIR) filters
can cause such deviation.

Thus, while the 3D-110 channel provides
significant advantages in performance and/or simplicity
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over other detectors (such as the more complicated
FTDS/DF (2) detector) it does contain the above-described
digadvantages.

Th_e present invention is directed to a system
that addresses these .énd other problems, and of_f-e.rs
other advantages.

A detector of the present invention is
provided to detect data values within a data signal that
is sampled to provide temporally separated data samples.
A first detector portion is configured to determine the
location of a first sample vector in a first signal
space. A second detector portion is configured to
determine the  location of a second sample vector in a
second signal space. The second detector portion
determines the location by using a logic statement to
combine a plurality of location indicators. Each
location indicator provides the location of the second
sample vector relative to a respeétive boundary surface.
The form of the logic statement is indeperi.dent of the
values of the locatijion indicators. In addition, each
location indicator is independent of all other location
indicators.

BRIEF DESCRIPTION OF THE DRAWINGS

FPIG. 1 is a top view of a disc drive with its
upper casing removed and embodying features of the
present invention.

FIG. 2 is a high level block diagram of the
dige drive shown in FIG. 1.

FIG. 3 is a schematic diagram illustrating a
magnetic channel and associated reading circuitry to
better illustrate notation used herein.

FIGS. 4-1 and 4-2 illustrate symbol
constellations corresponding to a detector in accordance
with one aspect of the present invention.
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FIGS. 5-1 and 5-2 show waveforms illustratiﬂg
dominant error events for MLSD of high densities.
FIG. 6 is a block diagram illustrating a

detector :architecture of a detector in accordance with -

one aspect of the present invention. . _

FIGS., 7-1 and 7-2 illustrate a FTDS/DF tree
used to illustrate operation of a detector in accordance
with one aspect of the present invention.

FIG. 8 is a block diagram showing the
architecture of an embodiment of a 3D/4D signal space
detector of the present invention.

FIG. 9 is a block diagram showing the
architecture of one embodiment of a half-rate 3D/4D
signal space detector of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring to FIG. 1, a rotary disc drive

system suitable for' incorporating the teachings of the

present invention is shown in diagrammatic form and is.

referred to generally at 110. A plurality of
information storage discs 112 are journaled about a
spindle motor assembly 114 within a housing 116. Each
disc 112 has a multiplicity of concentric circular
recording tracks, indicated schematically at 118 for
recording information. Each track 118 is subdivided
into a plurality of sectors, indicated schematically at
120. Data can be stored on or retrieved from the discs
112 by referencing a specific track 118 and sector 120.
An actuator arm assembly 122 is rotatably wmounted
preferably in one corner of the housing 116. The
actuator arm assembly 122 carries a plurality of head
gimbal assemblies 124 that each carry a slider 125
having a read/write head, or transducer 126, for reading
information from and writing information onto the discs
112. A voice coil motor 128 is adapted to precisely
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rotate the actuator arm assembly 122 back and forth such
that the transducers 126 move across the discs 112 along
arc 130. Control circuitry 132 controls the position of
the transducers 126 and. processes information to be
written to or received from discs 112. ,

FIG. 2 shows a high level block diagram of the

control circuitry 132 of disc drive system 110. A
microcontroller 134 directly implements all of the
primary functions of the disc drive system 110. A

read/write support and interface control circuit,
indicated generally at 136, and a motor and actuator
controller 128 are connected to the microcontroller 134
by a general purpose data, address, and control bus 140.
Circuit 136 in general provides a hardware interface
between the disc drive system 110 and a host computer
system (not shown) via a communications bus 142. Also,
circuit 136 in general provides an interface between the
motor and actuator controller 138 and a read/write
channel 144. The read/write channel 144 receives a
signal from preamplifier 143 which, in turn, receives a
signal from transducers 126. Read/write channel 144
acts as an interface between the microcontroller 134 and
the transducers 126 over lines 145. The read/write
channel 144 also provides signals over line 146 to the
motor and actuator controller 138. Controller 138 is
provided as an interface between the microcontroller 134
and the motor assembly 114 over lines 148, and an
interface between the microcontroller 134 and the
actuator arm assembly 122 over lines 150.

FIG, 3 is a schematic diagram of a magnetié
channel 160 and read channel blocks 162 and is provided
for purposes of better understanding the notation used
herein. Channel 160, as is known, includes the
recording medium, such as disc 112 and transducers 126.
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Read channel blocks 162 includes adder 164, front filter
166, sampler 186, forward £filter 168, adder 170,
detector 172 and feedback filter 174. Read channel
blocks 162 are generally implemented in read/write

channel 144 shown in FIG. 2. The input 176 to mégnetic-'

channel 166 is preferably a sequence of data bits, the
data bit for a current time period k is represented by
ay. The sequence of input bits is preferably encoded,
in accordance with one aspect of the present invention,
according to a code which enforces an WMTR=2 code
constraint, and the bits are provided in a non-return-
to-zerc inverse (NRZI) format in which a one is
represented by a transition and a zero is represented by
a non-transition.

When the data bits are read from the magnetic
channel, they are provided as a readback signal 178.
The readback signal 178 is typically corrupted by noise
180 which is represented by n(t) being added to the
readback signal 178 by ‘adder 164. It ghould be noted
that noise n(t) and adder 164 are shown as only
representations of the noise which corxrrupts readback
signal 178 and are thus not part of the actual hardware
implementation. In any case, the noise n(t) is present
and corrupts readback signal 178 to form corrupted read
signal 182.

Corrupted read signal 182 is provided to front
filter 156. Front filter 156 is, by way of example,
implemented as an analog low-pass filter.which.prevents
aliasing and filters out high £requency noise and
provides a filtered output 184 to sampler 186. Sampler
186 samples filtered output 184 and can be embodied as
an analog-to-digital converter. The sampled signals
produced by sampler 186 are provided to forward filtex
168.
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Porward filter 168‘ preferably operates alone
or in combination with other filtering to whiten the
noise in the readback signal and provide a modified
readback signal 188 (also .designated x,) to adder 170.
An éxample of forward filter 168 is a'fi'n-i,te impulse
response (FIR) filter which includes a plurality of
taps. Porward filter 168 removes all precursor inter-
symbol interference (ISI) terms. Post-cursor ISI terwms
are permitted to assume their natural values, because no
constraints are enforced on the channel coefficients.
Detector 172 provides a sequence 190 (also designated
4,) at its output.

The output &, is an estimate of the input data
sequence a,. The output §, is also provided to feedback
filter 174 which is used to provide feedback signal 1952
to adder 170. Feedback signal 192 is added to the
output r, of forward filter 168. The combination of
these signals is provided:  at the output 194 (also
designated y,) of adder 170 to decision device 172. 1In
one embodiment of the present invention, feedback filter
174 is intended to remove all but two post-cursor ISI
terma. In another embodiment, it is intended to remove
all but three post-cursor ISI terms

For feedback filters that remove all but two
post-cursor terms, assuming all the previous decisions
by the decision device 172 are correct, an equivalent
discrete-time channel response includes three terms and
is denocted as (1, £,, £,). .

Thus, at time k, the noiseless iﬂput Yx: to
decision device 172 can be written as follows:

Bquation 1
Ye = a + 5 & + £ 34,

where a, is the input data bit at time k.
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_ A three-dimensional signal space detector (3D-
S8D) can be implemented by first considering a symbol
constellation in three-dimensional space. As described

- in greater detail below, such a detector maps all
possible symbols which could represent the input data“

Sequence to the three-dimensional space. The detector
then obtains a sample vector that includes contributions
from a plurality of input samples that are each formed
from a plurality of terms indicative of input data
samples in the input sample sequence. The sample vector
is then mapped to the same three-dimensional space in
the constellation. The detector then determines which
of the possible data symbols is closest in the three-
dimensional space to the sample vector at each time
interval. This is analogous to determining a path
corresponding a minimum Buclidean distance between an
observed and the desired sample values for a fixed-delay
detector, suqh as an FDTS/DF detector, or for a look-
ahead partial response channel such as that described by
Patel, Rutledge and So in "Performance Data For A Six-
Sample Look-Ahead 1, 7 ML Detection Channel", IEEE
Trans. Magn. Vel. 29, No. 6, pp. 4012-4014, November,
1993 and that described by Yamasaki et al., "A 1, 7 Code
EEPR4 Read Channel IC With Analog Noise Whitened
Detector”, PROC. of ISSCC, 1997, pp. 316-317.

Each pair of possible symbols which point to
different detector decisions should be separated by a
boundary plane. The planar boundaries are combined by
logic rules so that the signal space is partitioned into
two regions, one corresponding to a detector decision of
+1 and the other corresponding to a detector decision of
-1. Depending on where the sample vector falls in the
three-dimensional vector space relative to the boundary
planes, a binary decision is released by detector 172 as
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the detector output §,. As will also be described
below, the detector structure is simplified by
eliminating planes which are redundant, and also by
eliminating separate . symbols which are much further
apart than the minimﬁm -Eu_clidean dis.tance- associated
with the code.

FIGS. 4-1 and 4-2 illustrate a vector space
for a detector which analyzes an input sequence having
three texrms which constitute a gample vector, also known
as an observation vector. More specifically, FIGS. 4-1
and 4-2 illustrate symbol constellations of a Lorentzian
channel at symbol density of 2.25. The constellations
have axes y, (also designated by numeral 200) and y'y.,
(also designated by numeral 202). The constellations
shown in FIGS. 4-1 and 4-2 also include a third axis
Y’ ’x2 (which is also designated by the number 204).
Axis y'‘yx., eXtends into and out of the plane of the
paper containing FIGS. 4-1 and 4- 2. '

As will be described, some symbols are removed
based on the MTR constraint, and all of the possible
remaining symbols which could represent the three-
dimensional observation vector are wmapped to the
constellations illustrated in FIGS. 4-1 and 4-2. Planar
boundaries are then constructed to divide those symbols
in the three-dimensional space defined Dby the
constellations. The observation vector is then mapped
to the constellation and the detector provides a
decision based upon where the observation vector resides
in the constellation relative to the planar boundaries.

The axes of the constellations are defined as
follows: .

Equation 2
Ye = 3 + £; @y + £; 8,
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Equation 3
Yk = 8 + £; ag,
Equation 4

Y’ "2 = 8k

where y’,, and y’’,, generically denote the
detector inputs at times k-1 and k-2 with the
intersymbol interference due to the available past
decisions (i.e., the decisions for &, and &, at time
k) cancelled. The detector must make a decision on the
input bit a,, (i.e., the input bit which was received
two time intervals previously) at each time k in the
detection process because the detector is processing
three input samples as an observation vector.

Table 1
“ Index (Byzr By.a, 2y) I (Ve ¥'par ¥ 70a) J
" 0 (+1, +1, +1)° (+1 4+ £, + £,, +1 '+ £,, +1L’|
H 1 (+1, +1, -1) (-2 + £, + £,, +1 + £,, +1)
2* (+1, -1, +1) (+1 - £, + £,, -1 + £,, +1) “
3 (+1, -1, -1) (-1 - £ + £,, -1 + £, +1) |
4 (-1, +1, +1) (+1 + £, - £,, +1 - £,, -1)
5* (-1, +1, -1) (-1 + £, - £,, +1 - £,, -1)
|r 6 (-1, -1, +1) (+1 - £, - f,, -1 - £,, -1)
T (-1, -1, -1) | (-1 -£ - £, -1 - £, -1)

Table 1 illustrates all possible input
sequences which could be represented by the observation
vector. Table 1 includes an index which refers to an
index numeral 0-7 corresponding to the 2® (where n=3)
possible symbols. Table 1 also includes the possible
symbols written out in terms of a.,, a., and a, and
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also provides an evaluation of the axis vy, Y’y., and
Y’ ’y.o written in terms of the channel response.

FIGS. 5-1 and 5-2 illustrate waveforms 206,
208, 210 and 212 which represent dominant error events
obs.er\'red for MLSD detectors ‘at high densities and high
order partial response targets. In FIG. 5-1, the error
event is generated when a tribit waveform 206 is shifted
one time interval to produce a shifted tribit 208. 1In
FIG. 5-2, the error event is generated when a guadbit
waveform 210 is detected as a dibit waveform 212 or vice
versa.

In order to eliminate such dominant error
events, the input data is preferably encoded according
to an MTR=2 constraint which disallows tribits. Thus,
in Table 1, either symbol 2 or symbol 5 must be
disallowed, depending upon the value of &, ;, since those
symbols represent the presence of a tribit. For
example, with &.;=+1, symbol 5 corresponds to a sequence
of input bits of the form {+1, -1, +1, -1) which
contains three consecutive transitions and must be
eliminated. By the same token, where §,; = -1, symbol
2 must be eliminated.

The constellation shown in FIG. 4-1 has all
possible symbols mapped thereto, assuming &, ,=-1. Note
that symbol 2 is not mapped to the constellation shown
in FIG. 4-1. Similarly, the constellation shown in FIG.
4-2 has all of the possible symbols mapped thereto where
8,.,=+1. Note that symbol 5 has been eliminated.

The symbols corresponding to Y’ 'xo=+1 and -1
are denoted by x’s and 0’s, respectively. The index
number is denoted below the symbol marker x’'s and 0’s,

FIGS. 4-1 and 4-2 also illustrate slicer

planes A, B, C and D which are used to divide the
various symbols mapped to the constellations.
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Initially, it is noted that four slicer planes are used.

However, as will be described, in order to simplify the
detector structure, the number of planes is limited to
three (e.g., planes C and D are combined to form a new

. plane E discussed below). In order to further simplify -

the detector structure, the directions of the planes are
also constrained.

Plane A is provided to separate symbols 0 and
4 (and also symbols 1 and 5 in FIG. 4-1). For an
optimal detector, the decision boundaries are planes
which bisect a line which connects the pairs of symbols
being separated. However, for simplicity, the system is
constrained to locate the plane not to separate the two
symbols in three-dimensional space, but to separate
their projections on a surface. This constraint is
implemented by picking the two coordinates which
contribute most heavily to the distance between the two
syfubo_ls.. It can be seen that the y’’,, coordinate
should be retained since the two symbols which
correspond to different decisions on the input bit a,.,
are easily separated on this axis. Of the remaining two
coordinates (and except for very low symbol densities),
the y’,., coordinate contributes more heavily to the
distance between symbols 0 and 4 than the y, coordinate.
Thus, the symbols are projected to the ¥y’ i V' ‘'ka2
surface. Slicer plane A is thus constrained to only
rotate perpendicular to the y’,., ¥' 'y, surface.

The projection of plane A onto the chosen
surface is thus represented' as a line whose direction
changes as the slicer plane is allowed to rotate. All
points on the line have the same distance from the
projected pair of symbols.

From Table 1, it can be seen that the
coordinates of the projections of symbols 0 and 4 on the
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Y 'x1 Y' 'x-2 surface are given by (1+f,, +1) and (1-£,, -
1), respectively. Thus, the equation of plane A can be
obtained as follows:
: . ) Equation 5
(Yriea - (-1 + £))% 4 (¥ 'yo - 1)2 '
= (Y = (1 = £))2 + (Y "x2 + 1)2
This expression can be simplified to yield:
BEquation 6
Y ' ix2 * £ ¥Yka - £ =0

Using a similar procedure, the equation for
slicer plane B which separates symbols 3 and 7 (and also
symbols 2 and 6 in FIG. 4-2) can be written as follows:

Equation 7
Y'ika t £ ¥V + £, =0

When 8§, ,=-1, plane C sepafates symbols 3 and

5. Plane C is constrained to only rotate perpendicular

to the vy’ ’yx.. surface since the coordinates which
contribute most heavily to the distance between the
gymbols are the coordinates corresponding to the y, and
Y’ ’y.2 axes. The plane equation is derived by finding a
line which bisects the projections of the two symbols
onto the y,y''’y., surface.

The operation is again repeated for plane D
which separates symbols 2 and 4 when &, ;=+1.

These procedures result in the following four

. location identifier equations:

Equation 8
A: sgn (y''yx2 + £ ¥y - ;)

Equation 9
B: sgn (y''w2 + £ ¥'yq + L)
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Equation 10
C: sgn (Y, - (£ - £2) v - (£, - £,)),
where &4, ; = -1
) .Equgtion 11
D: sgn (y'’'xa - (£, - £3) v + (£, = £,)),
where 8, ,; = +1 '
Location identifier equations C and D can also
be combined to provide:
Equation 12
E: sgn (y''x, - (£2 - £) v + (£, - £;) &g,)

Equation 12 can be further simplified by
setting (f,~-f,)=1. This simplification has a negligible
effect on the detector performance since at lower
channel densities of interest, the two symbols to be
separated by this plane are further apart than those
separated by planes A and B. Therefore, a slight change
in the plane orientation and position does not impact a
relative location of the received samples with respect
to this plane. Thus, Equation 12 can be simplified as
follows:

Equation 13
E: sgn (¥''x2 - % + 8x3)

By substituting for y’y, and y’’,., from
Equations 3 and 4, the following relations are obtained
for the three location identifiers:

' | Equation 14

.A: sgn (Yi.a + £, ¥Viea + AR)

Equation 15

B: sgn (Yx., + £, Yk + 4B)

Equation 16

E: sgn (Yx. - ¥x + AE)
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where values AA, AB and AE are offset values
given by:

Equation 17

an = (-f, - £,£;) &, - £ &, - f
| Equation .18

AB = (-f, - £,£,) &, - £ &. - £,
Equation 19

AE = (-£, + 1) 8., - £, 8

The offset values, in general, are implemented
as short FIR filters with binary inputs, two input
multiplexers, or look up tables.

Decision logic can be implemented by moving a
test point through the three-dimensional signal space
and recording the relative position of the point with
respect to the planes. The corresponding detector
output is obtained by finding the closest symbol in the
constellation to the test point. A logic rule or
statement is then obtained by combining the cases which
result in the same output decision from the detector.
However, for the three-dimensional case discussed
herein, the logic rule can simply be obtained by
inspection. Mapping the boundary decisions -1 to 0,
the logic rule can be written as follows:

Equation 20
8., = B*E + A

where "e" denotes a logical AND operation and
+ denotes a logical OR operation.

PIG. €& is an architectural block diagram
illustrating a 3D-8SD detector 214 in accordance with
one aspect of the present invention. Detector 214
includes delay operators 216 and 218, multiplier 220,
summing circuits 222, 224, and 226, slicers 228, 230,
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234, AND circuit 236 and OR circuit 238. As illustrated
in FIG. 6, Yy, is provided to delay operator 216 which
provides, at its output 240, .Yx-1- That term is also
provided to delay operator 218 which provides at its
output 242, yy.,. Multiplier 220 receives at its input
244, £,. Sumﬁing circuit 222 receives at one input 246
thereof the offset value AE and at the other two inputs
thereof y, and yy.,. Summing circuit 224 receives at one
input 248 thereof offset value AB and at the other two
inputs thereof the output 250 of multiplier 220 and also
Yx.2. Summing circuit 226 receives, at a first input 252
thereof the offset value AA and at its other inputs the
output 250 from wultiplier 220 and y,, from delay
operator 218. The output of summing circuits 222, 224
and 226 are provided to slicers 228, 230 and 234,
respectively. The outputs 229, 231 and 235 of slicers
228, 230 and 234 are to circuits 236 and 238 as shown.
The output 256 of circuit 238 provides §,.,. Thus,
detector 214 uses one multiplier, there slicers, three
adders and three two-input multiplexers. A sgimilar 3D-
110 detector can be implemented using three slicers,
three adders and two-input multiplexers.

In the above discussion, detector 214 was
constructed by taking advantage of the fact that, at
each time interval, only one of the two symbols 2 or 5
from Table 1 is present in the signal space
constellation. This is because the MTR=2 code removes
one of the two symbols at all times.

However, the dominant error events mentioned
with respect to FIGS. 5-1 and 5-2 can also be removed
using a time-variant transition run constraint. Such a
constraint allows tribits, but only allows them to start
at predetermined intervals. In one embodiment, the
time-variant transition run constraint allows tribits to
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start only at every other (i.e., even or odd) numbered
time intervals. This type of relaxed constraint allows
the development of codes with higher rates. Thus, with
the. time variant MTR code, it is possible.to have both.
symbols 2 and 5 present in the signal constellation at |
every other time interval. In oxrder to implement the 3D
detectors in accordance with the present invention,
modifications must be made in order to accommodate the
change in the code constraint.

In order to better understand the
modifications required to detect data encoded according
to a code having the time-variant code constraint, a
signal space detector in accordance with the present
invention can be understooé. with reference to an FDTS/DF
tree of depth 2. FIG. 7-1 illustrates such a tree 280
where the tree has a root beginning at an odd time
interval k-3 (also designated by numeral 282). FIG. 7-2
illustrates such a tree 284 having a root which begins
at an even time interval k-3 (also aesignated' 286) .
Trees 280 and 284 both assume that &, _;=+1.

Without any loss of generality, the present
discusasion proceeds under the assumption that tribits
are only allowed to start at even time intervals. While
the root of trees 280 and 284 illustrate the value of
8x.3, the subsequent branches which proceed from left to
right along the tree illustrate the value of samples a,.
2r 31, & and a,,. The corresponding time intervals are
illustrated along the bottom of each tree and are
designated, in FIG. 7-1, by numerals 288, 290, 292 and
294 and in FIG. 7-2 by numerals 296, 298, 300 and 302.

By examining trees 280 and 284, it can be seen
that either path 2 or path 5 will be disallowed since
one of them vioclates the code constraint. For example,
in FIG. 7-1, path 5 can be pruned from the tree since it
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reveals a tribit pattern (+1, -1, +1, -1) which starts
at an odd time interval. Therefore, where the root
corresponds to an odd time interval, that situation is
identical - to .the MTR=2 in the previously described
detector. On the other hand, as shown in FIG. 7-2,
where the root corresponds to an even time interval (and
where tribits are allowed to start at even time
intervals) both branches 2 and 5 are permitted.

In order to realize the coding gain for an
FDTS/DF (2) detector with a time-variant MTR code, the
problematic path can be removed at odd times and
restored at even times. However, the presence of both
paths ‘2 and 5 increases the chance of an erroneous
section of trees 280 or 284 to be selected. In fact, as
user densities increase, these errors begin to become so
large that they eliminate the code-rate benefit of the
time-variant MTR code. '

' Thereforé, in accordance with one aspect of
the present invention, branches 2 and 5 are extendeci one
step further in time (beyond time interval k). Such
extensions are labeled 2A, 2B, 5A and SB in FIGS. 7-1
and 7-2 and are also indicated by designation numerals
304, 306, 308, 310, 212, 314, 316 and 318. Extension of
paths 2 and 5 does not affect pruning of the branches as
illustrated in FIG. 7-1. Path 2 is still allowed and
path 5 is still disallowed. However, in FIG. 7-2,
extension of the paths one extra time interval allows
the pruning of branch 2B. In other words, branch 2A is
still allowed in FIG. 7-2 because it does not violate
the time-variant MTR code constraint. However, branch
2B does violate the code constraint because it
represents a tribit beginning at an odd time interval.
Similarly, branch 5B in FIG. 7-2 is allowed, while
branch 5A can be eliminated.
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The remainiﬁg symbols, after pruning, in FIG.
7-2 which are represented by path 2A and path 5B
correspond to an error event of the form +/- (2, -2, 2,
2). Thus, the distance between these two symbols should
be considerably. greater than the minimum Euclidean
distance for the code.

In one aspect of the present invention, a
three-dimensional/four-dimensional signal space detector
(3D/4D 8SD) is implemented that accepts samples having
three post-cursor ISI terms. The detector provides
three-dimensional detection and four-dimensional
detection. In three-dimensional detection, the detector
selects a data value by determining the location of a
sample vector in a three-coordinate signal space. 1In
four-dimensional detection, the detector wuses the
location of a sample vector in a four-coordinate signal
space to determlne a data value

The 3D/4D 8SD works well with data that has
been encoded using a time-varying MTR code. When used
with an MTR code that has an MTR constraint of 2 for odd
time intervals and an MTR constraint of 3 for even time
intervals, the three-dimensional detection system is
used at odd time intervals and the four-dimensional
detection system is used at even time intervals.

The sample vectors used in the 3D/4D SSD are
preferably constructed from combinations of samples that
are defined by the follow1ng generic sample equatlons-

Equatlon 30
Vi = & + £ ag, + £; 3, + £ ags
Egquation 31
ay, + £, a, + £ a0 + £ &y

[

Yx-a
Equation 32
Yz = 8 + £ &3 + £ &, + £5 &
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_ S BEquation 33

Yis = &3 + £y 8y + £ &5 + £ 84

Where y, is the current sample provided to the
detector, &, is the (k-x)th detected data value, and a.
« is the (k-x)th input value with the current input
value that is being detected being the a,_; input value.

Thus, in the three-dimensional portions of the
3D/4D SSD, the sample vector is based on the combination
of Yia1s Yx2r and vy, and in the four-dimensional
portions the sample vector is based on the combination
of ¥Yi: Ykar Yie2r @04 Yy ;.

During purely three-dimensional detection, the
location of the three-dimensional sample vector is
determined in a three-dimensional space defined by the
following three axis:

Equation 34
Yika = 8y + £ &, + £, a5,

Equation .35

Y "2 = 82 + £, ax

Eguation 36
Y ks = s
Note that each of the three axes are formed by
cancelling the contribution of at least one input value
that contributes to a respective generic sample. This
can be seen by defining the axes in terms of the samples
using generic sample equations 30 - 33 above. The
definitions of the axes then become as follows:

) Equation 37

Y'k1 = Yier - 3 kg
Equation 38

Y 'x2 = Y2 - 2 8eq - £3 8k

Equation 39

Y ' k3 = Yis - £y 8gq - £a 85 - £y &4
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Aes in other embodiments of the invention, the
3D/4D SSD determines an odd time intexrval data value
using boundary planes in the three dimensional signal
space..  The boundary.planes-are determined in a wmanner
similar to. that .described above in .connection-'with
equations 5 - 19 yielding the following four location

identifiers:

A: sgn (Y., +

B: 8gn (Vs

+

C: sgn (yx, -

D: sgn (Ves -

Equation 40
£1 Yr2 + AR)
. Equation 41
£, Yx2 + AB)
Equation 42
Y1 + AC)
Equation 43
V-2 + AD)

where sgn (expression) provides the sign of the
expression and values AA, AB, AC, and AD are offset

values given by:

Eqguation 44

AA. = (-fl - f1fz) ak_4 - (fz + f1f3) ﬁk-s - f3 ak-s - fl

AB = (-fl - fxfa) ék_g -

AC

Equation 45
(fz + f1f3) ék_s - f3 ak_s + f1
Equation 46

-{f, - £3) &4 - £ & - £ 8o - 1

Equation 47

D = -{f; - £3) & - £, & - £ G + 1
Where planes C and D are utilized when §,_, is

-1 and +1, respectively.

Mapping -1 to 0.in Equations

40 - 43, the detector ocutput provides a detector value

dy.;, according to the following:

Equation 48

8¢; = A + BeC when §,, = -1

Equation 49

8. = A + BeD when &, , = +1
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where "e" represents a logical AND operation
and "+" represents a logical OR operation.

Wheﬁ attempting to detect a data wvalue at an
even time . interval, the 3D/4D SSD determines the
location of a fouf-dimensional sample'veétor in a four-'
coordinate signal space. As noted above, the four-
dimensional sample vector used during four-dimensional
detection is based on the combination of Vi, Vi1, Yi-2r
and y,.;, which are described by equations 30 - 33 above.
During four-dimensional detection, the location of this
four-dimensional sample vector is determined in a four-
coordinate space defined by the following four axes:

‘ Equation 50
Ye = 8 + £ &, + £; 2 + £3 3y,
Equation 51
Yiea = 8y + £ @y + £3 3y,

Equation 52
Y ' 'x2 = 8o + ) ay
Equation 53

Y/ k3 = Qg

In this four-coordinate signal space, the
location of the four-dimensional sample vector is

‘compared to the location of a boundary plane that

separates two symbols corresponding to paths 2A and SB
of FIG. 7-2.

-In the four-coordinate signal space (y’!’,.a,
¥’ 'y2r Y'rar ¥e) OF the 3D/4D SSD, samples 2A and 5B are
located at (1, -1 + £,, 1 -~ £, + £, 1 + £, - £, + £;) and
(-1, 1 - £, -1 + £ - £, -1 - £ + £, -~ £,),
respectively. 0f the four coordinates, coordinates
¥’’’y and Yy, contribute the most to the distance
between samples 2A and 5B. Using the projection
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techniques described above, the plane P between 2A and
5B is described by the following: |
Equation 54
(V' "es - L)%+ (w, - @+ £ - £+ £.0)%
= (Y v 1) (Wi - (S1 0+ £, - £))2 T
This equation simplifies to:
Equation 55
Y iixa+ (L + £ - £+ £) po=0
Substituting for y’’’,, using equation 39
above, equation 55 becomes:
Equation 56
Vs + (1 + & - £, + £5) v - £, &g - £; &5 - £5:84= 0
Using the notation developed above, location
identifier P is then defined as:
Equation 57
P: sgn(yxs + (L + £ - £, + £}y, + AP)

where AP is defined by:
Equation 58
AP = -f; &, - £, &5 - £ &4
Since the two symbols 2A and 5B correspond to
error events of the form +/- (2, -2, 2, 2), the distance
between the two symbols should be considerably greater
than the minimum Euclidean distance for the code.
Therefore, equation 57 can be further simplified without
a significant impact on the detector performance,
resulting in:
. Equation 59
P: 890(Yes + Yi + AP)
In the four-dimensional detection, location
identifiers A, B, C, and D of equations 40-43 that were
used in the three-dimensional detection continue to be
valid. Using these location identifiers and location
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identifier P of equation 59, the four-dimensional logic
detection equation at even time periods becomes:
Equation 60
8x-3 = A + BeC + BeDeP :

Where “-“.répresenﬁs a logical AND operation,
"4+" represents a logical OR operation, and A, B, C, D,
and P include the mapping of 0 for -1 where necessary.

Note that none of the location identifiers
depend another location identifier. 1In other words,
each can be determined without reference to another
location identifier. Also note that the format of the
four-dimensional logic statement of Equation 60 does not
depend on the value of a location identifier.

In one embodiment of the present invention,
the 3D/4D SSD is implemented using a full-rate detector
400 of FIG. 8. Detector 400 includes delay operators
402, 404, and 406, multiplier 408, summing circuits 410,
412, 414, 416, .and 418, slicers 420, 422, 424, 426, and
428, AND circuits 452, 454, and 456, OR circuits 458 and
460, and muliplexers 462 and 464.

Delay operators 402, 404, and 406 arxe
connected together in series and provide outputs 403,
405, and 407, respectively. Delay operator 402 receives
v, at its input, so the series of delay operators 402,
404, and 406 provide Vyx,, Vx2, and YVx; at their
respective outputs 403, 405, and 407.

Multiplier 408 receives £, and y., at its
inputs and produces the product .of those two values at
its output, which is connected tclsumming circuits 416
and 418.

In addition to receiving the output of
multiplier 408, summing circuit 418 also receives Y.,
and AA. Summing circuit 418 adds its inputs together to
produce an output that is provided to slicer 428, which
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produces a 1 if the sum is 0 or greater and 0 if the sum
is less than 0. Together, summing circuit 418 and
slicer 428 perform the function described by equation
40, . )

.Quminin'g circuit 416 receives the output of
multiplier 408 along with y,; and AB. Summing circuit
416 provides the sum of its input values to slicer 426,
which operates in a manner similar to slicer 428.
Together, summing circuit 416 and slicer 426 perform the
function described by equation 41.

Summing circuits 410 and 412 each receive yi,
and VYy3;. In addition, summing circuits 410 and 412
receive AC and AD, respectively. Summing circuit 410
subtracts y.; from v, plus AC to produce an output that
is provided to slicer 420, which operates in a similar
mannexr to slicers 426 and 428, Together, summing
circuit 410 and slicer 420 perform the functions of
equation 42. Summing circuit 412 subtracts y,, from yi.,
plus AD to produce an output that is provided to slicer
422, which operates in a manner similar to slicers 426
and 428. Together, summing circuit 412 and slicer 422
perform the functions of equation 43.

Summing circuit 414 receives vy, Y.z and AP,
and provides their sum to slicer 424, which operates in
a wanner similar to slicer 426, Together, summing
circuit 414 and slicer 424 perform the functions of
equation 59.

The detection of data values during odd bit
times is determined by AND circuit 452, OR circuit 458,
and multiplexer 462, which together implement the logic
of Equations 48 and 49. Multiplexer 462 passes either
the output of slicer 420, representing location
identifier C, or the output of slicer 422, representing
location identifier D, based on the value of §.,.
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Specifically, when &, is 0 the output of slicer 420 is
passed and when &, is 1 the output of slicer 422 is
passed.

The output of multiplexer 462 is provided to.
AND circuit 452 along with the output of slicer 426,
representing location identifier B. AND circuit 452
performs a logical AND operation on these input values
and provides an output to OR circuit 458, which also
receives the output of slicer 428, representing location
identifier A. OR circuit 458 performs a logical OR
operation on its two input values and provides its
output to multiplexer 464, which passes the output value
if the current value being detected is at a time
interval that does not permit tribits.

AND circuits 454 and 456, OR circuit 460 and
multiplexer 464 provide the detection logic needed
during time intervals when tribits are allowed.
Specifically, these components implement the function of
Equation 60.

AND circuit 454 receives the output of slicers
422, 424, and 426, representing location identifiers D,
P, and B, respectively and provides a logical AND output
based on those inputs. AND circuit 456 receives the
output of slicers 420 and 426, representing location
identifiexrs C and D, respectively, and provides a logic
AND output based on those inputs. The outputs of AND
circuits 454 and 456 are received by OR circuit 460
along with the output from slicer 428, representing
location identifier A. OR circuit 460 performs a
logical OR operation on its inputs to produce an output
that is passed by multiplexer 464 as the detected value
if tribits are allowed.

In another embodiment of the 3D/4D SSD, the
detector is implemented as a half-rate detector, capable
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of operating at twice the frequency of the input
symbols. The block diagram architecture of such a
detector is shown as detector 498 in FIG. 9.

_ Detector 498.has two inputs 500 and.502 that
receive y, and v, respectively. Two delay circuits 504
and 506 delay the signals on inputs 500 and 502 for two
time periods resulting in'yk., and y,., on lines 508 and
510, respectively.

Lines 508 and 510 are connected to even-time
period circuit 512, which includes wultiplier 540,
summing circuits 514, 516, 518, 520, and 522, slicers
524, 526, 528, 530, and 532, AND circuits 534 and 536,
and OR circuit 538, Even-time périod circuit 512
operates in a manner similar to the portions of detector
400 of FIG. 8 associated with the detection of even time
period data values. Thus, AND circuits 534 and 536 and
OR circuit 538 perform the same logical operation as AND
circuits 454 and 456, and OR circuit 460 of detector
400. The output of even-time period circuit 512 is
detected value &.,.

Detector 498 of FIG. 9 alsc includes two odd-
time period circuits 550 and 552, which perform the
functions of Equations 49 and 48, respectively.
Specifically, odd-time period circuit 550 includes
summing circuits 554, 556, and 558, slicers 560, 562,
and 564, AND circuit 566, and OR circuit 568 while odd-
time period circuit 552 includes summing circuits 570,
572, and 574, slicers 576, 578, and 580, AND circuit
582, and OR circuit 584.

Summing circuits 570, 572, 554, and 556 add
Y¥k-2 to the product of y,., and £; produced by multiplier
590 and to AA,, ABy,AA,, and AB;, respectively. Summing
circuits 574 and 558 subtract y, from the sum of y,., and
AC, and AD,, respectively. AA,, AB,, and AC, are equal
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to the value of equations 44, 45, and 46, respectively,
with 4., equal to 0. AA,, AB,, and AD, are equal to the
value of equations 44, 45, and 47, respectively, with
8,.. equal to 1. _ _

' ' The output of summing circuits 570, 572, 574,
554, 556, and 558 are provided to slicers 576, 578, 580,
560, 562 and 564, respectively. Each of the slicers
produces a +1 if the value at their respective input is
0 or greater, and 0 if the value at their respective
input is less than 0.

The output of slicers 578 and 580 are provided
to AND circuit 582, which performs a logical AND
function on the two inputs. The output of AND circuit
582 is provided to OR circuit 584 along with the output
of slicer 576. Or circuit 584 performs a logical OR
operation on the two inputs to produce a possible
detection output corresponding to equation 48.

" The output of slicers 562 and 564 are provided
to AND circuit 566, which performs a logical AND
function on the two inputs. The output of AND circuit
566 is provided to OR circuit 568 along with the output
of slicer 560. Or circuit 568 performs a logical OR
operation on the two inputs to produce a possible
detection output corresponding to equation 49.

' Thus, odd-time period circuits 552 and 550
assume that &, is equal to 0 and 1, respectively, and
calculate a possible detected value based on that
aésumption. This assumption is necessary in detector
498 because §,, is being calculated before &, , has been
determined. Once §,, has been determined by even-time
period circuit 512, the value of §,, is used to select
the §,, value that was calculated using the correct
assumption for §&,.,. This selection is performed by
multiplexer 592, which passes the &,,; value from odd-
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time period circuit 552 when &, is 0 and passes the §,,
value from odd-time period circuit 550 when §,, is 1.

Thus, it can be seen that the present
invention implements a signal -space detector for MTR-
coded channels. Since no constraint is enforced on the
channel response, the detectors can be used over a wide
user density range. Also, Bignal space detector is
implemented in accordance with the present invention
with an MTR=2 constraint as well as time-variant MTR
codes. With the MTR=2 code, the detector provides a
significant gain over the 3D-110 detector at lower user
densities. The performance is further improved with a
time variant MTR ‘code of higher rate, especially at
higher densities.

The present invention provides a detector 400
in a disc drive 110 that includes a first detector
portion 462, 452, 458 configured to determine the
location of a sample vector,.' Yi-3: Yi2s Yierr in a first
signal space ¥/ 'y3; V' "ke2r ¥Yka- The detector 400 also
includes a second detector portion 454, 456, 460, 464
configured to determine the location of a second sample
vector Vi, Yi-2r Ye-1r Yie in @ second signal space y'’‘,.
2r ¥V "x2s Y'x1s Ye- The determination is made using a
logic statement, equation 60, to combine a plurality of
location indicators A, B, C, D and P. Each location
indicator provides a location, 0 or 1, of the second
sample vector relative to a respective boundary surface,
A, B, C, D, or P. The logic statement and the location
identifiers are independent of the values of other
location identifiers.

The present invention is also implemented as
a method. The method includes determining at least two
location identifiers A, B, C, and D that indicate the
location of a sample vector a location of a sample

SUBSTITUTESHEET (RULE26)



WO 99/44295

10

15

20

25

30

A, B, C, and D, in a first signal space y'’’

PCT/US98/18851

-32-

vectoY Yi.as Y2+ Yk-1r rélative to a respective boundary
xar ¥ k-2,
v¥'y.- A first data value §,, is then determined based
on the location identifiers. At least two additiomal
location identifiers A, B, C, D, and P are determined
where each additional location identifier indicates the
location of a second sample vector Vi, ¥Yk-2r Yx-rs Yk
relative to respective boundary surfaces A, B, C, D, and
P, in a second signal space Y'’’x.ar ¥’ 'x2r ¥'xasr Yo B
second data value §,, is then determined by combining
the additional location identifiers using a decision
equation, Equation 60. The format of decision equation
60 is independent of the values of the additional
location identifiers.

The present invention can also be implemented
as a signal space detector configured to perform the
above-mentioned steps.

It is to be understood that even though
numerous characteristics and advantages of various
embodiments of the present invention have been set forth
in the foregoing description, together with details of
the structure and function of various embodiments of the
invention, this disclosure is illustrative only, and
changes may be made in detail, especially in matters of
structure and arrangement of parts within the principles
of the present invention to the full extent indicated by
the broad general meaning of the terms in which the
appended claims are expressed. For example, the
particular elements may vary depending on the particular
partial response target and MTR code while wmaintaining
substantially the same functionality without departing
from the scope and spirit of the present invention.

It is to be understood that even though
numerous characterigtics and advantages of various
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embodiments of the present invention have been set forth
in the foregoing description, together with details of
the structure and function of various embodiments of the
invention, this disclosure is illustrative only, and
changes may be made in detail, especially in matters of

. structure and arrangement of parts within the principles

of the present invention to the full extent indicated by
the broad general wmeaning of the terms in which the
appended claims are expressed. For example, the
particular elements may vary depending on the particular
application for the detection system while maintaining
substantially the same functionality without departing
from the scope and spirit of the present invention. In
addition, although the preferred embodiment described
herein is directed to a signal space detector for a disc
drive system, it will be appreciated by those skilled in
the art that the teachings of the present invention can
be applied' to other systems, like tape drive, optical
drive, or magnetb—optical drive systems, without
departing from the scope and spirit of the present
invention.

SUBSTITUTE SHEET (RULE 26)



WO 99/44295 PCT/US98/18851

-34-

. WHAT IS CLAIMED IS:

1. A detector in a disc drive for detecting data

values by using sample wvectors that are formed £from

regpective pluralities of temporally -géparated data

samples, the detector compr’isin"g: |

a first detector portion configured to detect
a first data wvalue by determining the
location of a first sample vector in a
first signal space; and
a second detector portion configured to

detect a second data value by
determining the location of a second
sample vector in a second signal space,
the determination made by using a logic
statement to combine a plurality of
location indicators, each location
indicator providing a location of the
second sample vector relative to a
respective boundary surface, the logic
statement and the values of location
indicators being independent of the
values of other location indicators.

2. The detector of claim 1 wherein the first
signal space has (N-1) coordinates and the second signal
space has N coordinates.

3. The detector of claim 1 wherein the data
samples are based on input values that were encoded
using a time-varying maximum transition run constraint
that varies between a first constraint and a second
constraint over a plurality of time intervals.
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4. The detector of claim 3 wherein the first
detector portion detects data values corresponding to
input values that were encoded under the first
constraint and the second detector portion detects data
values corresponding to input values that were encoded
under the second constraint.

5. The detector of claim 1 wherein the first
detector portion determines the location of the first
sample vector by using a plurality of location
indicators, each location indicator providing a location
of the first sample vector relative to a respective
boundary surface.

6. The detector of claim 5 wherein at least one
boundary surface is used by both the first detector
portion and the second detector portion.

7. The detector of claim 6 wherein all of the
boundary surfaces used by the first detector portion are
used by the second detector portion and wherein the
second detector portion uses an additional boundary
surface. '

8. The detector of claim 7 wherein the location
indicator associated with the additional boundary is
determined in part based on a coordinate in the second
signal space that is not present in the first signal
space.

9. The detector of claim 1 wherein the location
indicators are one of a first value and a second value,
the first value indicating that the sample vector is on
a first side of the respective boundary surface and the
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second value indicating that the sample vector is on a
second side of the respective boundary surface.

10. A method of detecting data values based on a
sampled read signal read from a disc in a disc drive,
the sampled read signal including data samples provided
in a plurality of time intervals, the method comprising -
steps of:

(a) determining at least two location
identifiers, each location identifier
indicating the 1location of a sample
vector relative to respective boundary
surfaces in a first signal space;

(b) determining a first data value based on
the location identifiers;

(c) determining at least two additional
location identifiers,:  each additional
location identifier indiéating the
location of a second sample vector
relative to respective boundary surfaces
in a second signal space; and

(d) detexrmining a second data wvalue by
combining the additional location
identifiers using a decision equation,
the format of the decision equation
being independent of the value of the
additional location identifiers.

11. The method of claim 10 wherein the wvalues of

each of the additional location identifiers are
independent of each other.
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12. The method of claim 10 wherein the second
signal space comprises four coordinates and the first
signal space comprises three coordinates.

13. The . method of claim 12 wherein the ‘sample
vector comprises three temporally separated data samples
and the second sample vector comprises four temporally
separated data samples.

14. The method of claim 13 wherein the four
cooxdinates of the second signal space comprise (a, +
fiapy + faap, + £iap5), (A + fiap, + foacs), (&, + fiac,),
and (a..;) where a, is the kth input value and £,, £,, and
£, are proportionality constants.

15. The method of claim 14 wherein the three
coordinates of the first signal space comprise (a,, +
flak-z + fzak_z) ’ (ak.a + -f3ak_3) 3 and (ak.a) .

16. The method of claim 15 wherein the second
sample vector comprises four samples comprising
respectively (a, + f.a.., + £a,, + £8,5), (A, + £3., +
Eoayey + Ei8ps), (ag, + fia s + £8,, + £38,), and (3., +

£.8,., + L85 + £38c) .

17. The method of claim 10 wherein there are five
‘boundary surfaces in the second signal space.

18. The method of claim 10 wherein the read signal
is based on input values that have been encoded using a
time-varying maximum transition run constraint that
varies between a £first constraint and a second
constraint periodically over a plurality of time
intervals.
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19. The method of claim 10 wherein steps (a) and
(c) occur at the same time.

20. . A detector for detecting data read from'a disc
in a d:.sc drive and prov:.ded as a sampled .read signal
including data samples in a plurality of time intervals,
comprising:
a receiver configured to receive the data
samples; and
detection means, coupled to the receiver, for
detecting the data encoded according to
a code having a time-varying maximum
transition run constraint.
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