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(57) ABSTRACT

A method and apparatus for receiving a stream of data values
from a data medium, wherein the received data values
correspond to ideal values but may include added noise that
is dependent on previous noise and dependent on data on the
data medium, said ideal values being determined by possible
values of data on the medium, and for outputting informa-
tion specifying a sequence of states corresponding to the
stream of received data values, said sequence of states
corresponding to possible data values on the medium, the
apparatus comprising: a first detector, for calculating state
sequence likelihood information based on a first noise model
and received data values, and for providing said state
sequence likelihood information to a second detector; a
second detector for calculating weighting values indicating
likelihoods that a data value received at a particular time
corresponds to a particular state transition, using a second
noise model, received data values, and state sequence like-
lihood information from the first detector; a traceback unit
for determining a most likely sequence of data values using
said calculated weighting values; and an output for output-

Int. CL ting information specifying said determined sequence of
HO4L  25/03 (2006.01) states.
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LIKELIHOOD DETECTOR APPARATUS AND
METHOD

RELATED APPLICATION

[0001] This application claims priority under 35 U.S.C.
119(e) from U.S. Provisional Patent Application Ser. No.
60/805,376, filed Jun. 21, 2006, which application is incor-
porated herein by reference.

[0002] The present invention relates to state sequence
likelihood detectors such as Viterbi detectors, and in par-
ticular, to such detectors that are adapted to allow for noise,
e.g. data-dependent correlated noise, when calculating an
output.

[0003] Indiverse areas such as hard disk drive technology,
the theory of error-free communication, adaptive planning,
and the theory of traffic flows, it is of great practical
importance to solve the problem of finding a most probable
sequence of ideal states corresponding to a sequence of
measured data, where the measured data is noisy and the
ideal states correspond to removal or reduction of this noise.
In applications related to communication theories, most
probable path-searching algorithms are used to reduce noise
from signals transmitted over noisy channels (CDMA2000,
Gigabit internet, etc), combat both inter symbol interference
and channel noise in magnetic and optical storage devices,
maintain communications with deep space research probes
(e.g. Galileo).

[0004] A sequence of state transitions can be visualised as
a path on a trellis diagram. The problem of finding the most
probable sequence of states reduces to the problem of
finding the path of lowest weighting on a trellis, whose
branches are equipped with weightings which are real num-
bers called branch metrics. Finding the most likely path on
a trellis can be solved by techniques of likelihood detection.
Optimal likelihood detection techniques are known as maxi-
mum likelihood detection, although sub-optimal techniques
are also known to be used, e.g. in situations where maximum
likelihood detection would be too computationally difficult
or expensive. A common technique, used in both maximum
likelihood detection and in sub-optimal detection, is the
Viterbi algorithni.

[0005] One example is in magnetic or optical disk tech-
nology, where recording densities have significantly
increased in recent years. To achieve high throughput and
low error rate requirements, modem read-channel imple-
mentations have to take into account inter symbol interfer-
ence (ISI) and noise which is dependent on previous samples
of noise and on data written on the disk.

[0006]

rEytH;

In a read channel the noisy signal read at time i is

where the noiseless signal read at time 1 is

y=G(, Xy Xip - - - X))

and G is an (I+1)-dimensional vector describing inter-
symbol interference. Parameter 1 is called inter-symbol
interference length. The noise at time i is n,.

[0007] The Viterbi algorithm is used to infer the sequence
of recorded bits on the disk from the sequence of received
signals. This algorithm finds the optimal path on the trellis
whose states are labelled by all possible sequences of
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recorded bits of given length. Each new recorded bit causes
a transition on the trellis between two states s and s' at time
i and i+1 connected by a branch b. The optimal path is
characterized by the smallest sum of the transition weights
assigned to its branches, these weights are called branch
metrics. Thus if m,(s) is the cumulative path metric for the
surviving path leading to state s at time 1 and y; is the branch
label representing the noiseless signal associated with
branch b, the cumulative metric is updated as m,, (s')=
min{m;(s)+[r,—y,’} where the minimum is taken over all
branches ending at state s' with starting state s. The branches
that give the minimum values are used to extend the sur-
viving paths in the trellis. Such a detector is optimal if the
noise is uncorrelated Gaussian, e.g. additive Gaussian white
noise (AGWN). In the presence of other types of noise,
different branch metric can be used to improve the perfor-
mance. Factors such as mis-equalisation, timing error and
jitter, inter-track interference, DC-offset, non-linear bit shift,
overwrite, particulate noise, transition noise and percolation
can result in correlated noise effects.

[0008] To illustrate how the Viterbi algorithm is used, we
now consider an example of convolution encoding and
subsequent signal detection. Convolution encoding is a bit
level encoding technique where each coded bit is generated
by convolving the input bit with the past input bits. This can
be done by temporarily storing past input bits in delay
elements such as flip flops or other memory or storage
elements. Thus the information content of each input bit is
spread over a number of coded bits, improving the error
resistance of the data. The constraint length K of the
convolution encoder is the number of bit shifts over which
a single input bit can influence the encoder output. Convo-
Iution encoding occurs in a hard disk read system. Each bit
on the disk surface generates a magnetic field, which is
detected by the disk read head in order to read the bit.
However, the read operation is also affected by the magnetic
field produced by the neighbouring bits. Thus, any data
value obtained in a read operation actually corresponds to a
convolution of magnetically recorded bits on the disc,
known as inter symbol interference (ISI).

[0009] A convolution encoder may be modelled by a
generator polynomial G(D), which describes the number of
bits influencing the encoder output, and the magnitude of
each bit’s influence. The generator polynomial has the
formula:

K-1
GD)= ) gD,
n=0

where D" is a delay operator representing a delay of n time
units, K is the encoder constraint length and g,’s are real
numbers, which describe the weight with which past tran-
sitions contribute to the current reading.

[0010] A simple example of a convolution encoder has a
generator polynomial G(D)=1-D. This encoder has a single
delay element for storing a previous input, and produces an
output equal to the current input minus the previous input.
Thus, the encoder operates on the input data xi to give an
output of G(D)x;=x,-Dx;. The delay operator acts to repre-
sent the previous (delayed) input, thus Dx;=x; ,, and
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G(D)x;=x;,-%,_;. The constraint length is 2 because each
input bit influences the output over two bit shifts.

[0011] FIG. 1 shows a block diagram of a prior art
apparatus for transmission and reception of convolution
encoded data. The apparatus includes a convolution encoder
100, with generator polynomial G(D)=1-D. The apparatus
of FIG. 1 may represent a communications system, with
deliberate convolution encoding of data to increase noise
resistance during transmission through a channel. However,
it may also represent a hard disk read process, in which the
convolution encoding is not deliberate, but is a result of inter
symbol interference caused by the magnetic fields of the
individual data bits on the disk.

[0012] The encoder 100 performs convolution encoding of
a stream of input data. The data is then sent over a noisy
channel. Noise source 106 represents the effect of noise
during transmission of the data. The transmitted data is then
received and decoded by a detector 108.

[0013] The encoder 100 has an input 101 for accepting a
stream of time dependent input binary data x;, where i
represents the time interval. The input data is received by the
encoder at a rate of k bits/second. The input 101 of the
encoder 100 is connected to an encoder delay element 102.
The delay element 102 stores a single bit of data, corre-
sponding to the input bit x; at time 1, and outputs this data bit
at the following time interval i+1. Thus, at time i, the output
of'the delay element is x;_,. The output of the delay element
102 is connected to a multiplication unit 103 which multi-
plies the output value x;_, by minus one, giving an output of
-X,_;. The encoder 100 has a sum unit 104 which is
connected to both the encoder input 101 and the output of
the multiplication unit 103. The signals x; and —x;_, are
summed by the sum unit 104, to give an output signal of
Yi=Xi—X;_1-

[0014] The encoder output signal y, is sent from the output
105 of the encoder 100 via a channel, such as a radio link,
a wire, or any other form of data transmission channel, to a
detector 108. Noise source 106 represents noise n; generated
as the signal y, passes through the channel. This may be any
type of noise, for example, decorrelated noise such as white
noise or Gaussian white noise. A sum unit 107, with inputs
connected to the noise source 106 and the encoder output
105, represents the addition of the noise n; to the data y,.
Thus, the signal received after the data has passed through
the noisy channel is r;=y;+n;. The detector 108 receives the
signal r;, and the detector then performs a detection and
convolution decoding process.

[0015] The Viterbi Algorithmt (VA) is a recursive proce-
dure which can be most easily described when used with a
known initial state at time t=0, and a known final state at
time t=T. VA allows the most likely sequence of states at
intermediate times to be found. FIG. 2A shows an example
of a two-state trellis diagram which can be used to visualise
the VA process. The trellis diagram is a state transition
diagram which graphically represents all of the possible
states of the system over a sequence of time intervals. The
horizontal axis of the trellis represents time, starting at time
t=0 at the left hand side of the trellis, and ending with time
t=T at the right hand side of the trellis. The vertical axis
represents the possible states of the finite state machine. In
this example, these possible states are zero and one, corre-
sponding to the possible input states x; of the convolution
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encoder of FIG. 1. Pairs of possible states at adjacent time
intervals are connected by lines, with each line representing
a state transition to a different state or to an identical state
during one time interval. The possible sequences of states
over the whole of the time period are represented by the
possible paths along the trellis. At time t=0, the system is
pre-set to state zero. At the next time interval, t=1, the state
may remain as zero or change to one. This is represented by
the darker upper and lower lines of the trellis between t=0
and t=1. A change of state from zero to one is represented by
the upper line, extending diagonally upwards to connect to
one, and a sequence of all zero states is represented by the
lower line, extending horizontally to connect to zero. At time
t=1, if the system is in state one, it may follow one of two
routes, i.e. remain at one, or change to zero. Similarly, if the
system is in state zero, it may follow one of a further two
routes, i.e. remain at zero, or change to one. At the final time
t=T of the trellis of FIG. 2A, the system is reset to zero, thus
only state zero is a possible state.

[0016] As can be seen from FIG. 2A, the trellis contains
one or more paths between each possible initial and final
state. For instance, there are two different paths from the
“zero” state at time t=0 to the “zero” state at t=2. These paths
are 010 and 000, where the first bit represents the state at
time t=0, the second bit represents the state at time t=1, and
the third bit represents the state at time t=2. FIG. 2B shows
an identical trellis to FIG. 2A, with these two paths in bold
lines. VA involves identifying paths between any possible
states at time t-1, and each possible state at time t. If more
than one path connects from t-1 to a particular state at time
t, then VA chooses which of these paths corresponds to the
most likely state sequence. Then, the least likely paths are
eliminated. The remaining path is called the survivor.

[0017] The most likely path through the trellis can be
determined using numbers known as branch metrics, which
indicate the relative likelihoods of each of the possible state
transitions in the trellis occurring. The branch metrics for
each time interval may depend on the previous encoder state,
and the new encoder input. The number shown beside each
line in the trellis in FIGS. 2A and 2B are the branch metrics.
In one example, relating to FIG. 1, branch metrics may be
obtained using the expected values y; of the received data r;
and the actual values r; of the received data. The branch
metrics in a path from time t; to time t, can be summed to
indicate the likelihood of that path occurring. These sums of
branch metrics are known as path metrics.

[0018] To find a survivor at a given state at t=t+1, the path
metrics of all paths leading to this state are computed by
adding appropriate branch metrics to path metrics of survi-
vors at time t and choosing the path of lowest path metric
(i.e. the highest likelihood path) leading to this state. This
procedure is called add-compare-select operation and it has
to be performed for all states at t=t+1. As t=T is reached,
there will be only one survivor left, with probability P=1-
C,-exp(-C,'T), where C, and C, are constants. Thus, the
probability P approaches 1 as time T increases and C, -exp(—
C,T) becomes small.

[0019] VA is capable of reducing the amount of de-
correlated noise, such as Gaussian white noise, from
received data. VA may also be used to reduce the amount of
coloured noise, if the correlation length of the noise is small

enough.
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[0020] FIG. 3 illustrates the use of VA by the detector 108
of FIG. 1, to detect the received data r;, and output a
corresponding sequence of values indicating the estimated
encoder input values of highest likelihood. A series of eight
trellis diagrams are shown, representing eight steps of the
VA decoding process. A ninth trellis diagram shows a
trace-back of the optimal path through the trellis. Again, the
numbers on the trellis diagrams represent branch metrics,
indicating the likelihood that received data corresponds to
particular state transitions. Each trellis diagram is similar to
that described with reference to FIGS. 2A and 2B, i.e. it has
two possible states which are one and zero. These also
represent the possible values of x;_;, which are sequentially
stored in the delay element 101.

[0021] The trellis extends from a known state of zero at
time t=0 to a known state of zero at time t=T. A path through
the trellis represents a sequence of data which is input to the
encoder. Any unique data sequence input to the encoder has
a unique path through the trellis. The initial state of each
trellis is set to zero, by pre-setting the delay element to zero,
i.e. setting the first value of x; to zero. The information which
is to be convolution encoded and transmitted then begins
with the second value of x;. At the end of the information,
an extra zero character is added to allow the last character of
the information to be fully convolution encoded. It is not
essential that this initial and final state should be zero, but in
this example, their values should be known by the detector.

[0022] The states of the trellis, with a value of zero or one,
represent possible values of x;_,, where x;_, is a possible
value of the convolution encoder input, which is stored in
the delay element 102. The possible values of the convolu-
tion encoder output, y,=x,~X;_;, are thus represented by the
slope of the lines connecting two states of the trellis at
adjacent time intervals i—-1 and i. The values of y; are known
as “branch labels”, and they represent ideal values of the
received data, without any added noise n;. Lines with a zero
slope, (such as the line between state zero at t=0 and state
zero at t=1) correspond to y;=0. Lines with a left-to-right
upwards slope (such as the line between state zero at t=0 and
state one at t=1) correspond to y;=1. Lines with a left-to-right
downwards slope (such as the line between state one at t=1
and state zero at t=2) correspond to y,=-1.

[0023] When the detector receives the transmitted signal,
this signal r; may include noise n;. Thus, the problem to be
solved by the detector is to determine the most likely path
through the trellis (i.e. the most likely sequence of characters
input to the encoder), based on the noisy received signal.
The branch metrics are assigned to the trellis to indicate the
likelihood of each state corresponding to the received signal
at that time. For additive Gaussian white noise (AGWN), the
branch metrics can be calculated as (r;—y,)?, i.e. the square
of the difference between the received value r; and the
expected value y; at that point in the trellis. The most likely
path is the path with the lowest path metric.

[0024] When the formula (ri—yi)2 is used to calculate
branch metrics for the two-state trellis of FIG. 3, it is
common to get a lot of different paths having equal path
metrics. It may not always be possible, therefore, to choose
a single path of greatest likelihood, because one of two
equally likely paths must be chosen. Therefore, for the
purposes of illustrating the technique of finding a unique
path through the trellis using VA, the values shown on FIG.
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3 as branch metrics have not been calculated from a sample
set of received data r,, but instead, small integers have been
chosen for each branch metric to ensure different weights for
each path.

[0025] In practice, although the presence of multiple paths
of equal likeliness degrades the VA performance, it is often
possible to pre-process the data to avoid getting large
numbers of equally likely paths.

[0026] The first trellis diagram, at the top of FIG. 3,
corresponds to step 1 of the detection and/or decoding
process. Step 1 concerns the time interval between t=0 and
t=1. The state of the system at t=0 is zero, because the delay
element was preset to zero before data transmission began.
Two possible paths through the trellis during the first time
interval are identified as bold lines on the trellis. These
correspond to data sequences of 00 and 01 respectively,
where the first bit represents the state at time t=0 and the
second bit represents the state at time t=1. The 00 path is the
lower of the two paths in the trellis, and the 01 path is the
upper of the two paths in the trellis. The 00 path has a path
metric of 0, but the 01 path has a path metric of 2. As only
a single path is formed between the initial state at time t=0
and the next state at t=1, no reduction of the trellis is
performed at step 1.

[0027] The second trellis corresponds to step 2 of the
decoding process. The part of the trellis between t=0 and t=2
is now considered. A total of four paths are now possible,
namely, 000, 001, 010 and 011, where the first two bits
represent the possible paths in step 1, and the third bit
represents the state at time t=2. The path metric of each path
may be calculated by adding all the branch metrics on the
path. Thus, the path metric of 000 is 0+2=2, 0f 001 is 0+0=0,
of 010 is 2+1=3, and of 011 is 2+1=3. The paths 000 and
010, with path metrics of 2 and 3 respectively, both lead to
a final state of O at time t=2. Therefore, the 010 can be
eliminated, as it has the highest path metric, and the 000 path
is the survivor. Similarly, the paths 001 and 011, with path
metrics of 0 and 3 respectively, both lead to a final state of
1 at time t=2. Thus, the 011 path can be discarded, and the
001 path is the survivor. The two survivor paths, 001 and
000, are shown in bold on the trellis diagram.

[0028] In step 3 of the process, the part of the trellis up to
t=3 is considered. The four new possible paths are 0010,
0011, 0000 and 0001, with path metrics of 0, 0, 3 and 4
respectively. The paths 0000, with path metric 3, and the
path 0001, with path metric 4, can both be eliminated, as
these have highest path metrics for final states 0 and 1
respectively. Thus, the survivors are 0010 and 0011, each
with a path metric of O.

[0029] 1In step 4 of the process, the part of the trellis up to
t=4 is considered. The four new possible paths are 00100,
00101, 00110 and 00111, with path metrics of 1, 2, 2 and 0
respectively. The paths 00101 and 00110 can be eliminated,
as these have highest path metrics for final states 1 and 0
respectively. Thus, the survivors are 00100 and 00111, each
with a path metric of O.

[0030] In step 5 of the process, the part of the trellis up to
t=5 is considered. The four new possible paths are 001000,
001001, 001110 and 001111, with path metrics of 3, 3, 1 and
0 respectively. The paths 001000 and 001001 can be elimi-
nated, as these have highest path metrics for final states 0
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and 1 respectively. Thus, the survivors are 001110 and
001111, with path metrics of 1 and O respectively.

[0031] In step 6 of the process, the part of the trellis up to
t=6 is considered. The four new possible paths are 0011100,
0011101, 0011110 and 0011111, with path metrics of 3, 2, 2
and 1 respectively. The paths 0011100 and 0011101 can be
eliminated, as these have highest path metrics for final states
0 and 1 respectively. Thus, the survivors are 0011110 and
0011111, with path metrics of 2 and 1 respectively.

[0032] Instep 7 of the process, the part of the trellis up to
t=7 is considered. The four new possible paths are 00111100,
00111101, 00111110 and 00111111, with path metrics of 2,
4, 3 and 3 respectively. The paths 00111110 and 00111101
can be eliminated, as these have highest path metrics for
final states 0 and 1 respectively. Thus, the survivors are
00111100 and 00111111, with path metrics of 2 and 3
respectively.

[0033] In step 8 of the process, the part of the trellis up to
t=8 is considered. At t=8, the state is set to zero, since a reset
signal will be sent at the end of each transmission. Thus,
there are only have two paths to consider instead of four. The
two paths are 001111000, 001111110, with path metrics of 2
and 4 respectively. As both paths have the same final state,
the path 001111110, which has the highest path metric, can
be eliminated. Thus, the only survivor is 001111000, with a
path metric of 2.

[0034] The ninth trellis shows trace-back of the path with
the lowest overall path metric, where only the final survivor
path is shown in bold, and dead-end paths are no longer
shown in bold.

[0035] In the absence of any additional noise n;, the
received data input to the detector or decoder is an “ideal
input”. For a trellis of finite length, an ideal input is a
sequence of received data with a corresponding path in the
trellis which has a path metric of zero. In other words, for an
ideal input, there is a corresponding path which has a
sequence of branch labels which is equal to the sequence of
received data.

[0036] High speed implementations of maximal likelihood
detectors (MLDs) rely on a simultaneous computation of a
large number of branch metrics of length n, where n is the
number of time steps of the trellis processed in parallel. Such
detector designs are referred to as radix-2" designs. It is
often convenient to choose n to be equal to the constraint
length of the detector. The constraint length is the smallest
number of time steps on the trellis for which loops, i.e.
multiple paths connecting a given state at time T to a given
state at time (T+n), appear. The calculation of a large number
of branch metrics is both time and area consuming, and this
is a limiting factor in a high speed detector design.

[0037] An increase in the detector’s throughput can be
achieved by increasing its radix. However, the area penalty
for such increase can be significant. For example, a radix-32
detector requires the computation of branch metrics for
paths connecting each of 16 initial states to each of 16 final
states, where two paths are obtained for each connection.
This is 512 different paths on the corresponding trellis. If
this computation is performed in 512 independent blocks,
the total area of the branch metric block alone will be
approximately 512x10000 um>~5 mm?. In comparison, the
total area of currently used high speed radix-4 detectors is
approximately 0.6 mm?.
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[0038] In an article entitled “The Viterbi algorithmi and
Markov noise memory”, published in IEEE Transactions on
Information Theory, vol. 46. pp. 291-301, January 2000,
Kavcic and Moura show that the noise in a modem read
channel is well approximated by the so-called Markov noise
model and is dependent on both previous noise samples and
data recorded on the disk, that is data dependent and
correlated:

n=0(d)W;(0,)+b(d)n;_,.
Where n; is the noise sample at time i.
[0039] d=(X;,X; 1, X, o, ---,X,_p,;)is the vector of D most
recent recorded data bits. Parameter D is called data
dependence length.

[0040] {W,0,1)},__.~are independent identically dis-
tributed standard Gaussian random variables.

[0041] o(d) is data-dependent noise variance.

[0042] b(d) is an L-dimensional vector of correlation
coefficients.

[0043] n;_;=(0;_1, 05, - - -
noise samples.

[0044] Parameter L is called Markov length. In Kaveic and
Moura’s model, the parameters D, 1 and L satisfy an
inequality

, n;_7) is the vector of L past

DEL+I+1

[0045] Kavcic and Moura disclose an optimal Viterbi
detector in the presence of Markov noise. They also show
that the required branch metric (BM) is given by

BM=1n0" (@ 1P @)((ryy - - ey (L=b(@)y
[0046] The BM is obtained from the noise model. The BM
depends on the most recent recorded bit x; and I+L past bits
X, 15 X;_2s - - - 5 X;_1_;. Lherefore, for the BM to be the
function of the trellis state and the most recent transition, the
trellis’ states must be labelled by sequences of recorded bits
of length I+L. Such a trellis will have 2™ states.

[0047] The major drawback of Kavcic and Moura’s
method is that it results in very area intensive silicon
implementation since the viterbi detector requires a trellis
with 2™ states. Modern read channels are characterised by
large ISI and Markov lengths. As a result, the number of
states of optimal Viterbi detector can be as high as 256. This
is a huge increase in the number of states compared with
venerable 16-state E°PR4 detector. Consequently, VLSI
implementations of optimal data-dependent Viterbi detec-
tors are too large and/or too slow to satisfy requirements of
modern read channel.

[0048] In alternative models where the data dependence
length D is greater than L+I+1, the necessary number of
states is even higher. Thus, the issue of silicon area usage is
even more significant. In general, the number of states
required to calculate the branch metric will be the maximum
of 2! and 2P. Thus, the number of states grows exponen-
tially with L or with D. L and D grow with the channel
density. At present, many detectors are using 8 states, and
the next generation detectors are expected to use 16 states.

[0049] In GB2425027A, some of the present inventors
disclose a sub-optimal detection method using the Gauss-
Markov noise model discussed by Kavcic and Moura. This
sub-optimal detector requires as few as 2! states instead of
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the 2™ states needed in Kavcic and Moura’s optimal
detector, and thus it has the advantage of needing a lot less
silicon area. The sub-optimal detector calculates new branch
metrics using the 2! state trellis and using an L-step trace-
back process to obtain earlier, previously calculated paths of
highest likelihood. This produces data patterns of length
1+L+1, which is sufficient to determine new pairs of con-
tending branch metrics.

[0050] FIG. 4 is a block diagram showing the structure of
an apparatus used in this sub-optimal detector system. The
apparatus has a noise statistic calculating block 401, which
uses the noise model to calculate the noise statistics. The
output of the noise statistic calculating block 401 is sent to
a branch metric block 402, which performs calculations of
branch metrics. The branch metric block uses received data
and information about most likely paths for past times, as
well as the noise statistics, to calculate branch metrics. The
output of the branch metric block 402 is sent to an add-
compare-select (ACS) block 403, which uses Viterbi algo-
rithm to determine the path metrics to each state, using the
newly calculated branch metrics. The add-compare-select
block 403 output is sent to a trace back block 404, which
reconstructs the most likely paths in the trellis. This output
is also made available to the branch metric block 402, for
future branch metric calculations.

[0051] However, this type of sub-optimal detector relies
on the use of a feedback loop from the ACS block 403 to the
branch metric block 402, as shown in FIG. 4, in order to
perform this local L-step trace-back. The local trace-back is
commonly called “noise-prediction” (NP), although it would
be more accurate to describe it as “pattern prediction”, as
bits of data estimated via a local trace-back process are used
not only to estimate noisy samples, but also to determine
pattern-dependent statistics of noise. The feedback loop
from ACS 403 to branch metric block 402 that is inevitably
introduced by pattern prediction is always longer than the
standard ACS feedback loop.

[0052] A disadvantage of local noise prediction technique
is the possibility of propagating errors through the ACS to
branch metric feedback loop. This leads to an increased
probability of long error bursts at the output of noise
predictive Viterbi detector. The application GB2425027A
also describes processing blocks of data, to reduce problems
with feedback and improve the resistance to error propaga-
tion.

[0053] Kavcic and Moura also present another method
which is similar to a method disclosed by Altekar and Wolf,
in an article entitled “Improvements in detectors based upon
coloured noise”, published in IEEE Transactions on Mag-
netics, vol. 34, no. 1, pp. 94-97, January 1998. The latter
method does not account for data dependent noise. This
method takes into account noise correlations without
increasing the number of Viterbi Detector’s states compared
with an optimal white noise Viterbi detector. In this method,
received signals are processed in large blocks which require
a high radix Viterbi detector. Altekar and Wolf point out that
this method may not be practical since high radix Viterbi
detectors require a large amount of silicon area.

[0054] In this method smaller block size can be chosen.
However the method disclosed only account for noise cor-
relations between signals within the block exactly, whereas
correlations between data samples in different blocks are

Jan, 3, 2008

neglected. The drawback of this is that error rate perfor-
mance suffers due to neglect of inter-block correlations,
which can only be improved by increasing the radix at the
expense of silicon area.

[0055] In an article entitled “Improving performance of
PRML/EPRML through noise prediction”, published in
IEEE Transactions on Magnetics, vol. 32, no. 5 part 1, pp.
3968-3970, September 1996, Eleftheriou and Hirt disclose a
method which takes into account noise correlations, but not
data dependent noise, without increasing the number of
Viterbi Detector’s states compared with an optimal white
noise Viterbi detector. In their method, past noise samples
are estimated using a short local trace-back and subtracted
from the current received signal to eliminate the correlated
component of noise. The resulting Viterbi detector has 2'
states only. However their method does not take into account
data dependent noise. Also, a drawback of Eleftheriou and
Hirt’s method is that it introduces a feedback loop at every
time step. A current estimated noise sample is used to
estimate noise samples in the future. It is known that this
feedback leads to an increased probability of long error
bursts and it is known that error correction circuitry follow-
ing the Viterbi detector is susceptible to long error bursts.

[0056] In “State reduction in Viterbi detector using pre-
liminary decisions”, Magnetics, IEEE Transactions, Vol: 37,
Issue: 4, Part 1, pages: 1899-1901 (July 2001), Indukumar,
K. C. discloses a technique to reduce the number of states in
the trellis of a conventional partial response Viterbi detector
(PR-VD) using preliminary decisions. The preliminary deci-
sions are obtained from a lower order PR-VD which are used
to shorten the tail of the higher order partial response. Since
it does not use decision feedback to shorten the tail of the
higher order PR, it does not suffer from error propagation.
Theoretical analysis is carried out to show the influence of
error events in the preliminary and reduced state Viterbi
detectors on the system performance, and to provide pos-
sible ways to effectively implement the scheme. In Induku-
mar’s scheme the estimate of detected data is fed into the
front end equalizer and there is no co-ordination between the
reduced state Viterbi detector and preliminary Viterbi detec-
tor. As a result, Indukumar’s scheme can not be used for
pattern prediction for a data-dependent Viterbi detector.

[0057] The requirements imposed on a modem read chan-
nel result in implementations of the Viterbi detector which
require large silicon area and struggle to meet desired
throughput. Embodiments of the present invention over-
come the deficiencies of prior-art methods, and result in
improved error rate, reduction in silicon area and high
throughput without compromising the data-detection capa-
bility of the Viterbi detector.

[0058] One aspect of the present invention provides a
method and apparatus for receiving a stream of data values
from a data medium. The received data values correspond to
ideal values but may include added noise that is dependent
on previous noise and dependent on data on the data
medium. The ideal values are determined by possible values
of data on the medium. The apparatus is configured to output
information specifying a sequence of states corresponding to
the stream of received data values, the sequence of states
corresponding to possible data values on the medium. The
apparatus includes a first detector and a second detector. The
first detector is configured to calculating state sequence



US 2008/0002791 Al

likelihood information based on a first noise model and
received data values, and to provide the state sequence
likelihood information to the second detector. The second
detector is configured to calculate weighting values indicat-
ing likelihoods that a data value received at a particular time
corresponds to a particular state transition, using a second
noise model, received data values, and state sequence like-
lihood information from the first detector. The apparatus also
includes a traceback unit configured to determine a most
likely sequence of data values using said calculated weight-
ing values, and an output for outputting information speci-
fying said determined sequence of states.

[0059] The first noise model, used by the first detector,
may be a simpler noise model than the second noise model,
used by the second detector. For example, the first noise
model may be a white noise model, or a model based on
correlated noise and/or data dependent noise with smaller
Markov length and/or data dependence length than in the
second noise model. The second noise model may be
correlated and/or data dependent noise with larger Markov
length and/or data dependence length than in the first noise
model, or it may be non-Markov noise.

[0060] The first detector preferably outputs local trace-
back data, i.e. data that is dependent on a possible state of
the second detector, rather than outputting a single data
value for each time interval that has been determined by the
first detector as the most likely data value. Receiving these
multiple outputs allows the second detector to calculate its
branch metrics using trace-back data particular to each
branch.

[0061] The first detector may receive a data input from a
different equaliser than the second detector. Alternatively,
both detectors may receive a data input from the same
equaliser.

[0062] The latency of the first detector is preferably
smaller than the latency of the second detector. The appa-
ratus may include a pipeline memory for feeding output data
from the first detector to the second detector.

[0063] The output of the first detector may be used for
additional purposes, such as for time recovery purposes in a
read channel timing loop, for dynamically determining
equaliser co-efficients, for statistics tracking purposes, or for
any combination of these.

[0064] The apparatus may include more that two detec-
tors, arranged as a series of cascaded detectors, to provide a
greater level of parallel processing. Thus, in some embodi-
ments, cascaded pre-detectors may be provided to further
parallelise the calculations.

[0065] The noise statistics may be calculated as separate
white noise correlated noise components. The correlated
noise components may include noise correlation coefficients
which measure the correlation strength between the current
noise sample and L. most recent noise samples conditional on
a sequence of data on the media, where L is the Markov
length. The white noise components may include at least one
of a logarithm1 of a white noise strength, and an inverse
square of a white noise strength. The noise statistics may be
pre-calculated before processing of the received data begins.

[0066] The length of the previous most likely sequence of
data values which is used for calculation of weighting
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values, may be determined according to the amount of
inter-symbol interference between successive data values on
the medium. The number of data values on the medium
which are used to determine said noise statistics may be
determined according to a noise correlation strength of the
noise model.

[0067] The detector may be configured to process
sequences of encoded data for a chosen size, e.g. the size
may be equal to the ISI constraint length. The output values
from the detector may be identical to the ideal input values
of the detector. However, the output may be an alternative
sequence, derivable from the ideal value sequence.

[0068] The length of the previous most likely sequence of
data values which is used for calculation of weighting
values, may be determined according to the amount of
inter-symbol interference between successive data values on
the medium.

[0069] The detector may have a storage means for storing
information on preferred paths in the trellis. The size of each
said section of input data processed by the detector may be
less than 5 times the constraint length, which allows a fast
throughput of data. However, this is not essential.

[0070] A further aspect of the present invention comprises
a likelihood detector apparatus and corresponding method
for receiving a stream of data values from a data medium,
wherein the received data values correspond to ideal values
but may include added noise that is dependent on previous
noise and dependent on data on the data medium, and for
outputting information specifying a sequence of states cor-
responding to the stream of received data values, said
sequence of states corresponding to possible data values on
the medium. The apparatus includes a plurality of cascaded
pre-detectors, and a main detector which uses output data
from the last of the cascaded pre-detectors. The first pre-
detector is configured to calculate state sequence likelihood
information based on a first noise model and received data
values, and to provide said state sequence likelihood infor-
mation to a further pre-detector. One or more further pre-
detectors are each configured to calculate state sequence
likelihood information based on a noise model, received
data values and an output from another pre-detector, and to
provide said state sequence likelihood information to
another of said pre-detectors or to a main detector. The main
detector is configured to calculate weighting values indicat-
ing likelihoods that a data value received at a particular time
corresponds to a particular state transition, based on a
second noise model, received data values, and state
sequence likelihood information from one of said pre-
detectors. The apparatus includes a traceback unit to deter-
mine a most likely sequence of data values using said
calculated weighting values; and an output for outputting
information specifying said determined sequence of states.

[0071] In some embodiments, the pre-detectors each use
different noise models, although this is not essential. In some
embodiments, at least some of the pre-detectors have dif-
ferent sizes and/or different numbers of states. The outputs
of any of the pre-detectors may be used for other purposes
in addition, e.g. timing purposes, data configuration or
filtering purposes, statistics tracking purposes, or any com-
bination of these.

[0072] The present invention can be implemented by
software or programmable computing apparatus. Thus the
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present invention encompasses a carrier medium carrying
computer readable code for controlling a computer or num-
ber of computers to carry out the method. The carrier
medium can comprise a transient medium, e.g. an electrical,
optical, microwave, RF, electromagnetic, acoustic or mag-
netic signal (e.g. a TCP IP signal over an IP network such as
the internet), or a carrier medium such as a floppy disk, CD
ROM, hard disk, or programmable memory device.

[0073] Embodiments of the present invention will now be
described, by way of example only, with reference to the
accompanying drawings, in which:

[0074] FIG. 1 is a block diagram of an apparatus for
convolution encoding and decoding of data, according to the
prior art;

[0075] FIGS. 2A and 2B show an example of a trellis
diagram representing a two-state time dependent process as
known in the prior art;

[0076] FIG. 3 is a series of trellis diagrams representing a
series of steps in a Viterbi decoding process, according to the
prior art;

[0077] FIG. 4 is a block diagram of a prior art likelihood
detector using a NP feedback loop;

[0078] FIG. 5 is a block diagram of a likelihood detector
according to an embodiment of the invention;

[0079] FIG. 6 is a flowchart, showing a method according
to an embodiment of the invention;

[0080] FIG. 7 is a block diagram of a hard disk drive read
system using a likelihood detector according to an embodi-
ment of the invention; and

[0081] FIG. 8 is a block diagram of a nested likelihood
detector according to an embodiment of the invention.

[0082] In the following discussion, the first detector is
referred to as a “pre-detector”, and the second detector is
referred to as a “main detector”. However, in later discussed
embodiments where more than two detectors are cascaded,
the first and second detectors may operate as “pre-detec-
tors”, and a third or subsequent detector may operate as a
“main detector”, i.e. making use of the pre-detector outputs
to calculate branch metrics.

[0083] FIG. 5 is a block diagram showing the structure of
an apparatus used in one embodiment of the invention. The
apparatus includes a pre-detector 500 and a main detector
510. Each of these detectors has an input for receiving read
data.

[0084] The pre-detector 500 has a branch metric unit 501,
which performs calculations of branch metrics, using a
simplified noise model, such as a white noise model. The
branch metric unit outputs the calculated branch metrics to
an add-compare-select unit 502, which uses Viterbi algo-
rithm to determine path metrics to each state, using the
newly calculated branch metrics. This involves an ACS loop
feedback process, where survivor data from previous calcu-
lations is used in more recent calculations, as part of the
Viterbi process.

[0085] The add-compare-select block 502 survivor data
output is sent to a branch metric unit 511 of the main detector
510, where it is used with the read data in the calculation of
branch metrics by the main detector 510. The branch metric
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unit 511 of the main detector outputs the calculated branch
metrics to a main detector add-compare-select unit 512,
which uses Viterbi algorithm to determine path metrics to
each state of the main detector, using the newly calculated
branch metrics, and outputs data on survivor paths through
the main trellis. A trace back block 513 in the main detector
then reconstructs the most likely paths in the trellis, and
outputs an estimate of the original data.

[0086] The apparatus may include a noise statistic calcu-
lating block (not shown), which uses a suitable noise model
to calculate data independent noise statistics, and outputs
these noise statistics to the branch metric unit in the main
detector and/or pre-detector.

[0087] In the following example, a method of calculating
the branch metrics is discussed.

[0088] Using the Gauss-Markov model, as discussed by
Kavcic and Moura, the noise n; is conditionally Gaussian,
with the conditioning on D+1 data bits x;x, ; ...X,_pand L
past noise samples. The values x;x,_; . . . X,_p, are the Markov
coeflicients. D is the data dependence length and L is the
Markov length. The inter-symbol interference (with length I)
does not contribute to n;. Typically, I=D=L, although this is
not essential. In the examples now described, we assume
that D=I.

[0089] The noise n; may be represented as:

L
n; = o(Xixi1..xi-p) Wi + Z Dr(XiXio1 - Xip) Mg
=

[0090] The first term (o(x;x;_; . . . X;_p)'W,) is known as
the prediction error, and it is independent of previous noise
samples, n;,_,, n, ,, etc. The term W, is an independent
Gaussian variable with mean zero and variance 1.

[0091] Thus, the prediction error E=0(X; . . . X,_p)).W;

L
& =n;— Z by (xii-y .- X;—p i
=1

[0092] The value &, can be determined using the noise
prediction n, for L previous time steps, the noise model
coeflicients b;, and the x; values for D time intervals.

[0093] The noise n;=r;-1,, where I, is the ideal signal, and

!
L= Z &iXik
=0

for ISI length 1.
[0094] Thus,

i
m=r - ngxi—k
k=0
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[0095] Thus, E; can be determined from the received
values r; for L previous time steps, the inter-symbol inter-
ference coeflicients g;, the noise model coefficients b;, and

the x; values for L+ previous time steps.
[0096] The variance of n, can be expressed as follows:

L
var(n;) = 02 (XiXi_1.. .Xi_p) + Var[Z by (XiXioy .. Xi_p)iiy | > var(€&;)

k=1

[0097] For maximum likelihood detection, we require to
find x,, . . ., X5y Which maximises the probability P(x," . . .
X'ty - L1y

[0098] We need to find x4, . . . , Xy which minimises the
path metric. Thus, it is necessary to calculate the branch
metric BM, for each possible transition to a value of x;:

BM; = =2InP(& | ri.. .o Xi. . Xip)

N
2

= ](é):i(xixi—l e Ximps Fie b))+

1

£ (U—z(xixi—l --Xi-p)

2
Ino (x;x;,l . .x;,D)

[0099] As discussed above, & can be determined using
known coeflicients, received values r; and the x; values for
I+L previous time intervals.

[0100] To findx,, . ..x,;, we can use the Viterbi algorithm
with an 2"-state main detector. Due to the smallness of the
detector, we still require to find the values of x for the
previous L time steps, X;_; . . . X;_r,1, in order to calculate the
branch metric. This can be done using [-step traceback from
the state X, ; . . . X,_;,q_, of the 25-state pre-detector. We
assume in this example that the number of states in the
pre-detector is smaller or equal than the number of states in
the main detector, i. e. S=1

[0101] Thus, embodiments of the present invention differ
from previous solutions by using a further likelihood detec-
tor, e.g. a pre-detector, to obtain, for each state of the main
detector, estimated x; values for use in determining branch
metrics in a main detector. The pre-detector will typically
use a simpler noise model than the main detector, in order to
allow it to operate with a lower latency, and supply the
required data to the main detector at the required time.
[0102] FIG. 6 is a flowchart showing the calculation
process in an embodiment of the invention. The process
starts at step S601. At step S602, we know the noise model,
the trellis structure, and an initial trellis state or path.
[0103] Next, at step S603, the following quantities are
computed for each data pattern, using the noise model:
[0104] 1) the noise correlation coefficients, b, which mea-
sure the correlation strength between the current noise
sample and L. most recent noise samples conditional on data
pattern. Here L is Markov length.

[0105] 2) Ino®

where o expresses the strength of the white noise component
[0106] 3) 1/0°

[0107] These statistics are preferably pre-computed and
used in the following calculation of the branch metric.
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[0108] The next step of the flow diagram is step S604, in
which received data at time T is used to calculate corre-
sponding branch metrics. At a time step i, a final state has
two incoming braches. For each branch, to compute the path
metric to state this final state, the main detector may use the
branch metric given by Kavcic and Moura.

[0109] But we do not have perfect information on the x,’s
needed to determine the branch metrics. Therefore, the
missing information is provided by the pre-detector.

[0110] The main detector now performs trace back to
choose the most likely path leading to the final state. In this
manner it determines the most likely sequence of x;s for each
possible final state.

[0111] At step S605, the path metric to each possible state
is determined, being the minimum of the sum of path metric
to each of the two initial states summed with the respective
branch metric, in the usual Viterbi algorithm and the deci-
sion on which of the two branches was chosen is stored, to
be used in trace back at next time step.

[0112] An example is now described, in which L=1, D=1
and I=1. We require informationon X, ; ;...X;_;_;, in order
to be able to calculate the path metric.

[0113] In this case, the optimal Gauss-Markov Viterbi
detector would have 2%*'=2?=4 states. These states are 11,
10, 01 and 00. However, the main detector in this example
only has 2 states, i.e. 0 and 1. Thus the state transition in the
main detector is from x;_; to X, and it does not include x;_,
values. Estimates of the x,_, values are obtained from the
pre-detector. In this example, the pre-detector performs a
traceback from each possible state x,_, of the main detector,
to obtain an estimate of x;_,. In alternative embodiments,
where earlier estimates of x values are also required, the
pre-detector performs a longer traceback, i.e. it is required to
perform an L-step traceback.

[0114] The branch metric for the main detector is calcu-
lated as follows. The prediction error &; can be calculated as:

& = = blxixi—y ) miy
= (=) = bxix;—g) - (rimy = £i-1)

= (= go%i — &1Xi-1) — b(XiX;—1) - (Fiog — goXim1 — 81%i-2)

[0115] Due to the intersymbol interference length of I=1,
the intersymbol interference can be expressed as I.=g x.+

21Xy
[0116] D=1 results in o;=0(xx,_;)
[0117] L=1 results in n=0(x; x;_; )W,-b(x; x,_;) n,_,

[0118] For example, for the branch (0—0) of the main
detector trellis, we know that x,=0 and x,_,=0. To determine
E, we also need to know x; ,. This is obtained by the
pre-detector, by tracing back from the state x;_,=0.

[0119] In this embodiment, the pre-detector is a 2-state,
white noise, data-independent Viterbi detector. Thus, the
pre-detector branch metrics are calculated as follows:

BMi=”i2= (ri=goxi_glxi—l)2
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[0120] For example, for the branch (0—0) of the prede-
tector trellis, BM=r;?>, and for the branch (1—1) of the
predetector trellis, BM=(r,—g_-g,)*. The g; values will be
known from the intersymbol interference model.

[0121] When the pre-detector branch metrics are calcu-
lated, these are used to update path metrics. The most likely
paths are then selected using the Viterbi Algorithm. Prefer-
ably, traceback is performed backwards from x;_,, for each
possible branch of the trellis, to obtain corresponding values
of X,_,, where the hat symbol denotes that the values is an
estimate of x,_, obtained from the pre-detector.

[0122] Thus the pre-detector value X;_,, is used to calcu-
late &=r;-b(0 0)(r;_,-2,%;_»)

[0123] We can then determine BM,=(1/0*)g;*+1n o° for
this particular branch of the main detector. A similar calcu-
lation may be performed for each of the other branches of
the main detector trellis, to obtain branch metrics for each
branch.

[0124] Inembodiments where earlier previous values of x;
are also required, the traceback in the pre-detector may also
be used to provide these additional values to the main
detector.

[0125] In another embodiment, [.+I=3, the main detector
has 4 states, and the pre-detector has 2 states. The bit X;_ is
needed by the main detector to calculate branch metrics, but
is unknown, as the main detector calculate states back to
X;_,X;_;. Thus, tl}e value of state x;_, is needed to determined
the most likely x,_; value from the pre-detector.

[0126] The pre-detector preferably outputs X;_, values as a
function of x,_, to allow appropriate X,_; values to be used
for different branches of the trellis in the main detector. This
local traceback has been found to give better results than
absolute determination of the most likely x;_, value in the
pre-detector. The conditional knowledge of x,_ dependent
on the value of x,_, fits in better with the noise model
compared with the optimal value of X,_, in a white noise
(pre-detector) environment.

[0127] In prior art hard disk devices, the most popular
approach is to calculate the maximum size of L and D that
can be afforded, given the system resources and specifica-
tion. However, embodiments of the present invention pro-
vide the advantage of allowing a lower power consumption,
which may be critical for some applications, such as portable
computing devices, e.g. MP3 players.

[0128] There is no issue with feedback loops in the present
invention, because the pre-detector provides the earlier data,
rather than a feedback loop to the traceback unit of the main
detector.

[0129] In embodiments where the main detector is larger
than or as large as the pre-detector, the pre-detector may
calculate and output a value of x;_; X;_;,, . .. X;_, for each
possible state x; X;,; . . . X;,;_; of the main detector. For
example, if the pre-detector and the main detector trellis
each have two bits, then the output will be calculated
dependent on the oldest two bits of the main detector trellis,
rather than the oldest single bit.

[0130] Thus, for each time interval, it may output a
plurality of conditional x values for that time interval. This
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output may be stored in a memory before being used by the
main detector. For example, a pipelined structure may be
used, to hold each output value for an appropriate amount of
time before feeding it through to the main detector for use
in calculating branch metrics.

[0131] If the pre-detector is larger than the main detector,
the pre-detector may then output values of x;_, for each
possible branch of the main detector, e.g. dependent not
simply on the state , but on most recent transition x. For
example, if the pre-detector states have three bits and the
main detector states have two bits, then the output will be
calculated dependent on the main detector state and the most
recent transition bit rather than on the main detector state
alone.

[0132] Tt is not essential to use the same equaliser for the
main detector and the predetector, thus the values of r,
received by each may differ. However, in some embodi-
ments, the same values of r, may be supplied to both
detectors.

[0133] The pre-detector preferably has a very small
latency, and thus in some embodiments, its output can be
used for other purposes as well as for providing data to the
main detector. For example, the pre-detector output may be
used for time recovery purposes, such as when a timing loop
in the read channel requires preliminary decisions. Another
possible use is for dynamic data adaptation, e.g. program-
ming coefficients in the equaliser dynamically, depending on
the preliminary decisions. A further possible use is for
statistics tracking, e.g. to calculate statistics such as o and b
using correlation properties of the noise. Any combination
of these additional uses may be implemented within an
embodiment of the invention.

[0134] FIG. 7 shows a block diagram of an apparatus
according to a further embodiment of the invention, in which
different equalisers are used for the main detector and the
pre-detector. The apparatus in this example relates to a hard
disk drive system, although it is possible that different
equalisers may be used in other types of system. The
apparatus includes a hard disk drive 701, with stored data
bits. The read output from the disk 701 is sent to a pre-amp
702, then to a low pass filter 703. Next, the data is passed to
a sampler ADC 704, from which it is passed to two different
equalisers 705 and 706. The output of equaliser 705 is shown
as r',, and is processed by the pre-detector 707. The output
of'equaliser 706 is shown as r;, and is processed by the main
detector 708. The pre-detector 707 outputs estimates x, of
the stored data sequences, using a simplified noise model,
and sends it to the main detector 708. The main detector then
outputs a higher quality estimate of the stored data sequence,
using its more sophisticated noise model.

[0135] FIG. 8 shows an embodiment in which multiple
cascaded detectors are used. A first noise-prediction feed-
back free Viterbi pre-detector 801 receives read data, and
calculates estimates of survivor data. It passes these esti-
mates to a second Viterbi pre-detector, which uses them
together with the read data to output its own estimates of
survivor data. This may be output to further intermediate
detectors, cascaded in a similar way. Finally, an N-th Viterbi
detector receives the survivor data from the (N-1)-st pre-
detector, and outputs a most likely sequence of states cor-
responding to the read data.

[0136] The traceback process in the above examples is
performed using the Viterbi algorithm. However, it is alter-
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natively possible to use modifications of the Viterbi algo-
rithm to perform the traceback.

[0137] The present invention is not limited to radix-2, and
may also include radix 4, radix 8, radix 16, radix 32 and
other values of the radix. For example, for radix 4, the
traceback is over blocks of two time intervals, instead of
being over single time intervals.

[0138] Although embodiments described have all used
hard inputs and hard outputs, it is also possible to use
embodiments of the invention with soft inputs and/or soft
outputs, e.g. by retaining multiple paths where the path
metric difference falls below a threshold value.

[0139] The present invention may be implemented as a
dedicated semiconductor chip. Embodiments of the inven-
tion may be constructed using at least one standard cell. A
standard cell is a logic unit which may be used as a building
block for building more complex circuits. Standard cells
may be made available as selections from a standard cell
library. A customised selection of logic units from the library
may be provided on a single chip to allow simplification of
a particular implementation of the logic units. In addition,
embodiments of the invention may be provided as standard
cells, and made available within a standard cell library.
However, the present invention is not limited to such a
technology or design. A further embodiment of the invention
is an integrated circuit including any detector according to
the invention. The invention also encompasses circuit
boards including any detector according to the invention,
and digital electronic devices including any detector accord-
ing to the invention.

[0140] The present invention can be implemented by
software or programmable computing apparatus. This
includes any computer, including PDAs (personal digital
assistants), mobile phones, etc. Thus the present invention
encompasses a carrier medium carrying computer readable
code for configuring a computer or number of computers as
the apparatus of the invention. The carrier medium can
comprise a transient medium, e.g. an electrical, optical,
microwave, RF, electromagnetic, acoustic or magnetic sig-
nal (e.g. a TCP IP signal over an IP network such as the
internet), or a carrier medium such as a floppy disk, CD
ROM, hard disk, or programmable memory device.

[0141] The code for each process in the methods accord-
ing to the invention may be modular, or may be arranged in
an alternative way to perform the same function. The
methods and apparatus according to the invention are appli-
cable to any computer.

[0142] The present invention can be used in a wide range
of communications technology, including 3G cellular tech-
nology (e.g. CMDA2000, W-CDMA, TD-SCDMA), digital
video broadcasting (DVB), digital audio broadcasting
(DAB), broadband wireless (e.g. LMDS—Iocal multipoint
distribution service), multipoint multichannel distribution
service (MMDS), wireless LAN (local area network) such as
WLAN-802.11a, digital subscriber line technology (xDSL),
cable modem and satellite communications.

[0143] The present invention may also be applied in other
fields of technology where Viterbi detectors are used.

[0144] While the invention has been described in terms of
what are at present its preferred embodiments, it will be
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apparent to those skilled in the art that various changes can
be made to the preferred embodiments without departing
from the scope of the invention, which is defined by the
claims.

1. A likelihood detector apparatus for receiving a stream
of data values from a data medium, wherein the received
data values correspond to ideal values but may include
added noise that is dependent on previous noise and depen-
dent on data on the data medium, said ideal values being
determined by possible values of data on the medium, and
for outputting information specifying a sequence of states
corresponding to the stream of received data values, said
sequence of states corresponding to possible data values on
the medium, the apparatus comprising:

a first detector, for calculating state sequence likelihood
information based on a first noise model and received
data values, and for providing said state sequence
likelihood information to a second detector;

a second detector for calculating weighting values indi-
cating likelihoods that a data value received at a
particular time corresponds to a particular state transi-
tion, based on a second noise model, received data
values, and state sequence likelihood information from
the first detector;

a traceback unit for determining a most likely sequence of
data values using said calculated weighting values; and

an output for outputting information specifying said deter-

mined sequence of states.

2. The likelihood detector of claim 1, wherein the first
noise model is a simpler noise model than the second noise
model.

3. The likelihood detector of claim 1, wherein the first
noise model is white noise, correlated noise and/or data
dependent noise with smaller Markov length and/or smaller
data dependence length than in the second noise model, and
the second noise model is correlated and/or data dependent
noise with larger Markov length and/or larger data depen-
dence length than in the first noise model, and non-Markov
noise.

4. The likelihood detector of claim 1, wherein the second
detector is configured to use local traceback data obtained
from the first detector to calculate branch metrics.

5. The likelihood detector of claim 1, wherein the first
detector is configured to output state sequence likelihood
information for a plurality of possible states of the second
detector.

6. The likelihood detector of claim 1, wherein the first
detector is configured to receive a data input corresponding
to said stream of data values from a first equaliser and the
second detector is configured to receive a data input from a
second equaliser.

7. The likelihood detector of claim 1, wherein the latency
of the first detector is smaller than the latency of the second
detector.

8. The likelihood detector of claim 1, further comprising
a pipeline memory for feeding output data from the first
detector to the second detector.

9. The likelihood detector of claim 1, wherein an output
of the first detector is also used for time recovery purposes
in a read channel timing loop.
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10. The likelihood detector of claim 1, wherein an output
of'the first detector is also used for dynamically determining
equaliser co-efficients.

11. The likelihood detector of claim 1, wherein an output
of the first detector is also used for statistics tracking
purposes.

12. The likelihood detector of claim 1, further comprising
at least a third detector, configured with the first and second
detector to provide a series of cascaded multiple detectors.

13. The likelihood detector of claim 1, further comprising
a noise calculator for obtaining or calculating noise statistics
for possible sequences of data values on the medium using
said second noise model.

14. A likelihood detection method of receiving a stream of
data values from a data medium, wherein the received data
values correspond to ideal values but may include added
noise that is dependent on previous noise and dependent on
data on the data medium, said ideal values being determined
by possible values of data on the medium, and outputting
information specifying a sequence of states corresponding to
the stream of received data values, said sequence of states
corresponding to possible data values on the medium, the
method comprising:

using a first detector to calculate state sequence likelihood
information based on a first noise model and received
data values, and providing said state sequence likeli-
hood information to a second detector;

using a second detector to calculate weighting values
indicating likelihoods that a data value received at a
particular time corresponds to a particular state transi-
tion, based on a second noise model, received data
values, and output data from the first detector;

determining a most likely sequence of data values using
said calculated weighting values; and

outputting information said determined
sequence of states.

15. The method of claim 14, wherein the first noise model
is a simpler noise model than the second noise model.

16. The method of claim 14, wherein the first noise model
is selected from the group of white noise, correlated noise
and/or data dependent noise with smaller Markov length
and/or smaller data dependence length than in the second
noise model, and the second noise model is selected from the
group of correlated and/or data dependent noise with larger
Markov length and/or larger data dependence length than in
the first noise model, and non-Markov noise.

17. The method of claim 14, wherein the second detector
uses local traceback data obtained from the first detector to
calculate branch metrics.

18. The method of claim 14, wherein the first detector
outputs state sequence likelihood information for a plurality
of possible states of the second detector.

19. The method of claim 14, wherein the first detector
receives a data input corresponding to said stream of data
values from a first equaliser and the second detector receives
a data input from a second equaliser.

20. The method of claim 14, wherein the latency of the
first detector is smaller than the latency of the second
detector.

21. The method of claim 14, further comprising pipelining
output data from the first detector to the second detector.

specifying
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22. The method of claim 14, wherein an output of the first
detector is also used for time recovery purposes in a read
channel timing loop.

23. The method of claim 14, wherein an output of the first
detector is also used for dynamically determining equaliser
co-efficients.

24. The method of claim 14, wherein an output of the first
detector is also used for statistics tracking purposes.

25. The method of claim 14, further comprising at least a
third detector, configured with the first and second detector
to provide a series of cascaded multiple detectors.

26. The method of claim 14, further comprising obtaining
or pre-calculating noise statistics for possible sequences of
data values on the medium before receiving at least part of
said stream of data values, using said second noise model.

27. A computer program product containing computer
readable code for configuring a computer as a likelihood
detector for receiving a stream of data values from a data
medium, wherein the received data values correspond to
ideal values but may include added noise that is dependent
on previous noise and dependent on data on the data
medium, said ideal values being determined by possible
values of data on the medium, and for outputting informa-
tion specifying a sequence of states corresponding to the
stream of received data values, said sequence of states
corresponding to possible data values on the medium, the
computer program product comprising:

first computer readable code for calculating state
sequence likelihood information based on a first noise
model and received data values;

second computer readable code for calculating weighting
values indicating likelihoods that a data value received
at a particular time corresponds to a particular state
transition, based on a second noise model, received
data values, and output data generated by said first
computer readable code;

code for determining a most likely sequence of data
values using said calculated weighting values; and

code for outputting information specifying said deter-

mined sequence of states.

28. A Viterbi detector apparatus for receiving a stream of
data values that correspond to ideal values but may include
added noise, and for outputting information specifying a
sequence of states corresponding to the stream of received
data values, the apparatus comprising:

a first Viterbi detector, for calculating state sequence
likelihood information based on a first noise model and
received data values, and for providing said state
sequence likelihood information to a second Viterbi
detector;

a second Viterbi detector for calculating branch metrics
based on a second noise model, received data values,
and state sequence likelihood information from the first
detector;

a traceback unit for determining a most likely sequence of
data values using said branch metrics; and

an output for outputting information specifying said deter-
mined sequence of states.

29. A likelihood detector apparatus configured to receive

a stream of data values from a data medium, wherein the
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received data values correspond to ideal values but may
include added noise that is dependent on previous noise and
dependent on data on the data medium, said ideal values
being determined by possible values of data on the medium,
and to output information specifying a sequence of states
corresponding to the stream of received data values, said
sequence of states corresponding to possible data values on
the medium, the apparatus comprising:

a first pre-detectors configured to calculate state sequence
likelihood information based on a first noise model and
received data values, and to provide said state sequence
likelihood information to a further pre-detector;

one or more further pre-detectors, each further pre-detec-
tor configured to calculate state sequence likelihood
information based on a noise model, received data
values and an output from another pre-detector, and to
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provide said state sequence likelihood information to
another of said pre-detectors or to a main detector;

a main detector configured to calculate weighting values
indicating likelihoods that a data value received at a
particular time corresponds to a particular state transi-
tion, based on a second noise model, received data
values, and state sequence likelihood information from
one of said pre-detectors;

a traceback unit configured to determine a most likely
sequence of data values using said calculated weighting
values; and

an output for outputting information specifying said deter-
mined sequence of states.



