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(7) ABSTRACT

A calculator for use in a maximum likelihood detector,
including: a receiver for receiving convolution encoded data
which may include noise; first calculator for calculating a
first component of a first path metric difference between two
possible sequences of states corresponding to the convolu-
tion encoded data, the two sequences each having a length
equal to a constraint length of the convolution encoded data,
and the two sequences starting at a same state and ending at
a same state, adapted to calculate the first component using
the convolution-encoded data and using convolution encod-
ing parameters of the convolution-encoded data, wherein the
first component is independent of the two sequences; and
second calculator for calculating a second component of the
first path metric difference using the two sequences, wherein
the second component is independent of the convolution
encoded data; and using the first and second components to
obtain the first path metric difference.
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CALCULATING APPARATUS AND METHOD FOR
USE IN A MAXIMUM LIKELIHOOD DETECTOR
AND/OR DECODER

[0001] This application claims priority under 35 U.S.C.
119(e) to U.S. Provisional Patent Application No. 60/517,
176, filed Nov. 4, 2003, which application is incorporated
herein by reference.

FIELD

[0002] The present invention relates to calculating meth-
ods and apparatus for maximum likelihood detectors and/or
decoders, and in particular to methods and apparatus for path
metric calculation and/or path metric difference calculation.

BACKGROUND

[0003] A random process can be defined on the set of
states of a finite state machine. A corresponding sequence of
random state transitions can be visualised as a path on a
trellis diagram. The problem of finding the most probable
trellis path which connects two given states is of a great
practical importance. This problem arises in such diverse
areas as the theory of error-free communication, adaptive
planning, the theory of traffic flows. 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 communi-
cations with deep space research probes (e. g. Galileo).

[0004] Markov processes with Gaussian randomness are
of particular practical importance, one example of which is
an additive Gaussian white noise (AWGN) communication
channel. In such a Markov process, the problem of finding
the most probable path reduces to the problem of finding the
path of lowest weighting on a trellis, whose branches are
equipped with weightings which are real numbers called
branch metrics. This type of problem can be solved by
techniques of maximum likelihood detection. Maximum
likelihood detection may include detection of transmitted
data and estimation of transmitted symbols which formed
part of the data before the effect of noise and/or interference
during transmission. Maximum likelihood detection may
also include the further step of decoding the data from an
encoded format, although this is not an essential feature of
a maximum likelihood detector.

[0005] In the following discussion, the term “detection”
includes the process of recovering signals that are subject to
noise and/or known interference, such as inter-symbol inter-
ference (ISI) of a known shape. However, if a deliberate
encoding process has also been performed on the data,
“decoding” is required to recover the signals in their pre-
encoded form. For example, if encoding has been performed
on purpose to increase resistance of the transmitted signals
to noise, then “decoding” can be used to obtain the original
pre-encoded signals.

[0006] Tt follows that a “detector” does not require any
decoding means for decoding from a deliberate encoding
process. However, a detector which includes such decoding
means for decoding from a deliberate encoding process may
be known as a “decoder”. The decoding means may be
configured to work separately or integrally with the detec-
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tion means. Thus, in the following discussion, a “decoder”
is a type of detector which also performs decoding. The hard
disk drive examples discussed below are maximum likeli-
hood “detectors”, because the process involved is recovery
of signals, where no purposeful encoding was performed on
the data. However, everything that is discussed below is also
applicable to decoders.

[0007] Both detectors and decoders usually output an
estimate of a signal before encoding or interference. How-
ever, it is possible for a decoder or a detector to output a
different sequence, e.g. outputting encoded signals which
are corrected for interference and/or noise, or correcting for
transmission noise but not correcting for inter-symbol inter-
ference.

[0008] An example of a maximum likelihood detector
(MLD) is a convolution detector, for detecting and decoding
data in a convolution encoded format. 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. If the encoded bits are then
transmitted through a noisy environment, and if a particular
encoded bit is very strongly affected by noise, information
relating to the original input bits is still preserved in the
encoded bits which are less affected by noise. 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.

[0009] A further example of convolution 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 neigh-
bouring bits. Thus, any data value obtained in a read
operation actually corresponds to a convolution of magneti-
cally recorded bits on the disc. This is known as inter symbol
interference (ISI).

[0010] Convolution encoders can be classified according
to their constraint length, and the weightings given to each
previous bit. One type of convolution detector is known as
“PR4” (partial response system of class IV). “Partial
response” refers to the fact that several input bits each give
a partial contribution to each output bit of a multi-bit
detected sequence. A more complex example is an “E2PR4”
detector, which has a constraint length of five. E2PR4
detectors are commonly used in modem hard disk read
channels.

[0011] 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
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[0012] 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
transitions contribute to the current reading. An example of
a PR4 encoder has a generator polynomial of 1-D?, and an
example of an E2PR4 encoder has a generator polynomial of
1+42D-2D>-D".

[0013] A simpler 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 x; 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
G(D)x;=x;-X;_;. The constraint length is 2 because each
input bit influences the output over two bit shifts.

[0014] 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.

[0015] The encoder 100 performs convolution encoding of
a stream of input data. The data is then sent over a noisy
channel. Noise source 104 represents the effect of noise
during transmission of the data. The transmitted data is then
received and decoded by a detector 108.

[0016] 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 i, 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_q-

[0017] 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.

[0018] A prior art method of detection or detection and
decoding of convolution encoded data uses a technique
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known as the Viterbi algorithm (VA). VA is a recursive
procedure, 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
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.€. 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.

[0019] 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.

[0020] 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 “B 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.

[0021] 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
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adding appropriate branch metrics to path metrics of survi-
vors at time t and choosing the path of lowest path metric
(ie. 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.

[0022] 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.

[0023] 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.c. 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.

[0024] 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.

[0025] 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.

[0026] 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
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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.

[0027] When the formula (r;—y,)* 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.
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.

[0028] 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.

[0029] 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=0and
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.

[0030] 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, of 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.

[0031] Instep 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 0.
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[0032] Instep 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 0.

[0033] Instep 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 O
and 1 respectively. Thus, the survivors are 001110 and
001111, with path metrics of 1 and 0 respectively.

[0034] Instep 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.

[0035] 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 O and 1 respectively. Thus, the survivors are
00111100 and 00111111, with path metrics of 2 and 3
respectively.

[0036] Instep 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 resect
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.

[0037] 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.

[0038] 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.

[0039] High speed implementations of maximal likelihood
detectors (MLDs) such as the above (1-D) example, PR4
detectors and E2PR4 detectors, 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. For example, E2PR4 has
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a constraint length of 5, thus the length of branch metrics for
minimum loop size is 5, and the radix of corresponding
designs is 2°=32. 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 MLD design.

[0040] 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, radix-32
implementation of a “sliding-window” type E2PR4 MLD
requires the computation of branch metrics for paths con-
necting 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 approxi-
mately 512x10000 um*~5 mm?. In comparison, the total
area of currently used high speed radix-4 detectors is
approximately 0.6 mm?.

SUMMARY

[0041] One aspect of the present invention can provide a
reduction in the complexity of path metrics computation,
and thus a reduction of the area needed for a maximum
likelihood detector.

[0042] The inventor has realised that there are a large
number of relations between branch metrics of various paths
on the trellis. Such relations can be used to reduce the
number of independent calculations required to determine
path metrics of all paths. By finding and utilising these
relations between branch metrics of different paths, the area
necessary for a detector chip can be reduced.

[0043] A first aspect of the present invention provides a
method and apparatus for simplifying path metric calcula-
tion, using a relation between branch labels of paths on the
trellis, where the paths have a common initial state, a
common final state, and a length equal to the constraint
length K.

[0044] The apparatus of the first aspect of the invention
may be a calculating apparatus for use in a maximum
likelihood detector, and the method may be a method
performed by the calculating apparatus. The apparatus may
be configured to receive convolution encoded data which
may include added noise. The apparatus may include first
calculator for calculating a first component of a path metric
difference between two possible state sequences, and second
calculator for calculating a second component of the path
metric difference. The first and second components may add
together to give the path metric difference. The first and
second calculators may be separate calculating means, or
they may share a common element, such as a common
processor element. However, the inputs required by each
calculator is different.

[0045] In this aspect of the invention, each of the two state
sequences has a probability of corresponding to a length K
section of received data, where K is a constraint length of the
received data. The two sequences start at a common state
and end at a common state. The first component is calculated
using said received data and using convolution encoding
parameters of the received data. However, the first compo-
nent is independent of the two state sequences. The second
component is calculated using the two state sequences, but
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is independent of said received data. The first and second
components can be used to determine relative likelihoods
that each of the two sequences corresponds to the section of
received data. For example, they can be used to calculate a
path metric difference between the two state sequences, or
they can be used in the calculation of path metrics of either
of the sequences.

[0046] Some embodiments of the invention include fur-
ther simplifying path metric calculation by using a relation
between pairs of paths of length K, with either a common
initial state or a common final state.

[0047] A further aspect of the present invention provides
a method and apparatus for simplifying path metric calcu-
lation, using a relation between branch labels of paths on the
trellis, where the paths have any length, and the paths have
a common initial or final state.

[0048] A yet further aspect of the present invention pro-
vides a method and apparatus for simplifying path metric
calculation, using a relation between branch labels of paths
on the trellis, where the paths have a common initial state,
a common final state, but different middle states half way
between the initial and final states, and where the path
lengths are equal to twice the constraint length.

[0049] As an alternative to calculating actual branch met-
rics using any of these relations, a difference between branch
metrics may be calculated, or any other indication of relative
likelihoods of branch metrics may be calculated.

[0050] The calculating apparatus may receive convolution
encoded data which has been generated according to a
generator function G(D), but which may include additional
noise n;, added after generation by the generator function,
but before reception of the data by the calculating apparatus.
An example of a generator function is

K-1
GD)= ) el
n=0

[0051] where D™ represents delaying an input to the gen-
erator by n time units, and g, are numbers representing the
weight with which an input delayed by n time units will
affect the encoder output. K is the encoder constraint length.

[0052] The calculating apparatus may output a sequence
of values, each of which corresponds to a generator function
input, where the output sequence indicates the highest
likelihood sequence corresponding to the received data. In a
two state system, the output may be equal to the state
sequence. Alternatively, the calculating apparatus may out-
put ideal values of the generator function outputs, which are
ideal because they have no added noise n;. Note that there
may be other types of noise present in the ideal values, other
than the transmission noise n;, thus although the ideal values
may be noise free, then this is not essential. Thus, in the
present invention, the ideal values of the calculating appa-
ratus input may be noise-free values, or reduced noise
values, or values with a reduced noise component, when
compared with the noise in the originally received data.
“Noise” may include, for example, transmission noise,
transmission interference, timing error, jitter, misequaliza-
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tion, inter-track interference, DC-offset, non-linear bit shift,
overwrite, particulate noise, transition noise and/or perco-
lation. Some embodiments of the present invention may be
effective in reducing a first type of noise, but less effective
in reducing a second type of noise which is also influencing
the data.

[0053] The path metric difference may be calculated using
the received data and the ideal input values of the calculating
apparatus input. The path metric difference between two
paths indicates the relative likelihoods of these paths. The
path metric difference between a first and a second path,
each of length K, starting and ending at common states, may
be represented as two individual components, one of which
is independent of the values of the received data, and the
other of which is dependent on the received data, but
independent of the particular paths chosen.

[0054] The component which is independent of the
received data may be pre-calculated before the detector
begins to process the corresponding received data. However,
it is not essential to pre-calculate this component. E.g.,
instead, this component may be calculated while the data is
being received, e.g. in parallel with the calculation of
another component, which depends on the received data.

[0055] The other component may be calculated once for
an arbitrary pair of length K paths with common initial states
and common final states, then re-used for other paths cor-
responding to the same section of trellis, i.e. the same
received data values. This component is calculated using
parameters of the generator function G(D), e.g. in the above
example, using the coefficients g,. The two components are
added together to obtain the path metric difference.

[0056] The data values may have been deliberately
encoded e.g. using convolution encoding, but may then have
been altered by the addition of noise, e.g. during transmis-
sion in a communication channel. Alternatively, the data
values may have been obtained in a convolution encoded
format arising from a non-deliberate process such as inter-
ference, e.g. when reading data from a magnetic disk drive.
A further possibility is that the data values may be for fitting
to a finite state model, such as in a voice recognition system.

[0057] In further embodiments of the invention, the path
metric difference between a first of the first and second paths
and a third path of length K are also calculated, where the
third path shares one of its ends, but not the other end, with
the first path. The first and second paths are the upper and
lower paths of a loop (or lower and upper paths respec-
tively), and the third path also has a corresponding upper or
lower path, referred to as the fourth path, within the same
section of trellis. The calculating means may calculate a first
component of the path metric difference between the first
and third paths using the modulus of the path metric differ-
ence between the first path and the second path, and using
the modulus of the path metric difference between the third
path and the fourth path. The calculating means may then
calculate a second component of the path metric difference
between the first and third paths using the received data, and
the path metric difference is obtained by adding the two
components. The part of the path metric difference which is
independent of the received data may be pre-calculated, but
this is not essential.

[0058] The first and third paths may be chosen with a
common initial state but different final states, or may be
chosen with a common final state and different initial states.
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[0059] The maximum likelihood detector according to
some embodiments of the invention is capable of reducing
the amount of de-correlated noise, such as Gaussian white
noise, from received data. For a system with additive
Gaussian white noise (AGWN), the branch metrics may be
calculated as the sum of the square of the difference between
the encoder output value y; corresponding to that branch and
the corresponding received convolution encoded data,
summed over all values in the path. Alternatively, a different
formula may be used to calculate the branch metrics.

[0060] The calculating apparatus may be configured to
process sequences of encoded data for a chosen size of the
constraint length K, such as K=2 or K=5. The calculating
apparatus may be configured to receive a signal indicating
the value of K for a particular data set, and adapt to use that
value of K for that particular data set.

[0061] In one embodiment of the invention, the output
values from the calculating apparatus may be identical to the
ideal input values of the calculating apparatus. However, in
a further embodiment, the output values from the calculating
apparatus may correspond to a de-convolved sequence of
ideal input values of the calculating apparatus, i.e. the ideal
input values may be the convolution encoded values corre-
sponding to the output values.

[0062] A further aspect of the invention is a maximum
likelihood detector which uses at least one of the described
relations between path metrics. Some embodiments of the
invention relate to maximum likelihood detectors used in
modern hard disk drives read channels. The inter symbol
interference in the read channel is modelled by a generator
polynomial G(D), which may be of the form described
above. The stream of data produced in the process of reading
can be then associated with the path on a trellis diagram. The
trellis’ structure is completely determined by the generator
polynomial.

[0063] Further embodiments of the present invention pro-
vide a fast detector for decoding convolution encoded data.
In these embodiments, the detector has an input for receiving
a stream of data which has been convolution encoded and
which may have been transmitted over a noisy channel, thus
adding noise to the received signal. The detector has a
memory with information about the possible ideal input
values of the data. The detector has calculating means for
determining an error value between each expected received
signal and the actual received signal. The detector may have
a storage means for storing information on the accumulated
error corresponding to any particular sequence of originally
sent data. The detector may also have a storage means for
storing information on preferred paths in the trellis.

[0064] The size of each said section of input data pro-
cessed by the detector may be less than 5 times the constraint
length, which allows a fast throughput of data. However, this
is not essential.

[0065] The present invention can be implemented by
software or programmable computing apparatus. Thus the
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, REF, electromagnetic, acoustic or mag-
netic signal (e.g. a TCP IP signal over an IP network such as
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the internet), an structures for carrying such a signal, or a
carrier medium such as a floppy disk, CD ROM, hard disk,
or programmable memory device.

BRIEF DESCRIPTION OF DRAWINGS

[0066] Embodiments of the present invention will now be
described, by way of example only, with reference to the
accompanying drawings, in which:

[0067] FIG. 1 is a block diagram of an apparatus for
convolution encoding and decoding of data, according to the
prior art;

[0068] FIGS. 2A and 2B show an example of a trellis
diagram representing a two-state time dependent process as
known in the prior art;

[0069] FIG. 3 is a series of trellis diagrams representing a
series of steps in a Viterbi decoding process, according to the
prior art;

[0070] FIG. 4 shows part of a trellis diagram, illustrating
the relationship between path metrics of two paths in the
same loop of length K;

[0071] FIG. 5A shows part of a trellis diagram, illustrating
the relationship between the paths of length K from two
different initial states to a single final state; and FIG. 5B
shows part of a trellis diagram, illustrating the relationship
between the paths of length K from a single initial state to
two different final states;

[0072] FIG. 6 shows part of a trellis diagram, illustrating
the relationship between the paths of length 2K from a single
initial state to a single final state;

[0073] FIG. 7 is a flowchart showing a method of calcu-
lating path metric differences according to an embodiment
of the invention;

[0074] FIG. 8 is a block diagram of an E2PR4 detector
according to an embodiment of the invention;

[0075] FIG. 9 is a series of trellis diagrams representing a
series of steps in the decoding process, according to a
parallel adaptation of the Viterbi method;

[0076] FIG. 10 is a block diagram of a decoding appara-
tus, using parallel decoding techniques;

[0077] FIG. 11 is a block diagram of a convolution
encoder which represents a E2PR4 hard disk reading pro-
cess;

[0078] FIG. 12 is a trellis diagram for the encoder of FIG.
11;
[0079] FIG. 13 shows partially connected trellis diagrams

for three steps in the reduction of an E2PR4 trellis; and

[0080] FIG. 14 is a schematic diagram illustrating a
method of sliding-window Viterbi decoding, to which
embodiments of the invention may be applied.

DESCRIPTION

[0081] Two different paths in a trellis may form a loop by
starting and ending at common states. FIG. 4 represents two
paths through a trellis, labelled A and B, where each has
length equal to the constraint length K.
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[0082] A relationship between branch metrics of two paths
within the same length K loop is now described with
reference to FIG. 4. The paths A and B each connect an
initial state I and a final state F. Path A is the upper path,
consisting of a series of states with branch labels ag, a,, a,,
etc, and path B is the lower path, consisting of a series of
states with branch labels by, b,, b,, etc, where the subscripts
denote the time interval. The branch metrics for the i-th state
in the upper and lower paths respectively are thus (a;-1;)* or
(b,-1,)?, where 1, is the received data at time i.

[0083] As a general rule, any two points on the trellis
separated by time interval less than K are either not con-
nected or are connected together by a single path. This is
because in general it takes K-1 time intervals to set the delay
elements to hold a given set of x; values.

[0084] Points separated by a time interval greater or equal
to K are always connected by 2 or more paths. In particular,
any two points separated by K time steps are connected with
exactly two paths. This is because at the initial state, the two
paths are identical and each have the same set of values
stored in the delay elements. If the first state differs between
the two paths, then the delay element contents are no longer
identical. It then takes K-1 time intervals to “flush” the
delay elements to contain the same set of values for each
path. One of the paths may be referred to as the “upper path”,
and the other path referred to as the “lower path”. For two
length K paths with same initial states, but different second
states, the upper path corresponds to a first new ideal input
value 1, and the lower path corresponds to a first new ideal
input value of 0.

[0085] The branch labels a; and b, of the upper and lower
paths in a loop are related to each other, and this relation
leads to a significant reduction in the complexity of com-
putation of path metrics differences for sets of paths of
length K, which start on a common state and end on a
common state. The following observation provides this
relation between branch metrics of paths A and B in FIG. 4.

[0086] Observation 1: Let (ag, a5, . . . , ag_;) and (b,
by, ..., by ;) be the branch labels of upper path A and lower
path B connecting any two states S; and Sg. Then the vector
of differences of these labels is independent of S; and Sg.. Its
components are equal to the coefficients of the generator
polynomial G(D). In other words,

a—by=g, n=0,1,2,...K-1.

[0087] The result of this relationship is that the path metric
difference P,—P,, can be split into a first part S(A,B) which
is independent of the received data R;, but depends on the
paths A and B, and a second part Zg(i))R(i) (summed over i=0
to K-1) which is independent of the paths A and B, but is
dependent on the received data.

[0088] Observation 1 can be applied to decide the most
likely path out of all paths of length K which start at a
common state and end at a common state. This is useful in
maximal-likelihood decoding.

[0089] Combinations of branch labels which do not
depend on initial and/or final states of a path can be referred
to as path invariants or simply invariants. Observation 1
gives an example of invariants of both initial and final states,
also known as loop invariants.
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[0090] The following two observations are further
examples of path invariants, and can be used to give a further
reduction in the time required for computation of path
metrics.

[0091] Observation 2 (Invariants of the final state.) Two
paths which converge to a given state Sg, are chosen. The
first path originates from state S;, and the second path
originates from state 0. The branch labels of the paths from
S; and O are (ag, aq, . . ., a;_;) and (bg, by, . . ., by_y)
correspondingly. Then

ag=by=fa(S), n=0, 1,2, . . . L-1,

[0092] where {f,}, 1 » . 11 isthesetof numbers, which
depends on the initial state S;, but not on the final state Sg.
L is the length of each path. L. may be equal to the constraint
length K, however, the above relation also holds for paths of
length less than constraint length K. For L<K, f, is also
independent of the paths. However, for L=K, f, depends on
both the initial state S; and also on whether an upper-upper,
upper-lower, lower-upper or lower-lower path combination
was chosen. For L>K, f becomes dependent on the actual
paths chosen, as well as on the initial state S,. It is not
essential for one of the initial states to be a zero state, as it
could alternatively be any other fixed state.

[0093] Inembodiments where L=K, it can be assumed that
each paths form either a lower part or an upper part of a
corresponding loop, where a loop is a pair of paths which
start at a common state and end at a common state, but differ
in at least one of their intermediate states.

[0094] FIG. 5A represents a part of the trellis of length K.
Two pairs of paths Aps, B and Ay, Bog are shown, each
pair forming a loop. The two loops start at different initial
states I and 0, but end on the same final state F. One loop
connects state I to state F, and the second loop connects state
0 to state F. Observation 2 provides a relationship between
one of the two paths A or By between I and F, and one of
the two paths Agg or By between 0 and F. Thus, observation
2 may be used to provide a relation between both upper
paths Az and A, or both lower paths B and B, or one
upper path and one lower path, i.e. Agr and B,z or Ay and

IF*

[0095] The path metric difference between one path from
each loop can be split into a part which is dependent on both
the initial and the final states but independent of the received
data R;, and a part which is independent of the final state F,
but which is dependent on the received data R;.

[0096] A similar result can be established for diverging
paths of length K, as follows:

[0097] Observation 3 (Invariants of the initial state.) Two
paths are chosen, which originate from a given state S;. The
first path terminates at a state Sg, and the second path
terminates at state 0. The branch labels of paths terminating
at S; and 0 are (ag, a1, . . ., a;_;) and (b, by . . ., b;_;)
correspondingly. Then
an=by=hn(Sp), =0, 1,2, . . . L-1,

[0098] where {h,},_; - .. 1_;isthesetof numbers, which
depends on the final state Sg, but not on the initial state S;.
L is the length of each path. L. may be equal to the constraint
length K, however, the above relation also holds for paths of
length less than K. For L<K, h, is also independent of the
paths. However, for L=K, h, depends on both the final state
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Sk and also on whether an upper-upper, upper-lower, lower-
upper or lower-lower path combination was chosen. For
L>K, h,, becomes dependent on the actual paths chosen, as
well as on the final state Sg. It is not essential for one of the
final states to be a zero state, as it could alternatively be any
other fixed state.

[0099] In some embodiments, observation 2 or observa-
tion 3 is used together with observation 1. However, this is
not essential, and any one of the three observations may be
used independently of the others, or in any combination with
one or both of the others.

[0100] FIG. 5B illustrates part of the trellis for paths of
length K which start at the same initial state I, but end on
different final states F,0. One loop connects state I to state F,
and a second loop connects state I to state 0. Observation 3
provides a relation between one of the two paths Ay or By
between I and F, and one of the two paths Ay or By, between
I and 0. Thus, observation 2 may be used to provide a
relationship between both upper paths Ay and Ay, or both
lower paths By and By, or one upper path and one lower
path, i.e. Ar and By or Ay and Byg.

[0101] The path metric difference between one path in
each loop can be split into a part which is dependent on both
the initial and the final states but independent of the received
data R;, and a part which is independent of the initial state
I, but which is dependent on the received data R;.

[0102] Observations 2 and 3 together may be used to help
calculate path metrics for paths of length 2K.

[0103] FIG. 6 represents part of a trellis of length 2K,
which shows eight paths, Ay A r, ApBie BrAwe BB
AroAors AroBors BroAgr and ByoBgg, all starting at one initial
state I. Half of the paths form a first loop between state I and
an intermediate state k half way along the 2K section of
trellis. The rest of the paths form a second loop between state
I and an intermediate state 0. All of the paths then converge
to a final state F, forming a third loop between k and F, and
a fourth loop between O and F.

[0104] Observations 2 and 3 can be combined to provide
a relationship between the path metrics of paths in FIG. 6.
The first part of the loop may be treated as the situation of
FIG. 5B, and the second part of the loop may be treated as
the situation of FIG. 5A. The path metric difference between
two paths in FIG. 5A, added to the path metric difference
between two paths in FIG. 5B, gives the path metric
difference between the corresponding paths in FIG. 6.

[0105] This path metric difference has a part which is
independent of both I and F, but is dependent on interme-
diate state k, and is also dependent on the received convo-
lution encoded data. It has a second part which is dependent
on I, F and k, but is independent on the received convolution
encoded data. This second part can be pre-calculated for
each possible I, F and k.

[0106] FIG. 7 is a flowchart showing a process for radix
2K computation according to an embodiment of the inven-
tion, and FIG. 8 shows a block diagram of a E2PR4
convolution detector, according to an embodiment of the
invention. The application of observations 1, 2 and 3 in these
embodiments will now be described.

[0107] The branch metric of a branch connecting two
states at times T and (T+1) and labelled by a is equal to

May 5, 2005

(a-Rp)*=(a’-2a R+R %),

[0108] where Ry is the signal received at time T. Note that

the last term on the right hand side of the above equation is

the same for all branches. As the path of greatest likelihood

is of interest, this term can therefore be subtracted from all

branch metrics. The path metric of a path with labels (ag, a,,
.., ag_,) starting at some state at time T is

K-1 K-1
2 §
Pa = ay -2 akRT+k.
k=0

k=0

[0109] The following example illustrates the use of the
invention in radix-2¥ computation.

[0110] Step 1: Resolve all loops of length K in the section
of the trellis [T, T+K] using observation 1. There are 2252
such loops. Yet, according to observation 1, for two paths
(ag, a1, - - ., ag_q) and (b, by, . . ., bg_;) forming any loop,

k-1 k-1
Pe—Pp= Z (a - b}) —ZZ &k Rr+t
= =0

[0111] where g.’s are the coefficients of the generator
polynomial. It can be seen that the second term on the right
hand side of the above equation for P,-P, is the same for all
loops. The first term is independent of the received signal
and can be easily pre-computed.

[0112] This process is followed in FIG. 7. FIG. 7 begins
at step S401. Before beginning calculation of branch met-
rics, the generator polynomial G(D) is known, and the
branch labels are known, as shown at step S402. At the next
step, S403, the first term in the equation for P,-P, above is
calculated, and this can be pre-calculated for each time
interval because it does not need any knowledge of the
received data. At step S404, the received data and the
coefficients g, of the generator polynomial are used to
calculate the second term in equation for P,—P,, which is the
same for all loops. At step S405, the two terms of the
equation are added together to obtain the branch metric
difference P,—P, for the loop. This branch metric difference
may simply be used to eliminate the least likely path in each
loop, as shown at step S406. In embodiments which use only
observation 1, the process would stop here. However, the
branch metric difference may also be used during the process
of applying observation 2, which is described in steps S407
to S410.

[0113] The detector of FIG. 8 has five inputs for receiving
five consecutive convolution encoded data bits R, . These
inputs are each connected to a path invariants block 501 and
a loop-erase block 502 for eliminating least likely paths
within a loop. It is the loop-erase block 502 which performs
steps S403 to S406, thus erasing loops of length K. The
loop-erase block 502 outputs the branch metric differences
between two paths within a loop, and these branch metric
differences are passed to a branch metric difference block
504, which is part of the structure used to apply observation
2. The loop-erase block 502 also outputs the surviving path
within each loop to a trace back block 506.
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[0114] The application of observation 2 is described as
follows.

[0115] Step 2: Compute path metrics difference (Pi—Pyr)
of paths of length K for all states L,F=0, 1, . . ., 2¥-1 using
Observation 2. The path metric Py is chosen in the process
of eliminating the least likely path A or B from a loop
between state I and state F, and is given by

. 1 1
Pip = min(Par, Ppir) = E(PA,IF +Pgr) - §|PA,IF ~ PgiFl

[0116] where subscript A refers to an upper path in the
loop and subscript B refers to a lower path.

[0117] Therefore,

K-1

1
Pip — Por = EZ (@lr i + bipx — Gbps = bips) -
=0

>

-1
(@i +birg — aorx — bor )Rk —

~
i
=3

1 1
§|PA,IF —Pgr|+ §|PA,0F ~ Pgrl

[0118] where a or b with subscript k refers to the k-th
branch label (yy).

[0119] The first term on the right hand side of the above
equation for P—Pgr is R-independent and can be pre-
computed. The second term is independent of the final state
F due to Observation 2. Therefore there is only 2¥ different
terms of this type. As in Step 1, it can be seen that there is
a reduction in the complexity of computing P.—P . for all
paths (up to a factor of 2%) due to the existence of invariants
of final state. The last two terms on the right hand side of the
above equation for P;—Py have been computed at step 1.

[0120] Step 3: Let H; be the path metric of surviving paths
at time T, i=0, 1, . . . , 257*-1. Add H; to all combinations,
which have been computed during Step 2. Choose the path
of highest likelihood out of 25! paths converging to each
final state. Add P to the state’s survivor’s difference metric
to obtain the updated path metrics of all paths. Proceed to
Step 1 at time T+K.

[0121] Step S407 of FIG. 7 is the process of calculating
the second term in equation the above equation for PPy,
which is dependent on the received data. This term is
independent of the final state. In step S408, the last two
terms of equation the above equation for Pi—Pyr are cal-
culated. In step S409, the first term in equation the above
equation for P.—P.. is calculated. Since the first term is
independent of the received data, it may be pre-calculated,
before the received data is known. Hence, on the flowchart,
it is shown as being a side-branch of the process, and it could
preferably be done any time before step S404, or otherwise
any time before step S410. In step S410, the four terms of
the above equation for P;.—P, are added together to obtain
the branch metric difference P;z—P . Finally, in step S411 of
FIG. 7, the survivor to state F at time T+K is found, given
Pe—Pyr as found in S410, and the survivors’ path metric P;
at time T.
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[0122] FIG. 8 is a diagram of apparatus for performing the
method described in FIG. 7. This embodiment comprises
logic blocks for performing the steps of the method.

[0123] In FIG. 8, the loop-erase block 502 performs step
S407, calculating the path invariant term in the above
equation for Piz—Pg. The result is passed to branch metric
block 503. The branch metric difference block 504 uses the
branch metric differences calculated by the loop-erase block
502, and calculates the last two terms of the above equation
for Pi—P, which include the modulus of branch metric
differences between paths in the loops, corresponding to step
S408 in FIG. 7. The results are passed to the branch metrics
block 503.

[0124] The branch metrics block 503 uses the pre-calcu-
lated first term of the above equation for Piz—Pg, calculated
in step S409 of FIG. 7, and also uses the remaining terms in
the above equation for P—P,. which are supplied by the
path invariants block 501 and the branch metric difference
block 504. It uses these terms to calculate the branch
metrics. This corresponds to S410, where branch metric
differences are calculated, giving a relative comparison of
the sizes of the branch metrics. It is, of course, not necessary
to calculate branch metrics for eliminated branches. The
branch metrics calculated by the branch metric block 503 are
passed to the add-compare-select block 505. The process can
then proceed as in either standard Viterbi algorithm, or the
parallel adaptation of standard Viterbi.

[0125] Step 4: Accumulate the surviving paths in the
trace-back unit and output the decoded data bits in accor-
dance to the standard trace-back procedure of Viterbi algo-
rithm, or the parallel adaptation of Viterbi algorithm.

[0126] In FIG. 8, the add-compare-select block 505 uses
branch metrics calculated by the branch metric block to
calculate path metrics and eliminate paths of highest path
metric. The lattice can then be re-defined according to the
parallel adaptation of Viterbi algorithm, as described with
reference to FIG. 14, where the calculated path metrics
become the new branch metrics. Hence the add-compare-
select block 505 uses path metric feedback in the iterative
process of elimination of the least likely paths within loops.
The add-compare-select block 505 outputs the states of the
surviving paths to the trace back block 506. The trace back
block 506 uses this information, together with the informa-
tion output by the loop-erase block 502, to determine the
path with lowest path metric, and outputs this path to the
user.

[0127] 1If backwards recursion version of Viterbi algorithm
is used, it is possible to apply a similar process, but using
observation 3 instead of observation 2 to simplify the
computation of length K path metrics.

[0128] Radix 2% computation is now considered. An extra
difficulty present in the computation of highest likelihood
paths of length 2K is the presence of multiple paths of length
2K between a given initial state and final state. It is assumed
that least likely paths of length K, which connect states at
time T to states at time T+K and states at T+K to states at
T+2K, have been eliminated. Then there are 22 loops of
length 2K, where each such loop comprises 257" paths (i. e.
there are 25~ paths connecting each state at T to each state
at T+2K).

[0129]
to compute

In order to resolve these loops one needs therefore
23%=3 path metrics. However, Observations 2
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and 3 imply that this computation has a much lower com-
plexity: in order to eliminate least likely paths of length 2K,
it is sufficient to know the path metric difference between
path I-k-F and path I-0-F, which is P +P,—P;,—P . for all
states I, k and F. Here P;; is the path metric of the highest
likelihood path of length K from state i to state j. However
Observations 2 and 3 combined together imply that R-de-
pendent terms in Py +P, —P;,—P,r depend on neither I nor F.
Hence there are only 25°'-1 such terms to compute.
Remaining terms are R-independent and can be easily
pre-computed. Once all least likely paths of length 2K have
been eliminated, the rest of the computation can be carried
out in a way analogous to radix-2¥ computation.

[0130] If there is no correlation between the noise affect-
ing each received signal then the noise is referred to as
white, otherwise it is referred to as coloured. So far the
discussion has centred on white noise. In the presence of
coloured noise, the implementation of the maximum likeli-
hood decoding or detection is modified.

[0131] Certain implementations result in modifications to
the received signals before entering the detector/decoder and
the use of a different generator polynomial. In such instances
the structure of the maximum likelihood detector/decoder is
unaltered and all observations made so far still hold.

[0132] Other implementations result in a detector/decoder
that accepts an input signal that instructs the unit to change
the generator polynomial being used. Once a generator
polynomial has been selected however all previously made
observations still hold.

[0133] One particular approach to treating coloured noise
relies on processing blocks of received signals. This is
demonstrated in the following example using length K. For
white noise, a path metric with labels (ag,a; . . . ax_;) and
corresponding received signals (Rg, R; . . . Rg_;) was:

K-1
Pa=) (@ —-R)=@-R"@-R
k=0

[0134] Here, for convenience, a and R are the vectors (a,,
a; . .. agq) and (R, R; . . . Ry ;) respectively. To
incorporate the fact that the noise is coloured, a K by K
matrix C is introduced (note that C can be assumed to be
symmetric) and the following path metric is used:

Pr=(@-R)"C(a-R)
[0135] So

Pi-Pg=@a-R"Cla-R) - b-R'CL-R)

=(a"Ca-b"Ch)-2R"C(a-b)

[0136] If C is the identity matrix, which corresponds to
white noise, then equation for P,-Py above reduces to that
for white noise. It is therefore sufficient to restate the initial
observations with regard to the expression C(a-b):

[0137] Observation 4. Let a and b be the vectors of branch
labels of the upper and lower paths of length K connecting
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any two states S; and S, subsequently referred to as branch
vectors Then, the vector of differences of these labels is
independent of S; and Sp

Cla-b=Cg
[0138] Where g is the vector of coefficients of the gen-
erator polynomial. Observation 1 can be applied to decide
the shortest path out of all paths forming loops of length K
as before. Thus loop invariants survive in this presence of
coloured noise case.

[0139] Observation 5 (Invariants of the final state) Con-
sider two paths, which converge to a given state S.. Assume
that the first path originates from state S;, and the second
path originates from state 0. Let a and b be the branch
vectors of paths from S; and 0 correspondingly. Then

Cla-b)=Cf(Sy

[0140] Where f is a vector, which depends on the initial
state S;, but not on the final state Sg. If the paths each have
length less than the constraint length K, then £(S;) is inde-
pendent of the paths. If the length of each path is equal to the
constraint length K, then f(S;) depends on both the initial
state S; and also on whether an upper-upper, upper-lower,
lower-upper or lower-lower path combination was chosen. If
the paths have a length which is larger than the constraint
length, then f(S;) becomes dependent on the actual paths
chosen, as well as on the initial state S;. It is not essential for
the other initial state to be a zero state, as it could alterna-
tively be any other fixed state.

[0141] Observation 6 (Invariants of the initial state) Con-
sider two paths, which originate from a given state S;.
Assume that the first path terminates at a state Sg, and the
second path terminates at state 0. Let a and b be the branch
vectors of paths terminating at S; and O correspondingly.
Then

Cla-b)=Ch(Sp)

[0142] Where h is a vector, which depends on the final
state Sg, but not on the initial state S;. If the paths each have
length less than the constraint length K, then h(Sp) is
independent of the paths. If the length of each path is equal
to the constraint length K, then h(Sy) depends on both the
final state Sg and also on whether an upper-upper, upper-
lower, lower-upper or lower-lower path combination was
chosen. If the paths have a length which is larger than the
constraint length, then h(Sp) becomes dependent on the
actual paths chosen, as well as on the final state Sg. It is not
essential for the other final state to be a zero state, as it could
alternatively be any other fixed state.

[0143] These observations allow for an analogous com-
putation of the shortest path, but this time with the presence
of coloured noise.

[0144] In a co-pending application, filed on the same date
as the present application and entitled “A Maximum Like-
lihood Detector”, a method of reducing a trellis using a
modified, parallel version of VA is described, which appli-
cation is hereby incorporated by reference. In some embodi-
ments of the invention, this parallel version of VAis used to
determine a path of maximum likelihood through the trellis.

[0145] An example of the parallel VA method from the
co-pending application is illustrated in FIG. 9. In the
example, three steps are used to reduce the trellis. A trace-
back process is used to determine the most likely path. The
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method is based on the assumption that there are two or
more paths leading from state S(T) to state S(T+k), where k
is an integer depending on the trellis structure, thus these
two or more paths form a loop. The highest likelihood path
passing through the states S(T) and S(T+k) will necessarily
go through the most likely path out of these two or more
paths. All paths forming a given loop can be analysed, the
highest likelihood one chosen and all other paths discarded.
This procedure is called loop erasure. Different loops can be
eliminated independently thus allowing multiple loop era-
sure in parallel.

[0146] A fully parallel algorithm of finding the highest
likelihood path on a trellis, which is based on loop erasure
can be organised as follows.

[0147] Divide the trellis into the smallest time slices
such that any state at the beginning of the slice is
connected to any. state at the end of the slice via a
loop.

[0148] Eliminate multiple paths to erase all loops in
all slices of the trellis in parallel. The result is a new
trellis, which is k,; -times shorter than the original
trellis, where k,; is the length of time slices con-
taining loops of minimal length. Branches of the new
trellis are labelled by the lengths (path metrics) of
paths of length k_. , which survived loop erasure.

min’

[0149] Repeat the above steps I and II until the trellis
consisting of a single loop is obtained. Erasing of this
loop produces the highest likelihood global path on
the original trellis.

[0150] Note that loop erasure in each section of the
algorithm is performed independently in each time slice.
Therefore, it can be performed in parallel. Due to the fact
that erasure of all loops in a trellis results in a new trellis,
which is at least two times shorter than the original one, the
algorithm described above finds the highest likelihood path
after at most log,(N) repetitions of steps I, II. Here N is the
length of the original trellis.

[0151] Mathematically, the loop-erase algorithm relies on
the factorisation of the space of all paths on a trellis into a
direct product of spaces of loops on the trellis. FIG. 9 shows
the application of loop erase algorithm to finding the highest
likelihood path on the trellis which was analysed in FIG. 3
using VA. Notice the reduction in the number of steps LEA
needs to find the highest likelihood path compared with VA.

[0152] The first trellis of FIG. 9 corresponds to the first
step in the loop erase process. As in the case of FIGS. 1 and
3, the trellis is a two-state trellis, and it both starts and ends
on state zero at time intervals t=0 and t=8 respectively. As in
the example of FIG. 3, the branch metrics which are
indicated for each path at each time interval may be calcu-
lated by taking the square of the difference between the
received signal and the expected noise free signal for that
path. Again, for the sake of clarity, actual calculated values
are not used, but a small integer has been selected for each
branch metric .

[0153] The first stage of reduction involves dividing the
trellis into sections of length K, where K is the constraint
length of the encoder, which is equal to the minimum
guaranteed loop length. In this example, K=2, because each
bit passing through the encoder can influence the encoder
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output over a length of two output bits, i.e. once when it is
added to the delay element contents, and again when it is the
delay element contents. Thus, the trellis is divided into
sections each having two state changes. Since the trellis has
a total of eight state changes, it is divided into four parts.

[0154] The second trellis diagram of FIG. 9 shows the
trellis of step 1, divided into four parts. Each of the four parts
of the trellis may now be dealt with in parallel, thus speeding
up the decoding process. Each part of the trellis has a loop
made up of two different paths connecting each initial state
to each final state. One path in each loop can be eliminated
by comparing the path metrics of the two paths. Thus, in the
first part of the trellis, the first loop consists of paths 000 and
010, and the path metrics (calculated in the same way as in
FIG. 3) are 2 and 3 respectively. Thus, the 010 path can be
discarded. Similarly, the second loop has paths 001 and 011,
with path metrics 0 and 3 respectively. Thus, the 011 path
can be discarded.

[0155] The path reduction of the first part of the trellis is
identical to standard VA. However, instead of reducing the
first part of the trellis and then proceeding serially through
the rest of the trellis, in this embodiment of the invention all
four parts of the trellis are reduced in parallel.

[0156] The second part of the trellis has paths 000, 010,
001, 011, 100, 110, 101, 111, with branch metrics 2, 4, 3, 2,
1, 2, 2 and 0 respectively. The paths 010, 001, 110 and 101
can therefore be eliminated, as they have higher path metrics
than the other paths in the same loops. The survivors are
therefore 000, 010, 100 and 111.

[0157] The third part has paths 000, 010, 001, 011, 100,
110, 101, 111, with branch metrics 4,2, 4,2,3,1,3 and 1
respectively. The paths 000, 001, 100 and 101 can therefore
be eliminated, as they have higher path metrics than the
other paths in the same loops. The survivors are therefore
010, 011, 110 and 111.

[0158] The fourth part has paths 000, 010, 100, 110, with
branch metrics 0, 3, 2 and 3 respectively. The paths 010 and
110 can therefore be eliminated, as they have higher path
metrics than the other paths in the same loops. The survivors
are therefore 000 and 100.

[0159] After step 1, there is still a trellis with multiple
paths, but the new trellis has only half the number of paths
as the original trellis. The new trellis can be re-drawn with
only the remaining paths, as shown at step 2. The branch
metrics of the new trellis correspond to the path metrics of
the surviving paths of the original trellis. Each time interval
of the new trellis, shown in step 2, corresponds to two time
intervals of the original trellis, shown in step 1.

[0160] The process of dividing the trellis into sections is
now repeated for the new trellis, i.e. dividing the trellis into
two parts, each part corresponding to a sequence of three
trellis states, with two state transitions.

[0161] The first part of the trellis of step 2 has paths 000,
010, 001, 011 with branch metrics 4, 1, 4 and 0 respectively.
The paths 000 and 001 can therefore be eliminated, as they
have higher path metrics than the other paths in the same
loops. The survivors are therefore 010 and 011.

[0162] The second part of the trellis of step 2 has paths
000, 010, 100, 110, with branch metrics 2, 3, 1 and 3
respectively. The paths 010 and 110 can therefore be elimi-
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nated, as they have higher path metrics than the other paths
in the same loops. The survivors are therefore 000 and 100.

[0163] The process of dividing the trellis into sections is
now repeated for the new trellis, i.e. dividing the trellis into
two parts, each having two state transitions. The trellis can
be redrawn, including only the remaining paths from the
trellis of step 2. Each time interval on the new trellis
corresponds to two time intervals of the trellis of step 2, and
the branch metrics correspond to the paths metrics of the
surviving paths from the trellis of step 2.

[0164] As all other paths have now been eliminated, the
trellis of step 3 only has two paths 000 and 010, with branch
metrics 6 and 1 respectively. The path 000 can therefore be
eliminated, as it has the higher path metric in the loop. The
single survivor is therefore 010.

[0165] The path metric of the single surviving path is now
known, and has a value of 1, and the state at time t=4 from
step 3 is now known, but it is necessary to trace back to find
the path at each intermediate time t. This is done using a
trace-back unit.

[0166] During the processing of step 1, the surviving paths
were stored in a path memory. Some of these surviving paths
were eliminated by step 2, leaving only two paths. One of
these two surviving paths was eliminated by step 3, leaving
only one path. That path can be retrieved from memory to
output the result.

[0167] FIG. 10 shows a block diagram of a parallel
detector according to the first embodiment of the invention.
The parallel detector has a set of four first-level add-
compare (AC) blocks 201, 202, 203, 204, a set of two
second-level AC blocks 205, 206, and a single third-level
AC block 207.

[0168] First-level add-compare blocks 201, 202, 203, 204
compute path metrics of all paths on the original trellis
constituting loops of minimal length, and then erase these
loops by deleting the least likely path in each loop. They
output path metrics p;’s and binary codes m;’s of paths,
which survived loop erasure. Each of the four first-level
blocks has an input for receiving one set of branch metrics,
bml, bm2, bm3 or bm4, for one of the four sections of the
trellis. It then calculates the path metrics for that section of
the original trellis, using the branch metrics. The path
metrics p(1,1) and p(1,2) from the first 201 and second 202
AC blocks respectively are input to a second level AC block
205. Similarly, the path metrics p(1,3) and p(1,4) calculated
by the third 203 and fourth 204 blocks respectively are input
to a further second level AC block 206.

[0169] Add-compare blocks of second-level accept path
metrics from the first-level as inputs. These path metrics
play the role of branch metrics for the reduced trellis.
Add-compare blocks of level two compute path metrics of
paths constituting minimal loop on second-level trellis and
erase loops. They output path metrics P,’s and binary codes
m,’s of surviving paths. The second level AC blocks cal-
culate the path metrics for the reduced trellis of step 2 in
FIG. 3. The path metrics p(2,1) and p(2,2) from the two
second level AC blocks 205, 206 are input to a third level AC
block 207.

[0170] Add-compare block of third-level accepts path
metrics from second-level as inputs. These path metrics play
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the role of branch metrics for the reduced trellis of third-
level. Add-compare block of third-level computes path met-
rics of paths constituting minimal loop on third-level trellis
and erases this last loop. It outputs binary codes m; of the
surviving path. The third level block reduces the two-path
trellis of step 3 in FIG. 9, leaving a single path. During the
calculation at each level, the path data is sent from each of
the blocks to a parallel trace-back unit 208, which recon-
structs the highest likelihood path, and outputs this infor-
mation.

[0171] Parallel trace back unit inputs binary codes of
surviving paths m;, m, and m. Using the structure of binary
comparison tree it determines the sequence of states (or a
decoded message in case of applications to communication)
describing surviving path in O(log,(N)) steps. Alternatively,
it is possible to use a different type of tree structure such as
a tertiary tree or an asymmetric tree structure.

[0172] FIGS. 11 and 12 respectively show a block dia-
gram of a E2PR4 encoder, and a corresponding trellis
diagram. E2PR4 encoders are more complicated than 1-D
encoders and PR4 encoders because the constraint length K
is larger. For example, in hard disk read systems, E2PR4
may give a more accurate model of the read process for high
density storage of data bits on a disk, where the magnetic
fields of several neighbouring bits on either side of a given
data bit will significantly affect the read process. In the
E2PR4 example now given, the constraint length K is five.

[0173] FIG. 11 shows a block diagram of the E2PR4
encoder 300, a transmission channel, and a detector 313. As
in FIG. 2, a noise source 311 represents the effect of noise
during transmission of the data.

[0174] The encoder has an input X; and four delay ele-
ments 302, 303, 304, 305 arranged in a pipelined structure
such that input data passed from one delay element to the
next at each clock cycle. The input x; connects to the input
of the first delay element 302. The output of the first delay
element 302 is passed to the input of the second delay
element 303. The output of the second delay element 303 is
passed to the input of the third delay element 304. The
output of the third delay element 304 is passed to the input
of the fourth delay element 305.

[0175] The delay elements 302, 304 and 305 are also
arranged to output via multiplication units 306, 307 and 308
respectively, to a sum unit 309. Multiplication unit 306
multiplies the output of delay element 302 by two. Multi-
plication unit 307 multiplies the output of delay element 304
by minus two. Multiplication unit 308 multiplies the output
of delay element 305 by minus one. The input x; is also
connected to the sum unit 309. Thus, the sum unit calculates
an output y,=x,+2X; ;—2X; ;—X; ,. Due to having this form of
output, the encoder 300 has a generator polynomial G(D)=
1+42D-2D>-D".

[0176] As in FIG. 1, the encoder output signal y; is sent
from the output 310 of the encoder 300 via a channel, such
as a radio link, a wire, or any other form of data transmission
channel, to a detector 313. Noise source 311 represents noise
n; generated as the signal y; passes through the channel. The
noise source may generate Gaussian white noise, but the
actual form of the noise generated does not have to be
Gaussian, although in this example, it must be de-correlated
noise. A sum unit 312, with inputs connected to the noise
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source 311 and the encoder output 310, 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 ;=y;+n;. The detector 313 receives the signal r;, and the
detector then performs a decoding process.

[0177] The trellis diagram for a E2PR4 system is shown in
FIG. 12, and has 16 states, which correspond to the 16
possible combinations of zeros and/or ones in the four delay
elements of FIG. 11. Thus, each state is a four digit binary
number, with the four bits corresponding to the past encoder
inputs of x;_;, X; », X; 5 and X;_,. When a new data bit is
received by the encoder, the previous data input bit is stored
in the first delay element, and the bits in the delay elements
are all shunted forwards by one delay element. Thus, for
example, a state of 0000 may change either to a state 0000
or a state 0001, depending on whether the new data bit is a
zero or a one respectively. Similarly, a state of 1110 may
change to either 1100 or 1101.

[0178] A dashed line on FIG. 12, connecting a state at
time t-1 to a state at the following time interval t, represents
a new encoder input x; of one, and an unbroken line
represents a new encoder input x; of zero.

[0179] The numbers shown on each dashed or unbroken
line of FIG. 12 are not branch metrics, but branch labels y,,
indicating possible ideal encoder output values. For
example, the branch label 0 is shown on the line connecting
state 0000 at time T=0 to state 0000 at T=1. This branch
label is calculated according to the generator polynomial
G(D)=1+2D-2D>-D". This generator polynomial results in
an encoder output of y;=x;+2%;_,-2X; ;—X,;_,. Thus, for state
0000, x;_,=0, x;_,=0, X; ;=0 and x;_,=0. The line from 0000
to 0000 is a solid line rather than a dashed line, thus it
represents a new encoder input bit with a value of zero, i.e.
x;=0. Thus, to calculate y,, the above values of x;, x; |, X; 5
and x;_, are used. This produces a value of y;=0. x;_, is not
needed, since this term has no direct output to the encoder
sum unit 309, and has a zero coefficient in the polynomial for

Yi-

[0180] To give a further example, the branch label from
state 0001 at time T=0 to state 0011 at time T=1 is 3. This
is calculated using 0001 for i-1 to i-4, i.e. x;,_;=1, x; ,=0,
x;_5=0, X;_,=0. The new encoder input x; is 1, which is
represented as a dashed line on the trellis. Thus, y,=1+2-
0-0=3.

[0181] A loop is formed when two different paths connect
the same initial and final states. Thus, K (which is equal to
5) state changes are needed to form a loop in a E2PR4
system, because if the delay elements start in the same state
for both paths, and the first new bit is different for each path,
it then takes a further four bits which are the same in each
path in order to “flush” the delay elements, and once again,
have identical delay element contents.

[0182] When a loop is formed between time T=0 and time
T=5, the initial values of X;_,, X;_», X;_3, X;_, are identical for
each path in the loop at time T=0, because both paths in the
loop start at the same state. However, the value of x; is 1 for
the “upper path” and O for the “lower path”. Thus, the
difference in branch labels y; between the two paths is
dependent only on the coefficient of x; in the equation
Vi=X;+2X;_;-2X;_5—X;_4. Similarly, at time T=1, only x;_;

differs between the two paths, thus the difference in branch
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labels during this time interval depends only on the coeffi-
cient of X;_;, in the equation for y;. A similar pattern follows
for the remaining time intervals. This corresponds to
“Observation 17, in which the branch label difference equals
the corresponding generator polynomial coefficient.

[0183] As shown in the upper part of FIG. 13, the trellis
is divided into sections, each section corresponding to an
initial state followed by five new encoder input states.
Exactly two paths connect each state at the beginning of a
section to each state at the end of the section. One of each
of these pairs of paths is then eliminated within each section,
using VA. The trellis may then be re-drawn, as shown in the
middle part of FIG. 13, omitting the discarded loops. The
new trellis has 16 states, each of which has a single path to
the following state. Thus, the new trellis differs from the
original trellis in that 16 different paths are possible linking
any state to the next state, instead of the two paths linking
adjacent states in the original trellis diagram. Thus, in the
reduced trellis diagram, loops can be constructed after only
two steps. Therefore, to further divide the trellis, it is
necessary to split the reduced trellis into sections of length
two.

[0184] These subdivided sections are reduced for all loops
using VA and the trellis is again redrawn, as shown in the
bottom part of FIG. 13. The process of dividing the trellis,
loop erase, and redrawing the trellis is repeated iteratively,
until a trellis with only a single path is left. During each step
of the process, each part of the trellis may be processed in
parallel.

[0185] In reality, it is often preferable to send continuous
data streams, rather than to keep inserting re-set characters
to clear the contents of the encoder delay elements. The prior
art method known as continuous VA or sliding-window VA
can be used for this purpose, and will now be described.
Embodiments of the present invention may be used to
facilitate the calculation of path metrics in sliding-window
VA.

[0186] Sliding window VA deals with continuous data by
running a standard VA process in an operating window of
length W. Within the window, for every state at time T (the
most recent time) and for every state at time T-W, VA finds
the path of greatest likelihood that connects these two states.
Once the greatest likelihood paths connecting each pair of
states are calculated, the operating window is advanced
forward by W bit cycles, and the trace-back is performed
from the time T to T-W-P. The last W samples in the path
memory window are outputted to the user.

[0187] Although standard VA commonly uses a knowl-
edge of both the start and end states to fully reduce a trellis,
sliding-window VA does not require any knowledge of the
start and end states. Instead, sliding window VA makes us of
the fact that after a sufficiently long time interval, the most
likely path will become effectively independent of the initial
state. Thus, a set of paths of highest likelihood, each starting
at a different possible state at time T, will tend to converge
to a single path after a sufficiently long time period, because
the initial state no longer has a significant influence on the
encoder output at this time. The same principle holds in
reverse, i.e. a backwards convergence of paths occurs after
tracing back for a sufficiently long time period. In general,
when the probability P is very close to 1, all survivors at time
T originate from the same survivor at time T-D, where D is
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the survivors’ depth, which in general is approximately five
times the constraint length. In this example, the paths can be
assumed to converge within a length of 2W from the final
state.

[0188] For certain timing processes, such as transmission
of control signals back to the data transmitter, it is necessary
to get “early” bit decisions. For example, if the detector
needed to request data to be re-sent, due to excess noise, it
would be necessary to generate the request, and set up the
detector accordingly.

[0189] It can be assumed, for the purposes of obtaining an
early decision, that the paths will converge closer to the
output bit than many of them actually do, so that trace-back
of the paths can be performed in less time. The result is not
as accurate, and sometime, a non optimal path will be
selected. However, it provides a working result, allowing
time-critical control processes to function without delay. In
other words timing circuits get an approximate answer
provided quickly, but the user gets a better quality answer
provided after a longer time delay. In a typical application,
a read channel uses “early decisions™ after approximately 15
bits rather than the approximately 40 bits used for data
output.

[0190] As a result, the timing loop gets decisions that are
accurate (e.g. the bit error rate, BER=1E-3) enough for it to
run with low latency of 15 bits, since the loop latency is
critical for timing recovery. And the read channel outputs the
more accurate bits (e.g. BER=1E-6) to the user with higher
latency.

[0191] FIG. 14 shows a schematic diagram of a sliding-
window VA detector. It is known to use this detector together
with a standard VA process. However, the sliding-window
VA process may be used in embodiments of the present
invention.

[0192] The arrow pointing left to right at the top of the
figure illustrates a time axis. A first processing window is
shown, enclosed in a box with dashed outline, and beginning
at time T-W-P and ending at time T-W. An operating
windows of length W is shown as a box starting at time T-W
and ending at time T. A dotted line shows the position of the
next operating window, not actually yet used in this
example, starting at time T and ending at time T+W.

[0193] Within the operating window from time T-W to
time T, part of a trellis is represented, with 16 initial states
and 16 final states. This part of the trellis can be reduced
using standard VA, to obtain a single path connecting each
initial state to each final state. To find which initial state
should be selected out of the 16 initial states, it is necessary
to look back to the part of the trellis between time T-W-P
and T-W. The final state in this section of the trellis is not
yet known. However, by retracing the path from T-W
backwards, it is found that the most likely paths for each
state at T-W will converge after a certain number of steps.
Thus, the path can be found at times earlier than that point
of convergence, and a branching path is left after that point
of convergence. The state at time T-W can be found by
moving the process on to the next operating window, such
that the convergence occurs at a later time. The latency W+P
of the detector is the delay between the data being received
at time T for processing in an operating window, and a
previous time To, for which the state at time T has no
effective influence on the most likely path prior to time To.
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[0194] To perform continuous decoding, the standard Vit-
erbi algorithm may be used, or alternatively, the previously
described parallel adaptation of Viterbi algorithm may be
used.

[0195] In the following specific example, two 5x16 blocks
are taken and made to work in parallel to determine 256
highest likelihood paths of length 10 from any initial state at
T to any state at T+10. After this computation each state at
T+10 is connected to all 16 states at T. As path metrics of
highest likelihood paths to all states at T is known, path
metrics can be computed for 16 paths coming to each state
at T+10 and the highest likelihood can be found using binary
tree of comparisons. Thus there are 16 add-compare blocks
which reduce 256 paths to 16. This design consists of three
stages, where only the last one needs the knowledge of path
metrics. Each stage is about 2 ns long. This design can be
very naturally pipelined-the computation in a new window
can start before the computation of the updated path metric
is finished.

[0196] The trace back path of this design is very similar to
a standard Viterbi, but there is a simplification, due to the
fact that embodiments of the invention choose paths in
chunks, so one needs to store less info about survivors:
instead of 11 states crossed by the path, it is necessary to
know the first state, final state and whether upper part of the
loop has been chosen (code 1) or lower part of the loop has
been chosen (code 0).

[0197] 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. Embodiments of present invention
include maximum likelihood detectors for detecting data
with constraint length equal to K=2 or greater.

[0198] Although embodiments described have all used
hard inputs and hard outputs, it is also possible to use the
invention with soft inputs and/or soft outputs, e.g. by retain-
ing multiple paths where the path metric difference falls
below a threshold value. In further embodiments of the
present invention, turbo codes are used. A turbo encoder is
a combination of two simple encoders, where the input data
is permuted by an interleaver before input to one of the two
simple encoders.

[0199] 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.

[0200] The present invention can be implemented by
software or programmable computing apparatus. This
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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.

[0201] 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.

[0202] TInstead of calculating path metric differences for
use in further calculations, it may be possible to use either
components of these path metric differences, or path metrics
themselves, to achieve the same affect in the further calcu-
lations.

[0203] 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—local 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.

[0204] The present invention may also be applied in other
fields of technology where Viterbi is used for convolution
decoding.

[0205] While the invention has been described in terms of
what are at present its preferred embodiments, it will be
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 calculating apparatus for use in a maximum likeli-
hood detector, the calculating apparatus comprising:

a receiver for receiving convolution encoded data which
may include added noise, the convolution encoded data
having a constraint length;

a first calculator for calculating a first component of a first
path metric difference between two state sequences,
each state sequence being a possible state sequence
corresponding to a section of received data of length
equal to said constraint length, the two state sequences
starting at a common state and ending at a common
state, adapted to calculate said first component using
said received data and using convolution encoding
parameters of said received data, wherein the first
component is independent of the two state sequences;
and

asecond calculator for calculating a second component of
said first path metric difference using said two state
sequences, wherein the second component is indepen-
dent of said received data; and using the first and
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second components to determine a relative likelihood
that each of the two state sequences corresponds to the
section of received data.

2. A calculating apparatus as claimed in claim 1, wherein:

said second calculator is adapted to calculate a first
component of a second path metric difference between
a first of said two state sequences and a third state
sequence having the same length as the first sequence,
the third state sequence starting at a same state as a
fourth state sequence and ending at a same state as the
fourth state sequence, and the third sequence and the
first sequence having one common end state, but the
third sequence and the first sequence each having a
different second end state, using said first path metric
difference and using a path metric difference between
the third and fourth state sequences; and

said second calculator is adapted to calculate a second
component of said second path metric difference using
said convolution encoded data, and to use the first
component and the second component of the second
path metric difference to obtain relative likelihoods that
the first and third sequences correspond to the section
of received data.

3. A calculating apparatus as claimed in claim 2, wherein:

said first calculator is adapted to calculate a first part of
the second component of said second path metric
difference using the first and third sequences, said first
part being independent of the convolution encoded
data; and

said second calculator is adapted to calculate a second
part of the second component of said second path
metric difference using the convolution encoded data,
said second part being independent of said common
end state of the first and third sequences.

4. A calculating apparatus as claimed in claim 3, wherein
said common end state of the first and third sequences
corresponds to an earlier time than said second end states of
the first and third sequences.

5. A calculating apparatus as claimed in claim 3, wherein
said common end state of the first and third sequences
corresponds to a later time than said second end states of the
first and third sequences.

6. A calculating apparatus for use in a maximum likeli-
hood detector, the calculating apparatus comprising:

a receiver for receiving convolution encoded data which
may include added noise;

a first calculating unit for calculating a first component of
a path metric difference between two possible corre-
sponding sequences of states, the two sequences each
having a length equal to twice a constraint length of the
convolution encoded data, and each having a first half
of length equal to said constraint length between an
initial and a middle state, and a second half of length
equal to the constraint length between the middle and
a final state, wherein said initial states and final states
are common to both sequences but said middle states
differ between the sequences, using a path metric
difference between each first half and another sequence
starting at said initial state and ending at said middle
state corresponding to that first half, and a path metric
difference between each second half and another
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sequences starting at said middle state corresponding to
that second half and ending at said final state; and

a second calculating unit for calculating a second com-
ponent of said path metric difference using said con-
volution encoded data, and for using the first and
second components to obtain relative likelihoods for
the two sequences.

7. A calculating apparatus as claimed in claim 6, wherein
the first calculating unit is adapted use each of a plurality of
possible different middle states for one of said two
sequences to obtain each of a plurality of corresponding
relative likelihoods for the two sequences.

8. A calculating apparatus as claimed in claim 1, wherein
said path metrics are calculated as a sum, for all encoded
states in a sequence, of the square of the difference between
said encoded state in the sequence and a corresponding
convolution encoded data value.

9. A calculating apparatus as claimed in claim 1, wherein
the first and second calculators are configured to use con-
volution encoded data with a constraint length of 2.

10. A calculating apparatus as claimed in claim 1, wherein
the first and second calculators are configured to use con-
volution encoded data with a constraint length of 5.

11. A calculating apparatus as claimed in claim 1, wherein
the first and second calculators are configured to receive a
signal indicating a value of a constraint length for particular
convolution encoded data, and to use the received value of
the constraint length for calculating relative likelihoods for
said particular convolution encoded data.

12. A calculating apparatus as claimed in claim 1, wherein
the first component of the first path metric difference is
calculated as

K-1

INCEL

=

where a, are convolution encoded values corresponding to
the first sequence of states, b, are convolution encoded
values corresponding to the second sequence of states, and
K is the constraint length.

13. A calculating apparatus as claimed in claim 1, wherein
said convolution encoding parameters are coefficients g of
a generator function

K-1
GD)= ) el
n=0

where D" is an operator applied to an input to represent a
delay of n units, and where g is a weighting corresponding
to a delay of n time units.

14. A calculating apparatus as claimed in claim 1, wherein
the second component of the first path metric difference is
calculated as

k-1
ZZ 8k Rk
=0
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where g, are generator function coefficients and R,,, is the
convolution encoded data for time t+k.

15. A calculating apparatus as claimed in claim 3, wherein
the first part of the second component of the second path
metric difference is

2, 2 2, 2
(aIF,k +b TEk—30fk -b%y

where a;5;, are convolution encoded values corresponding
to the first sequence of states between state I and state
F, by, , are convolution encoded values corresponding
to the second sequence of states between state I and
state F, ayp, are convolution encoded values corre-
sponding to the third sequence of states between state
0 and state F, by ;. are convolution encoded values
corresponding to the fourth sequence of states between
state 0 and state F, and K is the constraint length.
16. A calculating apparatus as claimed in claim 3, wherein
the second part of the second component of the second path
metric difference is

aIF,k+bIF,k_aDF,kaF,k)1

where a;5;, are convolution encoded values corresponding
to one of the first sequence of states between state I and
state F, by, , are convolution encoded values corre-
sponding to the second sequence of states between state
I and state F, agg, are convolution encoded values
corresponding to the third sequence of states between
state 0 and state I, by, , are convolution encoded values
corresponding to the fourth sequence of states between
state 0 and state f, R, is the convolution encoded data
for time t+k, and K is the constraint length.

17. A calculating apparatus as claimed in claim 1, wherein
said first calculator is a pre-calculator configured for per-
forming calculations before receiving said convolution
encoded data.

18. An add-compare-select apparatus for use in a maxi-
mum likelihood detector, comprising the calculating appa-
ratus of claim 1, wherein the relative likelihood is a path
metric difference, and comprising a selection unit for select-
ing one of the sequences of states according to the sign of
said path metric difference.

19. An add-compare-select apparatus for use in a maxi-
mum likelihood detector, comprising the calculating appa-
ratus of claim 2, wherein the relative likelihood is a path
metric difference, and a selection unit for selecting one of the
first and third sequences of states according to the sign of
said path metric difference.

20. A maximum likelihood detector comprising the cal-
culating apparatus of claim 1.

21. A maximum likelihood detector as claimed in claim
20, for determining a maximum likelihood state sequence
for convolution encoded data which can be divided into a
plurality of adjacent sections each of length at least K, the
maximum likelihood detector further comprising:

a storage configured to store a plurality of possible state
sequences;

a plurality of processing units arranged in a hierarchical
structure, wherein each of the processing units of a
lowest level of the hierarchy is adapted to use convo-
lution encoded data of one said section to select a path
of lowest path metric, each said processing unit com-
prising a calculating unit according to any one of
claims 1 to 16 for calculating path metric differences
between paths in the section; and
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each processing unit in a level above the lowest level of
the hierarchy also comprising a calculating apparatus
according to any one of claims 1 to 17, and is adapted
to calculate path metric differences between paths
within a plurality of adjacent said sections using path
metric differences calculated at a lower level of the
hierarchy and to select a path of lowest path metric;

wherein one or more possible state sequences stored in the
storage unit is eliminated for each selection process
made by the processing units.

22. A maximum likelihood detector as claimed in claim
21, wherein said processing units are arranged in a binary
tree structure.

23. A maximum likelihood detector as claimed in claim
21, adapted to select one state sequence according to a
random or predetermined criteria if two or more state
sequences have equal likeliness.

24. A maximum likelihood detector as claimed in claim
21, further comprising a pre-processor to process data into
a format which will reduce the number of equally likely
sequences of states.

25. A maximum likelihood detector as claimed in claim
21, configured to output information specifying a single
state sequence of maximum likelihood.

26. A maximum likelihood detector as claimed in claim
21, configured to output information specifying a plurality
of state sequences, each of which has a likelihood above a
given threshold.

27. A maximum likelihood detector as claimed in claim
21, configured to output information specifying a predeter-
mined number of all possible state sequences, selected as
those state sequences of highest likelihood.

28. A maximum likelihood detector as claimed in claim
20, adapted to receive a continuous stream of convolution
encoded data, the convolution detector having a pipelined
architecture to allow pipelined processing of successive
portions of received convolution encoded data, the maxi-
mum likelihood detector further comprising:

a trace-back unit configured to find a sequence of states of
highest likelihood for an earlier portion of the convo-
lution encoded data using a backward determination of
the state sequence of highest likelihood from a later
portion of the convolution encoded data, starting said
backward determination at one or more of the possible
final states.
29. A magnetic data storage device including the maxi-
mum likelihood detector of claim 20.

30. A hard disk read head including the maximum like-
lihood detector of claim 20.

31. A hard disk read-head decoder unit comprising the
maximum likelihood detector of claim 20.

32. A hard disk drive including the maximum likelihood
detector of claim 20.

33. A computer apparatus containing the hard disk drive
of claim 32.

34. An optical data storage device including the maximum
likelihood detector of claim 20.

35. A communications receiver including the maximum
likelihood detector of claim 20.

36. A computer configured as the maximum likelihood
detector of claim 20.

37. A carrier medium carrying computer readable code for
configuring a computer as the apparatus of claim 1.
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38. A method of maximum likelihood detection, for using
convolution encoded data to calculate a first path metric
difference between two possible corresponding sequences of
states, each sequence of states having a length equal to a
constraint length K of the convolution encoded data, the two
sequences starting at a same state and ending at a same state,
the method comprising:

receiving convolution encoded data which may include
additional noise;

calculating a first component of said first path metric
difference using said convolution-encoded data and
using convolution encoding parameters of said convo-
lution-encoded data, wherein the first component is
independent of the two sequences; and

calculating a second component of said first path metric
difference using said two sequences, wherein the sec-
ond component is independent of said convolution
encoded data; and using the first and second compo-
nents to determine relative likelihoods for the two
sequences.

39. A method as claimed in claim 38 for further calcu-
lating a second path metric difference between a first of said
two sequences and a third sequence having the same length
as the first sequence, the third sequence starting at the same
state as a fourth sequence and ending at the same state as the
fourth sequence, and the third sequence and the first
sequence having one common end state, but the third
sequence and the first sequence each having a different
second end state, the method comprising:

calculating a first component of the second path metric
difference using the first path metric difference and
using a path metric difference between the third and
fourth sequences; and

calculating a second component of said second path
metric difference using said convolution encoded data,
and to use the first component and the second compo-
nent to determine relative likelihoods that the first and
third sequences correspond to the section of received
data.

40. A method as claimed in claim 39, further comprising:

calculating a first part of the second component of said
second path metric difference using the first and third
sequences, said first part being independent of the
convolution encoded data; and

calculating a second part of the second component of said
second path metric difference using the convolution
encoded data, said second part being independent of
said common end state of the first and third sequences.

41. A method as claimed in claim 40, wherein said
common end state of the first and third sequences corre-
sponds to an earlier time than said second end states of the
first and third sequences.

42. A method as claimed in claim 40, wherein said
common end state of the first and third sequences corre-
sponds to a later time than said second end states of the first
and third sequences.

43. A method for use in a maximum likelihood detector,
for receiving convolution encoded data which may include
added noise, and using said convolution encoded data to
calculate a path metric difference between two possible
corresponding sequences of states, the two sequences each
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having a length equal to twice a constraint length of the
convolution encoded data, and each having a first half of
length equal to said constraint length between an initial and
a middle state, and a second half of length equal to the
constraint length between the middle and a final state,
wherein the initial states and final states are common to both
sequences but the middle states differ between the
sequences, the method comprising:

calculating a first component of said path metric differ-
ence using a path metric difference between each first
half and a sequence starting at the initial state and
ending at said middle state corresponding to that first
half, and a path metric difference between each second
half and a sequence starting at said middle state cor-
responding to that second half and ending at said final
state; and

calculating a second component of said path metric dif-
ference using said convolution encoded data, and for
using the first and second components to determine
relative likelihoods for the two sequences.

44. A method as claimed in claim 43, wherein calculating
the first component comprises using each of a plurality of
possible different middle states for one of said two
sequences to obtain each of a plurality of corresponding
relative likelihoods for the two sequences.

45. A method as claimed in claim 38, wherein said path
metrics are calculated as a sum, for all states in a sequence,
of the square of the difference between ideal received data
values corresponding to said states and the actual received
data values.

46. A method as claimed in claim 38, wherein the con-
straint length is 2.

47. A method as claimed in claim 38, wherein the con-
straint length is 5.

48. A method as claimed in claim 38, further comprising
receiving a signal indicating the value of a constraint length
for particular convolution encoded data, and using that value
of the constraint length for calculating relative likelihoods
for that particular convolution encoded data.

49. A method as claimed in claim 38, wherein the first
component of the first path metric difference is calculated as

>

—1
(@ = b))

~
I
=3

where a, are convolution encoded values corresponding to
the first sequence of states, b, are convolution encoded
values corresponding to the second sequence of states, and
K is the constraint length.

50. A method as claimed in claim 38, wherein said
convolution encoding parameters are coefficients g, of a
generator function

K-1
GD)= ) gD
n=0

where D" is an operator applied to an input to represent a
delay of n units, and where g is a weighting corresponding
to a delay of n time units
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51. A method as claimed in claim 50, wherein the second
component of the first path metric difference is calculated as

where g, are the generator function coefficients and R, is
the convolution encoded data for time t+k.

52. Amethod as claimed in claim 40, wherein the first part
of the second component of the second path metric differ-
ence is

(aIF,k2+b21F,k_aDF,kz_bDF,k)1

where a,g, are convolution encoded values corresponding
one of the first sequence of states between state I and
state F, by, , are convolution encoded values corre-
sponding to the second sequence of states between state
I and state F, agg, are convolution encoded values
corresponding to the third sequence of states between
state 0 and state I, by, , are convolution encoded values
corresponding to the fourth sequence of states between
state 0 and state F and K is the constraint length.

53. A method as claimed in claim 40, wherein the second
part of the second component of the second path metric
difference is

aIF,k+bIF,k_aDF,k_bDF,k)1

where a,;, are convolution encoded values corresponding
to the first sequence of states between state I and state
F, by, , are convolution encoded values corresponding
to the second sequence of states between state I and
state I, agp; are convolution encoded values corre-
sponding to the third sequence of states between state
0 and state F, by ;. are convolution encoded values
corresponding to the fourth sequence of states between
state 0 and state F, R, is the convolution encoded data
for time t+k and K is the constraint length.

54. A method as claimed in claim 38, comprising pre-
calculating said components or parts of components of the
path metric differences which are independent of the con-
volution encoded data.

55. A method as claimed in claim 38, further comprising
selecting one of the sequences of states according to the sign
of the first path metric difference.

56. A method as claimed in claim 39, further comprising
selecting one of the first and third sequences of states
according to the sign of the second path metric difference.

57. A method as claimed in claim 38, further comprising
choosing one state sequence according to a random or
predetermined criteria if two or more state sequences have
equal likeliness.

58. A method as claimed in claim 38, further comprising
pre-processing data into a format which will reduce the
number of equally likely sequences of states.

59. A method as claimed in claim 38, comprising output-
ting information specifying a single state sequence of maxi-
mum likelihood.

60. A method as claimed in claim 38, comprising output-
ting information specifying a plurality of state sequences,
each of which has a likelihood above a given threshold.

61. A method as claimed in claim 60, comprising output-
ting information specifying a predetermined number of all
possible state sequences, selected as those state sequences of
highest likelihood.
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62. A method as claimed in claim 38, comprising receiv-
ing a continuous stream of convolution encoded data, the
convolution detector having a pipelined architecture to allow
pipelined processing of successive portions of received
convolution encoded data, the method further comprising:

performing a trace-back process to find a sequences of
states of highest likelihood for an earlier portion of the
convolution encoded data using a backward determi-
nation of the state sequence of highest likelihood from
a later portion of the convolution encoded data, starting
said backward determination at one or more of the
possible final states.

63. A computer configured to perform the method of claim
38.

64. A carrier medium carrying computer readable code for
controlling a computer to carry out the method of claim 38.

65. A calculating apparatus for use in a maximum likeli-
hood detector, the calculating apparatus comprising:

a receiver for receiving convolution encoded data which
may include added noise;

a processor operable coupled to the receiver and adapted
to calculate a first component of a first path metric
difference between two possible corresponding
sequences of states using said convolution-encoded
data and using convolution encoding parameters of said
convolution-encoded data, the two sequences each hav-
ing a length equal to a constraint length of the convo-
lution encoded data, wherein the two sequences start at
the same state and end at the same state, the first
component is independent of the two sequences; to
calculate a second component of said first path metric
difference using said two sequences, wherein the sec-
ond component is independent of said convolution
encoded data; and to use the first and second compo-
nents to obtain said first path metric difference.

66. A calculating apparatus for use in a maximum likeli-
hood detector, the calculating apparatus comprising:

a receiver for receiving convolution encoded data which
may include added noise; and

calculating means operably coupled to the receiver and
adapted to calculate a first component of a first path
metric difference between two possible corresponding
sequences of states, using a path metric difference
between the first sequence and a third sequence starting
and ending on the same states as the first sequence, and
using a path metric difference between the second
sequence and a sequence starting and ending on the
same states as the second sequence, the sequences each
having a length equal to a constraint length of the
convolution encoded data.
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67. A calculating apparatus for use in a maximum likeli-
hood detector, the calculating apparatus comprising:

a receiver for receiving convolution encoded data which
may include added noise; and

calculating means operably coupled to the receiver and
adapted to calculate a path metric difference between
two possible corresponding sequences of states, the two
sequences either starting or ending at a common state,
wherein said calculating means is configured to calcu-
late a first component of the path metric difference
between the two paths, the first component being
independent of said common state but dependent on
said convolution encoded data, and a second compo-
nent which is dependent on said common state but
independent of said convolution encoded data.

68. A maximum likelihood detector as claimed in claim
20, wherein the pre-processing means is adapted to calculate
each first weighting value using a received data value, a
possible ideal received value wherein ideal means without
said noise n;, and, and a noise correlation estimate.

69. A maximum likelihood detector comprising a calcu-
lating unit configured to calculated path metrics or path
metric differences using the following relationship, where
(g, 215 - - ., ag_y) and (bg, by, . . ., by_;) are the branch
labels respectively of an upper path A and a lower path B
connecting any two states S; and S

ay-by=g, n=0,1,2,...K-1

where K is a constraint length of the maximum likelihood

detector, and g,, is independent of S; and Sg

70. A maximum likelihood detector comprising a calcu-
lating unit configured to calculated path metrics or path
metric differences using the following relationship, where
two paths A and B converge to a given state S, the first path
originates from state S;, and the second path originates from
state 0, and where the branch labels of the paths from S; and
0 are (ay, a5, . - . , ;) and (by, by, . . . by ;) respectively:

ag=b=fa(S), =0, 1,2, . . . L-1,

where {f},_; , . . is the set of numbers, which
depends on the initial state S;, but not on the final state
Si, and L is the length of each path.

71. A maximum likelihood detector comprising a calcu-
lating unit configured to calculated path metrics or path
metric differences using the following relationship, where
two paths A and B originate at a given state S;, the first path
converges to state Sg, and the second path converges to state
0, and where the branch labels of the paths to Si and 0 are
(ags a5, - - ., 8, ) and (by, by, . . ., b, ;) respectively:

ag=b=hy(Sp, n=0,1,2, ... L-1,

where {h,},_y 2 . 1_; is the set of numbers, which
depends on the final state Sg, but not on the initial state
S;, and L is the length of each path.
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