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Description

[0001] The invention relates to an apparatus for data detection for partial response channels.
[0002] Cheung J C S et al: "Soft-decision Feedback Equalizer for Continuous Phase Modulated Signals in Wideband
Mobile Radio Channels", IEEE Transactions on Communication, vol. 42, no. 2/03/04, 1 February 1994, pages 1628-1638,
XP000447396, discloses a soft-decision feedback equalizer (SDFE). The SDFE has an input for receiving a signal from
a partial response channel. The received signal is sampled once per symbol period and forms the input to the symbol-
spaced (T-spaced) forward filter of the SDFE. A feedback filter has the tentatively decided signal as its input The output

of the forward filter and the feedback filter are combined to form a delayed equalized signal  where d is the delay
in the equlized output signal. This delay is determined by adjusting the equalizer coefficients. The delayed equalized

signal  is passed into a Viterbi processor where partial MLSE detection is performed. The tentatively decided data
sequence of the Viterbi processor is used to determine the feedback signal which are used to cancel ISI caused by the
past data symbols via the T-spaced feedback filter. The final decision is made by the Viterbi processor after a sufficient
decision delay.
[0003] European Publication No, 0510756A2 discloses a data
[0004] receiver in which a received signal is sampled and converted to a digital signal by an analog-to-digital Converter ,
the signal samples being detected by means of a Viterbi detector
[0005] In order to have the sampling effected at the correct instants, these sampling instants are derived from the
received symbol values and an error signal which is a metric for a difference between an expected and a recent signal
sample. This is effected by means of a multiplier a low-pass filter and a control signal for a controllable clock oscillator
[0006] For utilizing the energy in a precursor of the received signal, an error signal θ(k-1) is used which is obtained
at a later instant than the instant at which a provisional decision about the relevant data symbol â(k-2) is made.
[0007] There are types of electronie equipment whose operation may be accurately modeled by a partial response
channel. For example a magnetic recording apparatus, such as a tape recorder or magnetic disk drive may be modeled
by a class IV partial response channel. It has become increasingly necessary to increase the density of information
stored on such magnetic recording apparatus. Because of saturation effects in the magnetic media, multilevel recording
is difficult to implement in such apparatus. Thus, increasing the bit rate is the most promising method of increasing the
storage density. To maximize the bit rate, it is necessary to minimize the error rate of the magnetic record/playback path.
There are two aspects in minimising the error rate: first, channel characteristics must be compensates; second, inter-
symbol interferent (ISI) must be suppressed.
[0008] Prior efforts to minimize the error rate of magnetic record/playback paths have applied communications channel
techniques to the record/playback path. Such a magnetic record/playback path may be roughly modeled by a partial
response channel having a 1 - D2 response characteristic. In such known partial response systems, a bilevel data signal
representing a sequence of symbols is precoded and recorded on the magnetic medium. The resulting playback signal
may be represented by equation (1) 

where the a’s represent perturbations from an ideal channel response. That is, if all the a’s are 0, the channel response
is the desired 1 - D2 response.
[0009] The invention is defined by the claims, to which attention is invited.
[0010] In accordance with embodiments of the invention, placing a maximum likelihood sequence decoder (MLSD)
within the decision feedback loop, in place of a slicer, and providing the most likely survivor sequence from the MLSD
as input to the adaptive decision feedback equalizer, provides an enhancement of the bit error rate in a channel. By
using such a decision feedback equalizer to both shape and channel characteristic to the desired shape and suppress
trailing ISI, the complexity of the feedforward equalizer may be substantially reduced, and its cost similarly reduced.
[0011] Because the decoder (MLSD) provides increased accuracy in symbol decisions over a symbol-by-symbol slicer,
the feedback signal from a decision feedback equalizer arranged according to the invention will more accurately shape
the channel characteristics and suppress ISI than a prior art decision feedback equalizer. In addition, the error signal
and symbol timing clock signal derived from the value of the equalized received input signal and the value of a symbol
decision produced by the MLSD, will be more accurate than those signals derived from a symbol-by-symbol slicer. As
a result, me symbol timing and the coefficients in the adaptive feedforward equalizer and the adaptive decision feedback
equalizer are adjusted more accurately than in the prior art arrangement.
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BRIEF DESCRIPTION OF THE DRAWING

[0012] The teachings of the invention can be readily understood by considering the following detailed description in
conjunction with the accompanying drawing, in which:

Fig. 1 is a block diagram of a data detector of the invention adapted to detect bilevel signals in a magnetic playback
circuit;
Fig. 2 is a more detailed block diagram of a maximum likelihood sequence decoder (MLSD) and decision feedback
equalizer of Fig. 1;
Fig. 3 is a diagram illustrating the trellis for a partial response channel;
Figs. 4 and 5 are more detailed block diagrams illustrating respective portions of the MLSD of Fig 2; and
Fig. 6 is a block diagram of a data detector of the invention adapted to detect multilevel QAM symbols.

[0013] To facilitate understanding, identical reference numerals have been used, where possible, to designate identical
elements that are common to the figures.

DETAINED DESCRIPTION

[0014] Fig.1 is a block diagram of a data detector of the invention adapted to detect bilevel signals in a magnetic
playback circuit. In Fig. 1, an input terminal 5 is coupled to an output terminal of a magnetic playback front end (not
shown). This playback front end may, for example, include a magnetic medium read head, an analog amplifier, and a
Nyquist filter, arranged and operating in a known manner. The signal at the input terminal 5 is a signal representing a
playback signal from a magnetic medium onto which a digital signal has been previously recorded. The input terminal
5 is coupled to a input terminal of a serial connecion of an interpolating filter 10, a fixed equalizer 20, and an adaptive
feedforward equalizer (FFE) 30, all of which are constructed and operate in a known manner. The filter 10 includes a
signal sampler, and produces a sampled data signal, with sampling times controlled by a timing signal from a timing
control input terminal.
[0015] An output terminal of the FFE 30 is coupled to a first input terminal of an adder 40. An output terminal of the
adder 40 is coupled to an input terminal of a maximum likelihood sequence decoder (MLSD) 50, which comprises a
Viterbi decoder, and to respective first input terminals of a subtractor 100 and a phase detector 70. An output terminal
of the MLSD 50 is coupled to an output terminal 15. Output terminal 15 produces a sequence of playback symbol
decisions which represent the detected data signal previously recorded on the magnetic medium, and is coupled to
further utilization circuitry (not shown) in the magnetic playback system. A second output terminal of the MLSD 50 is
coupled to a second input terminal of the subtractor 100. A third output terminal of the MLSD 50, illustrated in Fig. 1 as
a broad arrow carrying 3 symbol decisions, is coupled to a second input terminal of the phase detector 70; and a fourth
output terminal of the MLSD 50, also illustrated on Fig.1 as a broad arrow and currying n symbol decisions, is coupled
to an input terminal of a decision feedback equalizer (DFE) 60.
[0016] An output terminal of the detector 70 is coupled to the timing control input terminal of the filter 10 through the
serial connection of a low pass filter (LPF) 80 and a numerically controlled oscillator (NCO) 90. An output terminal of
the DFE 60 is coupled to a second input terminal of the adder 40. An output terminal of the subtractor 100 produces an
error signal e, and is coupled to respective control input terminals of the DFE 60, the FFE 30 and a monitor and control
unit (MCU) 130. Respective control output terminals of the MCU 130 are coupled to corresponding input terminals of
the MLSD 50.
[0017] In operation, a binary signal is recorded onto a magnetic medium in a known manner by a record system (not
shown). In the illustrated embodiment, the symbols to be recorded on the tape are either a binary ’1’ or a binary ’0’.
These symbols are first processed in a known manner by an interleaved NRZI precoder having the characteristic 1 / (1
= D2). One skilled in the art understands that the coded sequence produced by this precoder may be considered to be
two time interleaved symbol sequences, each of which produces a recording signal in which a binary ’1’ is recorded as
a flux transition (either + or -) at a symbol time and a binary ’0’ is recorded as the absence of a flux transition at a symbol
time. The sequence of reproduced symbols resulting from playing back such a prerecorded coded sequence may be
de-interleaved and processed as two separate symbol streams, each having a (1-D) characteristic, either by two (1- D)
decoders, or a single pipelined (1- D) decoder. The remainder of this application will describe a decoder for processing
one such (1- D) symbol stream.
[0018] When the magnetic medium is played back, the circuitry illustrated in Fig. 1 analyzes the signals from the
playback front end to detect the symbol times of one de-interleaved symbol sequence, and to estimate which symbol,
binary ’1’ or binary ’0’, was recorded at that symbol time. The playback signal from the playback front end (not shown)
representing a single symbol may last for such a time period that a portion of that signal is still present at the next symbol
time, and, in fact, may have a significant residual value for several subsequent symbol times. This trailing residual signal
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value is termed trailing ISI. In an ideal channel, however, the residual values of the playback signal at subsequent symbol
times are known and may be used to help properly identify the recorded symbol, or may otherwise be compensated for.
The trailing ISI resulting from passing la signal through an ideal channel, therefore, is desired ISI. For example, in a (1-
D) channel, the trailing residual signal value resulting from the D term is desired ISI and transforms the bilevel signal
previously recorded on the magnetic medium into a trilevel signal. The trailing residual signal value resulting from
transmission of such a signal through an ideal (1- D) channel may be used to identify and properly receive each symbol.
[0019] The equalizers in the playback system compensate for any channel imperfections and attempt to generate a
playback signal as if it had passed through an ideal (1- D) channel. However, if the channel is not ideal, and/or if the
equalization of the channel by the playback system is not perfect, then the residual value of each symbol signal at
subsequent symbol times cannot be perfectly compensated for, and errors can result in the playback system. The
difference between the actual residual values of a received symbol signal at subsequent symbol times and those desired
values which would be expected in an ideal channel may be considered noise, and is termed undesirable ISI. Another
noise component is random noise introduced by the magnetic medium and the electronics. These noise components
all introduce errors in the playback signal
[0020] In general, the playback system illustrated in Fig. 1 is arranged in a similar manner to known systems previously
proposed for use with partial response channels. However, it operates differently. In the previously proposed playback
systems, the adaptive feedforward equalizer provided channel shaping, and the decision feedback equalizer provided
undesirable trailing ISI suppression. That is, referring to equation (1), for a (1- D) channel, the adaptive feedforward
equalizer adjusts its coefficients to set a1 and a2 to zero. The decision feedback equalizer adjusts its coefficients to set
the a3 through an to zero. However, in the playback system illustrated in Fig. 1, the DFE 60 provides both channel
shaping and the suppression of undesirable ISI. That is the DFE 60 adjusts its coefficients to set all of a1 through an to
zero. The FFE 30 provides only precursor ISI suppression. Thus, in the illustrated embodiment, the FFE 30 can have
fewer taps than in prior art feedforward equalizers. Because the taps of the FFE 30 each include a full multiplier, while
the taps of the DFE 60 may be hardwired without a full multiplier (in a manner to be described below), the FFE 30 taps
are more complicated and expensive than the DFE 60 taps. Thus, it is desirable to reduce the number of taps in the
FFE 30 and replace them with taps in the DFE 60 to produce a simpler circuit which is less expensive to fabricate.
[0021] In the embodiment illustrated in Fig. 1, the output terminal of the adder 40 is intended to produce a signal
representing the previously recorded data signal as if it had passed though an ideal 1 - D class IV partial response
channel. This signal is processed by the MLSD 50 in a known manner to produce a sequence of symbol decisions at
the output terminal 15 which represent the most likely sequence of symbols in the previously recorded data input signal.
As is known, a Viterbi decoder maintains two survivor paths for such a channel, and an error metric for each such survivor
path. One survivor path is the sequence of symbol decisions which produces the least square error for the sequence of
symbol decisions ending in the first state in the trellis, and a second survivor path is the sequence of symbol decisions
which produces the least square error for the sequence of symbol decisions ending in the second state in the trellis. The
error metric associated with the first survivor path is compared with the error metric associated with the second survivor
path. The survivor path having the smaller error metric is assumed to contain the sequence of symbols most likely to
have been previously recorded and the oldest symbol in that sequence is output to the output terminal 15 from the MLSD
50.
[0022] In a prior art playback system, a decision feedback equalizer is implemented as a transverse filter with a
predetermined number of delay elements, arranged as a shift register, and coupled to the output of the slicer, each
element holding one symbol. The delay elements, thus, hold some predetermined number of symbol decisions. The
outputs of the delay elements, representing these symbol decisions, are coupled to respective coefficient multipliers
and the signals from the coefficient multipliers are summed to produce the output signal of the DFE.
[0023] In the viterbi decoder 50, each of the survivor sequences are also sequences of a predetermined number of
symbol decisions, with the survivor sequence having the smallest corresponding error metric being selected as the
sequence which was most likely previously recorded. In the illustrated embodiment each such symbol decision is a
trilevel signal having a value of +2, 0 or -2, which is the result of passing the initially recorded binary data through the
partial response channel. In the DFE 60 of Fig. 1, the survivor sequence from the MLSD 50, selected on the basis of
the error metrics, as described above, is supplied to respective coefficient multipliers in the DFE 60 (instead of the
outputs of a series of delay elements) as illustrated by the broad arrow from the MLSD 50 to the DFE 60. The signals
from the coefficient multipliers are summed to produce the DFE 60 output signal, as before. Because the survivor
sequence in a Viterbi decoder is selected on the basis of a number of adjacent symbols, it has a lower error rate than
the output of a symbol-by-symbol slicer, and the output signal from the DFE 60 is more reliable than that from a prior
art decision feedback equalizer.
[0024] The signal supplied from the MLSD 50 to the subtractor 100 represents the symbol decision made with respect
to the equalized received signal currently at the input of the MLSD 50. This signal corresponds to the signal which would
be produced by a symbol-by-symbol quantizer, but is more reliable due to the operation of the Viterbi decoder, as
described above. The subtractor 100 generates an error signal e, representing the difference between the value of the
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equalized received signal and the value of that symbol decision. This error signal e is used to adjust the coefficients in
the FFE 30 and the DFE 60, using a least mean squares (LMS) algorithm; all in a known manner.
[0025] The signal from the MLSD 50 to the detector 70 contains three time-adjacent symbol decisions. Specifically,
the symbol decision corresponding to the symbol currently being received, and the two time-adjacent symbol decisions
to the current decision are supplied to the detector 70. The phase detector 70 operates in a known manner on these
three sample decisions, and upon the current equalized received signal from the output terminal of the adder 40 to
control the sample timing of the interpolating filter 10.
[0026] In Fig. 1, the MLSD 50 provides the youngest symbol decision (corresponding to the current equalized received
signal from the adder 40) to the subtractor 100. However, it may be desirable to use an older symbol decision from the
survivor sequence when generating the error signal e, because older symbols in the survivor sequence are more reliable
than younger symbols. If an older symbol decision is used to generate the error signal e, then the equalized received
signal supplied to the other input terminal of the subtractor 100 must be delayed by a corresponding time period. A delay
element 110, illustrated in phantom in Fig. 1, is coupled between the output terminal of the adder 40 and the first input
terminal of the subtractor 100. The delay element 110 provides the appropriate amount of time delay to properly time-
align the symbol decision from the MLSD 50 with the equalized received signal from the adder 40. In such a case, it is
also necessary that the symbol decisions from the survivor sequence used by the LMS algorithm be delayed by a similar
time delay. To properly time align the symbol decisions used by the LMS algorithm to the error signal e, additional storage
and time delay elements (not shown) are included in the MLSD 50, all in a known manner.
[0027] It is further possible that the symbol decision from the MLSD 50 may be varied during the operation of the Fig.
1 receiver. For example, it may be desired to use the youngest symbol decision when the receiver is started, and then
use older symbol decisions at later times. In such an arrangement the delay element 110 is a variable delay element.
A first output terminal of the MCU 130 is coupled to a corresponding input terminal of the MLSD 50 to control the selection
of the symbol decision to be supplied to the subtractor 100. In addition, a second output terminal from the MCU 130 is
coupled to a corresponding control input terminal of the variable delay element 110, and the duration of the delay
introduced by the delay element 110 is appropriately controlled by the MCU 130. The additional storage and time delay
elements discussed above (not shown) included in the MLSD 50 to properly time align the symbol decisions used by
the LMS algorithm to the error signal e are also made variable in response to the control signal from the MCU 130 in an
appropriate manner.
[0028] For similar reasons, it may also be desirable for the three time-adjacent symbol decisions supplied from the
MLSD 50 to the phase detector 70 to be three time-adjacent older symbol decisions from the survivor sequence. For
the same reason as for the subtractor 100, the equalized received signal from the output terminal of the adder 40 must
be delayed by an appropriate amount to correspond in time with the older three symbol decisions being supplied to the
detector 70. A second delay element 120 is illustrated in phantom in Fig. 1, and is coupled between the output terminal
of the adder 40 and the input terminal of the detector 70. The second delay element 120 provides the appropriate amount
of time delay to properly time-align the three symbol decisions from the MLSD 50 with the equalized received signal
from the adder 40. Again, it is possible that the three symbol decisions from the MLSD 50 may be varied during the
operation of the 8 receiver. In this situation, the second delay element 120 is also a variable delay element, and an
output terminal of the MCU 130 is coupled to a corresponding control input terminal of the variable delay element 120
to appropriately control the duration of its time delay.
[0029] Fig. 2 is a more detailed block diagram of a maximum likelihood sequence decoder 50 and decision feedback
equalizer 60, as illustrated in Fig. 1. In Fig. 2, broad arrows represent signal lines carrying signals representing a plurality
of symbol decisions. In Fig. 2, the input terminal 52 of the MLSD 50 is coupled the output terminal of the adder 40. The
input terminal 52 is coupled to the input terminal of a Viterbi decoder 51. An output terminal of the Viterbi detector 51 is
coupled to an output terminal 58 of the MLSD 50. The output terminal 58 of the MLSD 50 is coupled to the output terminal
15 of the playback system. As is known, the decoder 51 maintains two survivor sequences (SSs), one for each state in
the trellis, and an error metric (EM) for each such survivor sequence.
[0030] The decoder 51 is modified to include a first output terminal SS1 producing a signal representing the plurality
of symbol decisions forming the first survivor sequence, and a second output terminal SS2 producing a signal representing
the plurality of symbol decisions forming the second survivor sequence. The modified decoder 51 also includes output
terminals EM1 and EM2 producing signals representing the values of the first and second error metrics, respectively,
corresponding to the first and second survivor sequence SS1 and SS2. Although two survivor sequence output terminals,
SS1 and SS2, and two error metric output terminals EM1 and EM2, are illustrated for Fig. 2, it will be understood by one
skilled in the art that channels having different response characteristics will have different numbers of survivor sequences
and corresponding error metrics. For example, a channel having the known alternate desired response characteristic: 
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will have eight survivor sequences, and a Viterbi decoder modified as described above will have eight SS output terminals,
one for each survivor sequence, and eight EM output terminals for the eight corresponding error metrics. One skilled in
the art of design and implementation of Viterbi decoders will understand how to modify such a decoder to include the
additional output terminals described above.
[0031] In Fig. 2, output terminal SS1 of the Viterbi decoder 51 is coupled to a first data input terminal of a multiplexer
59, and output terminal SS2 of the Viterbi decoder 51 is coupled to a second data input terminal of the multiplexer 59.
The output terminal EM1 is coupled to a first input terminal of a comparator 53 and output terminal EM2 is coupled to a
second input terminal of the comparator 53. An output terminal of the comparator 53 is coupled to a control input terminal
of a multiplexer 59. An output terminal of the multiplexer 59 is coupled to the second output terminal 56 of the MLSD 50.
[0032] In operation, the respective error metrics EM1 and EM2 are compared in the comparator 53, which produces
a signal to indicate which is the smaller error metric. If the error metric EM1, corresponding to the first survivor sequence
SS1, is less than the error metric EM2, corresponding to the second survivor sequence SS2, then the comparator 53
generates a signal at its output terminal which conditions the multiplexer 59 to couple the signal at its first input terminal,
which is the first survivor sequence SS1, to its output terminal. If the error metric EM1 is greater than the error metric
EM2, then the comparator 53 generates a signal at its output terminal which conditions the multiplexer 59 to couple the
second survivor sequence SS2 signal to its output terminal. The multiplexer 59, therefore, always produces the most
likely survivor sequence at its output terminal, and consequently at the output terminal 56 of the MLSD 50.
[0033] As described above, the most likely survivor sequence is a plurality of symbol decisions, each decision having
a value of +2, 0 or -2. The DFE 60 illustrated in Fig. 2 includes a plurality of coefficient multipliers 61, one for each symbol
decision in the survivor sequence, except for the youngest symbol decision corresponding to the current equalized
received signal from the adder 40. At the output terminal 56, each symbol decision is represented by a separate signal
line. Respective signals representing each symbol decision are coupled to first input terminals of a corresponding plurality
of coefficient multipliers 61. Respective output terminals from the plurality of coefficient multipliers 61 are coupled to
corresponding input terminals of a summer 63. An output terminal of the summer 63 is coupled to the second input
terminal of the adder 40 (of Fig. 1). In order to simplify Fig. 2, respective second input terminals of each of the plurality
of coefficient multipliers 61 are not shown. One skilled in the art of equalizer design will understand that the coefficients
supplied to second input terminals (not shown) are - generated using the least mean square algorithm, in a known
manner, in response to the error signal e.
[0034] Because the symbol decisions have values of +2, 0 or -2, the coefficient multipliers 61 illustrated in Fig. 2 need
not include full multipliers. Instead the value of the coefficient may be bit shifted to multiply it by two, and the bit shifted
coefficient arithmetically negated to multiply it by -2. Then a multiplexer (not shown) may be used to supply the bit shifted
coefficient to the adder 63 if the value of the symbol decision is +2, the arithmetically negated bit shifted coefficient to
the adder 63 is the value of the symbol decision is -2, or a zero valued signal to the adder 63 if the value of the symbol
decision is 0. This arrangement is simpler and less expensive than a full multiplier.
[0035] In operation, the combination of the MLSD 50, containing the modified Viterbi decoder 51, and the DFE 60, as
illustrated in Fig. 2 cooperate to form a transverse filter, in which the survivor sequence supplied by the multiplexer 59
substitutes for a tapped delay line in a prior art transverse filter. The output signal from the adder 63, when combined
with the output signal from the FFE 30 both shapes the channel response characteristic, and suppresses undesirable
trailing ISI. The improved accuracy provided by the use of the selected survivor sequence in the DFE 60, instead of a
tapped delay line, provides a decrease in the error rate and consequently allows an increase in the data density when
designing to a predetermined bit error rate.
[0036] It is also possible to provide a DFE 60 transverse filter which is wider than the number of symbol decisions in
the most likely survivor sequence. An arrangement to provide this capability is illustrated in phantom in Fig. 2 by a shift
register 54 coupled between the output termi-nal of the Viterbi decoder 51 and the output terminal 58 of the MLSD 50.
Respective output terminals of the shift register 54 are coupled to corresponding first input terminals of additional coef-
ficient multipliers 61, also illustrated in phantom in Fig. 2. Respective output terminals of the coefficient multipliers 61
are coupled to additional corresponding input terminals of the summer 63. The shift register 54 operates in the same
manner as the shift register in the prior art transverse filter. For example, if the length of the survivor sequence in the
Viterbi decoder is eight symbols, a DFE 60 of 16 taps may be implemented by including an eight stage shift register 54.
[0037] Figs. 4 and 5 are block diagrams illustrating portions of the maximum likelihood sequence decoder illustrated
in Figs. 2 and 3 is a diagram illustrating the trellis for one de-interleaved symbol stream of a P(D) = 1 - D2 partial response
channel, which is useful in understanding the operation of the portions of the MLSD 50 illustrated in Figs. 4 and 5. In
Fig. 3, the upper vertices 211 and 221 represent the state 1 in the trellis, and the lower vertices 212 and 222 represent
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the state 2. The leftmost vertices 211 and 212 represent the current state, and the rightmost vertices 221 and 222
represent the new state. Branches from the respective vertices representing the current state (211, 212) to the respective
vertices representing the new state (221, 222) are illustrated by arrows from the current state vertices (211, 212) to the
new state vertices (221,222). Associated with each current state vertex is an error metric: EM1C associated with the
current state 1 at vertex 211 and EM2C associated with the current state 2 at vertex 212. Associated with each new
state vertex is an updated error metric: EM1 associated with the new state 1 at vertex 221 and EM2 associated with the
new state 2 at vertex 222.
[0038] From any particular current state, the trellis may either move along a branch in the trellis to the other state,
indicating receipt of a binary ’1’, or move along a branch in the trellis remaining in the same state, indicating receipt of
a binary ’0’. The value of the ideal received equalized input signal which will cause a transition is illustrated in square
brackets adjacent the branch in the trellis which would be followed upon receipt of that input signal. Thus, starting at
vertex 211, representing state 1, receipt of an equalized input signal having the value zero will result in remaining in
state 1 at the next symbol time, ending at vertex 221. This represents the receipt of a binary ’0’. Receipt of an equalized
input signal having the value +2 will result in a transition to state 2, ending at vertex 222. This represents the receipt of
a binary ’1’. Similarly, starting at vertex 212, representing state 2, receipt of an equalized input signal having the value
zero will result in remaining in state 2 at the next symbol time, ending at vertex 222, representing receipt of a binary ’0’;
and receipt of an equalized input signal having a value -2 will result in a transition to state 1, ending at vertex 221,
representing receipt of a binary ’1’.
[0039] However, in actual decoders, ideal input signals are seldom received. For each branch in the trellis, a branch
metric BM is calculated. For each branch, the magnitude of the difference between the actual - received equalized input
signal and the ideal input signal for that branch is calculated. These magnitudes, called branch metrics (BMs), are then
accumulated with the error metrics associated with the respective source vertices of those branches to form the respective
updated error metrics. These updated error metrics are used to determine the most likely sequence.
[0040] There are two ways of arriving at vertex 221 representing state 1 for the new symbol: via a zero signal from
vertex 211 or via a -2 signal from vertex 212. Branch metric BM1 is calculated for the branch from vertex 211 to vertex
221 and branch metric BM3 is calculated for the branch from vertex 212 to vertex 221. These branch metrics are
accumulated with the respective error metrics associated with their source vertices. Branch metric BM1 is accumulated
with the current error metric EM1C to produce an updated error metric associated with the branch from vertex 211 to
vertex 221, and branch metric BM3 is accumulated with the current error metric EM2C to produce an updated error
metric associated with the branch from vertex 212 to vertex 221. The updated error metric having the smaller value is
assumed to represent the more likely branch to arrive at state 1 and becomes the updated error metric EM1 associated
with vertex 221.
[0041] Similarly, branch metric BM2 is calculated for the branch from vertex 211 to vertex 222 and branch metric BM4
is calculated for the branch from vertex 212 to vertex 222. Branch metric BM2 is accumulated with the current error
metric EM1C to produce an updated error metric associated with the branch from vertex 211 to vertex 222, and branch
metric BM4 is accumulated with the current error metric EM2C to produce an updated error metric associated with the
branch from vertex 212 to branch 222. The updated error metric having the smaller value is assumed to represent the
more likely branch to arrive at state 2 and becomes the updated error metric EM2 associated with vertex 222. The vertex
having the smaller updated error metric (EM1 or EM2) is the most likely state, and the survivor sequence ending in that
state is selected as the most likely survivor sequence.
[0042] Fig. 4 illustrates the portion of the MLSD 50 which calculates the branch metrics BM1 - BM4 and updated error
metrics EM1 and EM2. In Fig. 4, the input terminal 52 receives the equalized received input signal from the adder 40.
Input terminal 52 is coupled to a series connection of a first subtractor 302 and a first absolute value circuit 304, to a
series connection of a second subtractor 306 and a second absolute value circuit 308 and to a third absolute value circuit
310. An output terminal or the first absolute value circuit 304 produces a signal representing branch metric BM3 and is
coupled to a first input terminal of a first adder 312. An output terminal of the first adder is coupled to a first signal input
terminal of a first multiplexer 314 and a first input terminal of a first comparator 316. An output terminal of the first
multiplexer 314 produces a signal representing the first error metrics EM1 and is coupled to the first error metric output
terminal EM1 of the MLSD 50.
[0043] An output terminal of the second absolute value circuit 308 produces a signal representing the branch metric
BM2 and is coupled to a first input terminal of a second adder 320. An output terminal of the second adder 320 is coupled
to a first data input terminal of a second multiplexer 322 and to a first input terminal of a second comparator 324. An
output terminal of the second multiplexer 322 produces a signal representing the second error metric EM2 and is coupled
to the second error metric output terminal EM2 of the MLSD 50.
[0044] An output terminal of the third absolute value circuit 310 produces a signal representing both branch metrics
BM1 and BM4 and is coupled to respective first input terminals of respective third and fourth adders 328 and 330. An
output terminal of the third adder 328 is coupled to a second data input terminal of the first multiplexer 314 and a second
input terminal of the first comparator 316. An output terminal of the first comparator 316 is coupled to a control input
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terminal of the first multiplexer 314 and to a first selector signal output terminal SEL1. An output terminal of the fourth
adder 330 is coupled to a second data input terminal of the second multiplexer 322 and to a second input terminal of
the second comparator 324. An output terminal of the second comparator 324 is coupled to a control input terminal of
the second multiplexer 322 and to a second selector signal output terminal SEL2.
[0045] The output terminal of the first multiplexer 314, producing the first error metric signal EM1, is also coupled to
a first data input terminal of a-third multiplexer 332. A second data input terminal of the third multiplexer 332 is coupled
to a source of a zero-valued signal. An output terminal of the third multiplexer 332 is coupled to an input terminal of a
first latch 318. An output terminal of the latch 318 is coupled to respective second input terminals of the second adder
320 and the third adder 328. The output terminal of the second multiplexer 322, producing the second error metric signal
EM2, is also coupled to a first data input terminal of a fourth multiplexer 334. A second data input terminal of the fourth
multiplexer 334 is coupled to a source of a zero-valued signal. An output terminal of the fourth multiplexer 334 is coupled
to an input terminal of a second latch 326. An output terminal of the latch 326 is coupled to respective second input
terminals of the first adder 312 and fourth adder 330. Respective control input terminals of the third and fourth multiplexers
332 and 334 are coupled in common to a corresponding control output terminal of the monitor and control unit (MCU) 130.
[0046] In operation, the series connection of the first subtractor 302 and first absolute value circuit 304 calculates the
magnitude of the difference between the received equalized input signal from input terminal 52 and a signal having the
value -2, which is the ideal value of the input signal for the branch from vertex 212 to vertex 221. Referring back to Fig.
3, this is branch metric BM3. Similarly, the series connection of the second subtractor 306 and the second absolute
value circuit 308 calculates the magnitude of the difference between the received equalized input signal from input
terminal 52 and a signal having the value 2. Referring back to Fig. 3, this is branch metric BM2. The third absolute value
circuit 310 calculates the magnitude of the difference between the received equalized input signal from input terminal
52 and a zero-valued signal. Referring to Fig. 3, this is both branch metric BM1 and BM4.
[0047] During normal operations, the third multiplexer 332 is conditioned to couple the signal from the first multiplexer
314 to its output terminal, and the fourth multiplexer 334 is conditioned to couple the signal from the second multiplexer
322 to its output terminal. (The other mode of operation for the third and fourth multiplexers 332 and 334 will be discussed
in detail below.) The first latch 318 holds the updated error metric EM1 from the previous symbol time at its output
terminal. Thus, for each new symbol time, the first latch 318 produces the first error metric for the previous symbol time,
illustrated on Fig. 3 as EM1C. Similarly, the second latch produces the second error metric for the previous symbol time,
illustrated on Fig. 3 as EM2C.
[0048] Thus, during normal operations, the respective first, second, third and fourth adders, 312, 320, 328 and 330,
all act as accumulators to generate updated error metrics for each possible branch in the trellis illustrated in Fig. 3. The
first adder accumulates the updated error metric associated with the branch starting at vertex 212 in state 2 (having the
current error metric EM2C) and moving to state 1 at vertex 221. To do this error metric - EM2C from the latch 326 is
accumulated with branch metric BM3 from the absolute value circuit 304 in the first adder 312. The output signal from
the first adder 312 represents the result of this accumulation. Similarly, the second adder 320 accumulates the error
metric EM1C with branch metric BM2 and its output signal represents the error metric associated with the branch from
vertex 211 at state 1 to vertex 222 at state 2; the third adder 328 accumulates the error metric EM1C with branch metric
BM1 and represents the error metric associated with the branch within state 1 from vertex 211 to vertex 221; and the
output of the fourth adder 330 represents the accumulation of error metric EM2C with branch metric BM4 and represents
the error metric associated with the branch within state 2 from vertex 212 to vertex 222.
[0049] The first comparator 316 compares the two updated error metrics ending at vertex 221 in state 1, and produces
a select signal SEL1 representing the smaller updated error metric. The output signal from the first comparator 316
conditions the first multiplexer 314 to couple the signal representing the smaller error metric to its output terminal. If the
accumulated error metric from the first adder 312 is smaller than that from the third adder 328, the select signal SEL1
from the first comparator 316 conditions the first multiplexer 314 to couple the output from the first adder 312 to its output
terminal. If the accumulated error metric from the first adder 312 is larger than that from the third adder 328, the select
signal SEL1 from the first comparator 316 conditions the first multiplexer 314 to couple the output from the third adder
328 to its output terminal and becomes the error metric EM1 for the new symbol time.
[0050] Similarly, the second comparator 324 compares the two accumulated error metrics ending at vertex 222 in
state 2, and produces a select signal SEL2 representing the smaller accumulated error metric. The output signal from
the second comparator 324 conditions the second multiplexer 322 to couple the signal representing the smaller error
metric to its output terminal. If the accumulated error metric from the second adder 320 is smaller than that from the
fourth adder 330, the select signal SEL2 from the second comparator 324 conditions the second multiplexer 322 to
couple the output from the second adder 320 to its output terminal. If the accumulated error metric from the second
adder 320 is larger than that from the third adder 330, the select signal SEL2 from the second comparator 324 conditions
the second multiplexer 322 to couple the output from the fourth adder 330 to its output terminal. The error metric passed
through the second multiplexer 322, becomes the error metric EM2 for the new symbol time.
[0051] Fig. 5 is a block diagram illustrating the portion of the MLSD 50 maintaining the two survivor sequences. In
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Fig. 5, it is assumed that four symbol decisions are maintained in each of the two survivor sequences SS1 and SS2.
One skilled in the art will understand that there may be more or fewer symbols maintained in each survivor sequence,
and will understand how to modify the portion of the MLSD 50 illustrated in Fig. 5 to maintain the desired number of
symbols in the survivor sequences. In general in Fig. 5, at each data input and output terminal of the respective elements
illustrated in Fig. 5 the signal lines carrying symbol decisions are arranged in order with the signal line carrying the most
recent symbol being illustrated at the bottom of the input or output terminal and the signal line carrying the oldest symbol
being at the top.
[0052] In Fig. 5, an output terminal of a first four-input multiplexer 402 produces symbol decisions making up the first
survivor sequence SS1, in which the bottom signal line carries the most recent symbol and the top signal line carries
the oldest symbol. The output terminal of the first multiplexer 402 is coupled to a first data input terminal of the multiplexer
59 (also illustrated in Fig. 2), and to respective first data input terminals of the first multiplexer 402 and a second four-
input multiplexer 406 through a first three-input latch 404. An output terminal of the second multiplexer 406 produces
symbol decisions making up the second survivor sequence SS2, and is coupled to a second data input terminal of the
multiplexer 59, and to respective second data input terminals of the second multiplexer 406 and the first multiplexer 402
through a second three-input latch 408. the selection signals SEL1 and SEL2 (from Fig. 4) are coupled to respective
control input terminals of the first multiplexer 402 and the second multiplexer 406.
[0053] The output terminal of the multiplexer 59 is controlled as illustrated in Fig. 2 to produce the most likely survivor
sequence at output terminal 56. The top signal line at output terminal 56, carrying the oldest symbol decision, is passed
through output terminal 15 to utilization circuitry, as illustrated in Fig. 1. The bottom signal line, carrying the newest
symbol decision, corresponding to the current equalized received input signal, is supplied to the subtractor 100, as
illustrated in Fig. 1 and the bottom three signal lines carrying the three newest symbol decisions are supplied to the
detector 70, as also illustrated in Fig. 1. The top three lines, carrying all the symbol decisions except the newest symbol
decision, are supplied to the coefficient multipliers in the DFE 60, as illustrated in Figs. 1 and 2.
[0054] More specifically, the bottom three signal lines from the output terminal of the first multiplexer 402 are coupled
to corresponding signal lines at an input terminal of the first latch 404. The three signal lines from an output terminal of
the first latch 404 are coupled to the corresponding topmost three signal lines of the respective first data input terminals
of the first multiplexer 402 and the second multiplexer 406. Similarly, the bottom three signal lines from the output terminal
of the second multiplexer 406 are coupled to corresponding signal lines at an input terminal of the second latch 408.
The three signal lines from an output terminal of the second latch 408 are coupled to the corresponding topmost three
signal lines of the respective second data input terminals of the second multiplexer 406 and the first multiplexer 402. A
zero-valued signal is coupled to the bottom signal line of the first data input terminal of the first multiplexer 402, a -2-
valued signal is coupled to the bottom signal line of the second data input terminal of the first multiplexer 402. A +2-
valued signal is coupled to the bottom signal line of the first data input terminal of the second multiplexer 406 and a zero-
valued signal is coupled to the bottom signal line of the second data input terminal of the second multiplexer 406.
[0055] The multiplexer 402 operates to select the most likely newly received symbol decision sequence which results
in the trellis being in state 1. Referring again to Fig. 3, if the accumulated error metric corresponding to the trellis branch
from vertex 211 to vertex 221 is smaller than the accumulated error metric corresponding to the trellis branch from vertex
212 to vertex 211, then the most likely newly received symbol resulting in state 1 (vertex 221) is zero. In this case, the
most likely sequence is the previous survivor sequence from state 1, SS1, with a zero-valued signal appended as the
newest symbol. In this case, the selection signal SEL1 conditions the first multiplexer 402 to couple the signals from its
first data input terminal to its output terminal. The bottom signal at the first data input terminal of the first multiplexer 402,
representing the newest symbol decision, is a zero-valued signal. The next signal up at the first data input terminal of
the first multiplexer 402 is the bottom signal from the output terminal of the first latch 404. The corresponding signal at
the input terminal of the first latch 404 was from the bottom output terminal of the first multiplexer 404, representing the
newest signal in the first survivor sequence SS1 from the previous symbol time. The third signal from the bottom at the
first input terminal of the first multiplexer 402 derives from the second signal from the bottom at the output terminal of
the first multiplexer 402, and the top signal at the first input terminal of the first multiplexer 402 derives from the third
signal from the bottom at the output terminal of the first multiplexer 402. In this manner, the combination of the first
multiplexer 402 and the first latch operate as a shift register for the symbols representing the branch from vertex 211 to
vertex 221 in Fig. 3.
[0056] If the accumulated error metric representing the trellis branch from vertex 212 to vertex 221 is smaller than the
accumulated error metric representing the trellis branch from vertex 211 to vertex 221, then the most likely newly received
symbol resulting in state 1 is a -2-valued signal. In this case, the selection signal SEL1 conditions the first multiplexer
to couple the signals at its second input terminal to its output terminal. The bottom signal at the second input terminal
of the first multiplexer 402 is a -2-valued signal, and the other signals at the second input terminal of the first multiplexer
402 represent the previous second survivor sequence SS2 from the output terminal of the second multiplexer 406, shifted
in time in a manner similar to that described above, by the second latch 408.
[0057] In a similar manner, the second multiplexer 406 produces the most likely symbol decision sequence resulting



EP 0 864 198 B1

10

5

10

15

20

25

30

35

40

45

50

55

in state 2. If the accumulated error metric corresponding to the trellis branch from vertex 212 to vertex 222 is smaller
than the accumulated error metric corresponding to the trellis branch from vertex 211 to vertex 222, then the most likely
newly received signal is zero. In this case, the second selection signal, SEL2, conditions the second multiplexer 406 to
couple its second data input terminal to its output terminal. The bottom signal at the second data input terminal of the
second multiplexer is a zero-valued signal, and the other signals represent the previous second survivor sequence SS2,
shifted in time in the manner described above, by the second latch 408. If the accumulated error metrics corresponding
to the trellis branch from vertex 211 to vertex 222 is smaller than the accumulated error metric corresponding to the
trellis branch from vertex 212 to vortex 222, then the most likely newly received signal is a +2-valued signal. In this case,
the second selection signal, SEL2, conditions the second multiplexer 406 to couple its first data input terminal to its
output terminal. The bottom signal at the first data input terminal is a +2-valued signal, and the other signals represent
the previous first survivor sequence SS1, shifted in time in the manner described above, by the first latch 404. As
described above, the multiplexer 59 then selects the most likely one of the two survivor sequences SS1 or SS2, based
on the value of the updated error metrics, EM1 and EM2 calculated as described above with reference to Fig. 4.
[0058] One disadvantage to using a maximum likelihood sequence decoder is that during acquisition of the timing
and/or equalization loops, e.g. when playback is just begun, it is possible that error propagation in the sequence detector
will dominate the error events themselves, thereby producing a higher error rate than would be produced by a symbol-
by-symbol detector. To compensate for this disadvantage during acquisition, the MLSD 50 illustrated in the present
application is further modified to operate using variable length survivor sequences. Referring again to Fig. 1, the monitor
and control unit (MCU) 130 provides a control signal to the MLSD 50 to control the size of the survivor sequence. The
MCU 130 monitors the signal-to-noise ratio (SNR) of the input signal via the error signal e from the subtractor 100, and
changes the sequence length in the MLSD 50, and the delay times in the respective variable delay elements 110 and
120, based on the trend of the SNR.
[0059] Referring back to Fig. 5, in order to provide the capability of changing the size of the survivor sequence, two
further multiplexer control circuits are provided and, along with the signal paths related to this capability, are illustrated
in phantom. A first multiplexer control circuit 410 is coupled between the output terminal of the first multiplexer 402 and
the input terminal of the first latch 404, and a second multiplexer control circuit 412 is coupled between the output terminal
of the second multiplexer 406 and the input terminal of the second latch 408. Respective control input terminals of the
first and second multiplexer control circuits 410 and 412 are both coupled to a corresponding output terminal of the
monitor and control circuit (MCU) 130. These control input terminals receive a signal, SS SIZE, which controls the size
of the survivor sequence.
[0060] In the first multiplexer control circuit 410, a control circuit CC has an input terminal coupled to receive the
survivor size, SS SIZE, signal. An output terminal of the control circuit CC is coupled to respective control input terminals
of three multiplexers, A, B and C. The bottommost multiplexer A has a first data input terminal coupled to the bottommost
signal at the output terminal of the first multiplexer 402, and a second data input terminal coupled to the bottommost
signal at the output terminal of the multiplexer 59. The middle multiplexer B has a first data input terminal coupled to the
second signal from the bottom at the output terminal of the first multiplexer 402 and a second data input terminal coupled
to the second signal from the bottom at the output terminal of the multiplexer 59. The top multiplexer C has a first input
terminal coupled to the third signal from the bottom at the output terminal of the first multiplexer 402 and a second data
input terminal coupled to the third signal from the bottom at the output terminal of the multiplexer 59. Respective output
terminals of the three multiplexers A, B and C are coupled to corresponding input terminals of the first latch 404.
[0061] Similarly, in the second control circuit 412, a control circuit CC has an input terminal coupled to receive the
survivor size, SS SIZE, signal. An output terminal of the control circuit CC is coupled to respective control input terminals
of three further multiplexers A, B and C. The bottommost multiplexer A has a first data input terminal coupled to the
bottommost signal at the output terminal of the second multiplexer 406, and a second data input terminal coupled to the
bottommost signal at the output terminal of the multiplexer 59. The middle multiplexer B has a first data input terminal
coupled to the second signal from the bottom at the output terminal of the second multiplexer 406 and a second data
input terminal coupled to the second signal from the bottom at the output terminal of the multiplexer 59. The top multiplexer
C has a first input terminal coupled to the third signal from the bottom at the output terminal of the second multiplexer
406 and a second data input terminal coupled to the third signal from the bottom at the output terminal of the multiplexer
59. Respective output terminals of the three multiplexers A, B and C are coupled to corresponding input terminals of the
second latch 408.
[0062] In operation, the three multiplexers, A, B, and C, in the respective control circuits 410 and 412 are controlled
by signals from the respective control circuits CC. Each multiplexer is controlled independently of the others. In normal
operation, that is after the acquisition of timing and the filter coefficients, the SS SIZE signal conditions the respective
multiplexer control circuits 410 and 412 to set the survivor sequence size to its maximum permitted size. In this mode
of operation, all of the three multiplexers A, B and C in both of the control circuits 410 and 412 are conditioned to couple
the signals at their first input terminals, i.e. from the first multiplexer 402 or the second multiplexer 406, respectively, to
their output terminals. The operation of the portion of the MLSD 50 illustrated in Fig. 5 in that case, is as described above.
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[0063] However, when the operation of the MLSD 50 is started, the SS SIZE signal conditions the respective multiplexer
control circuits 410 and 412 to set the survivor sequence size to its minimum permitted size, which contains zero symbol
decisions. In this case, all of the three multiplexers A, B and C in both of the control circuits 410 and 412 are conditioned
to couple the signals at their second input terminals, from the multiplexer 59, to their output terminals. In this mode of
operation, the respective first and second latches, 404 and 408, receive their input signals from the output terminal of
the multiplexer 59, and the respective first and second data input terminals of the first and second multiplexers 402 and
406 all receive identical data, suitably time shifted in the manner described above. Thus, no matter what symbol decisions
are made on the basis of the newly received signal, the same time shifted signals are supplied to all four input terminals
of the first and second multiplexers 402 and 406. When the control circuits 410 and 412 are conditioned by the SS SIZE
signal in this manner, the portion of the MLSD 50 illustrated in Fig. 5 operates as a normal shift register. In this manner,
coefficient and timing acquisition can proceed as if a standard transverse filter was operating as the DFE 60
[0064] As the signal to noise ratio of the received sequence of symbols improves due to the acquisition of the proper
timing reference, and the convergence of the coefficients in the FFE 30 and the DFE 60, the survivor sequence length
may be increased. To do this, the MCU generates an SS SIZE signal which conditions the respective first and second
multiplexer control circuits 410 and 412 in change the size for the survivor sequence. For example, the SS SIZE signal
may indicate that the survivor sequence size should be increased to contain one symbol decision. In this case, the
respective control circuits CC in both the first and second multiplexer - control 410 and 412 circuits produce control
signals for their respective three multiplexers, A, B and C, which causes the bottommost multiplexer A to couple the
signal from its first input terminal, i.e. from the multiplexer 402, to its output terminal, while the other two multiplexers,
B and C, still couple the signals from their second input terminals, i.e. from the multiplexer 59, to their output terminals.
[0065] While in this mode, one symbol decision being fed back to the respective first and second input terminals of
the first and second multiplexers 402 and 406 is selected from one of the two survivor sequences SS1 or SS2 produced
at the output terminals of the first and second multiplexers 402 and 406, respectively. The remaining two symbol decisions
are supplied in common to all the input terminals of the first and second multiplexers 402 and 406 from the output terminal
of the multiplexer 59. Similarly, if the SS SIZE signal indicates that the survivor sequence size is to be two symbols, then
the respective multiplexers A and B of both the first and second multiplexer control circuits 410 and 412 are each
conditioned to couple its first input terminals (coupled to the respective output terminals of the first and second multiplexers
402 and 406) to its output terminal while the respective third multiplexers C are each conditioned to couple its second
input terminals (coupled to the output terminal of the multiplexer 59) to its output terminal. In this manner, the size of the
survivor sequence may be continuously varied from zero to the maximum size possible.
[0066] In addition to the potential error propagation from the use of maximum likelihood sequences for symbol decisions
during acquisition, there is a similar effect resulting from the use of accumulated error metrics for symbol decisions
during acquisition. Referring again to Fig. 4, the third and fourth multiplexers, 332 and 334 respectively, may be used
to disable the accumulation of error metrics during acquisition. During the acquisition period, the MCU 130 (of Fig 1)
produces a control signal for the control input terminals of the third and fourth multiplexers 332 and 334 which conditions
them to both couple the zero-valued signal at their respective second input terminals to their output terminals. This in
turn causes the respective first, second, third and fourth adders 312, 320, 328 and 330, to produce output signals
representing only the respective branch metrics BM3, BM2, BM1 and BM4 for the newly received symbol, without any
contribution from previously received symbols as represented by the previous accumulated error metrics EM1 and EM2.
[0067] When the survivor sequence portion of the MLSD 50 illustrated in Fig. 5 is configured as a shift register (i.e.
the survivor sequence size is zero), as described above, and the metric calculation portion of the MLSD 50 illustrated
in Fig. 4 is conditioned to ignore previous accumulated error metrics, as just described, then the MLSD 50 operates in
the same manner as a prior art slicer. While in this configuration, the timing circuits and filter coefficients may converge
without additional error propagation. As the timing and equalization loops begin to converge, the SNR, represented by
the inverse of the error signal e from the subtractor 100, begins to increase.
[0068] In Fig. 3, the permissible ideal signals which may be received at any symbol time are +2, zero and -2. When
variance of the error signal e drops below about one, this indicates that the timing circuits and filter coefficients have
begun to converge, and an eye is opening in the eye-pattern. At this point in a preferred embodiment, the calculation of
the error metrics EM1 and EM2 is switched from being made equal to the branch metrics for the current symbol, to being
accumulated with previous error metric signals EM1C and EM2C, as described above. Referring to Fig. 4, this switch is
performed by the MCU 130 generating a control signal for the third and fourth multiplexers 332 and 334, respectively,
conditioning them to enter the normal operating mode, as described in detail above.
[0069] Also in a preferred embodiment, when the variance drops below about one-half, the use of a full size survivor
sequence is enabled. In Fig. 5, the MCU, this is performed by the MCU 130 generating an SS SIZE control signal for
the first and second multiplexer control circuits, 410 and 412 respectively, which conditions all the respective multiplexers
A, B and C to enter the normal operating mode, as described in detail above. At this point, the MLSD 50 is operating as
a Viterbi decoder. It is also possible for the survivor sequence size to be gradually increased as the SNR increases. In
Fig. 5, in such an embodiment, first the respective multiplexers A in the multiplexer control circuits 410 and 412 are
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placed in the normal operating mode. After a further increase in the SNR respective multiplexers A and B are placed in
the normal operating mode. Finally, when the SNR has increased again, all of the multiplexers A, B and C are placed
in the normal operating mode.
[0070] With reference to Fig. 1, it is possible for the symbol decision supplied to the subtractor 100 to be selected
from among all the symbol decisions in the most likely survivor sequence in the MLSD 50. An arrangement to perform
this function is illustrated in phantom in Fig. 5 by a selector circuit 416. An input terminal of the circuit 416 is coupled to
the output terminal of the multiplexer 59, and an output terminal of the circuit 416 is coupled to the subtractor 100. A
control input terminal (not shown) of the circuit 416 is coupled to a corresponding output terminal of the MCU 130. In
operation, all the symbol decisions available in the most likely survivor sequence, produced at the output terminal of the
multiplexer 59 as described above, are supplied to the input terminal of the circuit 416. The circuit 416 couples one of
the symbol decisions to its output terminal in response to the control signal from the MCU 130. In addition, as described
above, the MCU 130 sends a related control signal to the variable delay circuit 110 to properly time-align the equalized
received signal supplied to one input terminal of the subtractor 100 with the symbol decision supplied to its other input
terminal. The circuit 416 may, for instance, include a four-input multiplexer, with its respective data input terminals
coupled to the output terminal to the multiplexer 59, its output terminal coupled to the subtractor 100 and its control input
terminal coupled to the MCU 130.
[0071] With reference to Fig. 1, it is possible for the three time-adjacent symbol decisions supplied to the detector 70
to be selected from among all the symbol decisions in the most likely survivor sequence in the MLSD 50. An arrangement
to perform this function is illustrated in phantom in Fig. 5 by a selector circuit 414. An input terminal of the circuit 414 is
coupled to the output terminal of the multiplexer 59, and an output terminal of the circuit 414 is coupled to the detector
70. A control input terminal (not shown) of the circuit 414 is coupled to a corresponding output terminal of the MCU 130.
In operation, all the symbol decisions available in the most likely survivor sequence, produced at the output terminal of
the multiplexer 59, as described above, are supplied to the input terminal of the circuit 414. The circuit 414 couples one
set of three time-adjacent symbol decisions to its output terminal in response to the control signal from the MCU 130.
In addition, as described above, the MCU 130 sends a related control signal to the variable delay circuit 120 to properly
time-align the equalized received signal supplied to one input terminal of the detector 70 to the three time-adjacent
symbol decisions supplied to the other input terminal of the detector 70. The circuit 414 may, for instance, include a
cross point switch, barrel shifter, or other switching arrangement, coupled between its input terminal and its output
terminal.
[0072] The data detector has been described so far in conjunction with an embodiment for detecting bilevel data
signals previously recorded on a magnetic medium. However, a data detector may also be used for detecting multilevel
data signals. For example, in a proposed digital television transmission system, a sequence of multilevel symbols is
generated to represent the television signal. In one proposed digital television system, the multilevel symbols are quad-
rature amplitude modulated (QAM) symbols selected from a 32, 64 or 128 symbol constellation in a known manner. The
data detector of the invention may be adapted to detect such QAM signals in the following manner.
[0073] Fig. 6 is a block diagram of a data detector adapted to detect multilevel QAM symbols. In Fig. 6, the input
terminal 5 is coupled to an input terminal of a QAM demodulator and feedforward equalizer 602. An output terminal of
the QAM demodulator and feedforward equalizer 602 is coupled to a first input terminal of an adder 40’. An output
terminal of the adder 40’ is coupled to an input terminal of a combined I 1 + D trellis decoder 50I and a Q 1 + D trellis
decoder 50Q. An output terminal of the combined trellis decoders 50I and 50Q is coupled to an input terminal of a
complex DFE 60’ and an output terminal of the complex DFE 60’ is coupled to a second input terminal of the adder 40’.
Respective output terminals of the combined trellis decoders 50I and 50Q are coupled to a complex output terminal 15’,
and produce the detected I component and Q component respectively.
[0074] The system illustrated in Fig. 6 operates in a similar manner to that illustrated in Fig. 1. The QAM demodulator
and feedforward equalizer 602 corresponds to, and performs the same functions as, the filter 10, fixed equalizer 20,
FFE 30, detector 70, LPF 80 and NCO 90 of Fig. 1. Each of the 1 + D trellis decoders includes a Viterbi decoder, which
produces a most likely survivor sequence, and is constructed in a similar manner to the decoder illustrated in Figs. 2, 4
and 5 and described in detail above. One skilled in the art of QAM data detectors will understand what modifications
are necessary and how to implement such modifications.
[0075] The most likely survivor path produced by the decoders 50I and 50Q consists of a plurality of complex symbol
decisions. The complex symbol decisions in the survivor path are supplied to the complex decision feedback equalizer
60’, which is arranged in a similar manner to the DFE 60 illustrated in Fig. 2. That is, the DFE 60’ includes a plurality of
complex coefficient multipliers (not shown) respectively responsive to the plurality of complex symbol decisions in the
survivor sequence, and a summer, responsive to the plurality of coefficient multipliers. The DFE 60’ operates as an
adaptive least mean squares equalizer, in response to an error signal (not shown), to shape the desired channel char-
acteristics, and suppress trailing ISI, as described above. One skilled in the art of QAM data detection will also understand
how the use of a symbol decision from the survivor sequence to estimate the error signal, and of three time-adjacent
symbol decisions to adjust the sampling phase, as described above, are to be adapted for the QAM data detector
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illustrated in Fig. 6.
[0076] Finally, a prior art feedforward equalizer is a relatively complicated filter, which, as described above, requires
a large number of complicated taps in order to adequately shape the channel characteristics. A feedforward equalizer
of the invention requires fewer complex taps because the decision feedback equalizer is used to shape the channel
characteristics, in addition to suppressing ISI. This decreases the cost of such a feedforward equalizer and increases
the reliability due to decreases parts count.
[0077] A QAM data detector according to the invention provides improved performance due to the use of the more
reliable most likely survivor sequence as input to the DFE. In addition, the FFE, which requires relatively more complicated
filter taps than the DFE, may be made shorter. This results in a more reliable and less expensive data detector system.
[0078] It is to be understood that the apparatus and method of operation taught herein are illustrative of the invention.
Modifications may readily be devised by those skilled in the art without departing from the scope of the invention as
defined by the claims.

Claims

1. A data detector for processing a data signal representing a sequence of symbols, comprising:

a signal sampler (10) for receiving the data signal and for producing a sampled data signal, the sampler (10)
being responsive to a sample timing signal;
an equalizer for receiving the sampled data signal and producing an equalized sampled data signal;
a signal combiner for producing an equalized received input signal (52) by combining the equalized sampled
data signal and a decision feedback equalizer output;
a Viterbi decoder (50) for producing a plurality of survivor sequences and for producing a plurality of error metrics
respectively corresponding to the plurality of survivor sequences based on the equalized received input signal
(52), wherein each of the survivor sequences comprises a plurality of symbol decisions;
a multiplexer (59), connected to said decoder (50), having a plurality of input terminals responsive to the plurality
of survivor sequences, and an output terminal producing a most likely survivor sequence, the multiplexer pro-
ducing at its output terminal the plurality of symbol decisions of the survivor sequence having the smallest
corresponding error metric as the most likely survivor sequence;
a decision feedback equalizer (60), connected to the output terminal of the multiplexer and comprising a plurality
of coefficient multipliers (61) respectively responsive to the plurality of symbol decisions in the most likely survivor
sequence and a summer (63) for producing said decision feedback equalizer output by summing the outputs
of the plurality of coefficient multipliers; and
a phase detector (70), adapted to control the sample timing signal, the phase detector having an input terminal
coupled to the output terminal of the multiplexer (59).

2. The data detector of claim 1, wherein:

the equalizer comprises a feedforward equalizer (30) coupled to the sampled data signal; and
wherein the signal combiner (40) has a first input terminal coupled to the feed forward equalizer, a second input
terminal coupled to the decision feedback equalizer (60) output, and an output terminal configured to provide
the equalized received input signal (52) to the decoder (50).

3. A data detector according to claim 1 wherein:

the Viterbi decoder (50) comprises circuitry for varying the size of the most likely survivor sequence in response
to a size control signal; and
a monitor and control unit (130) for generating the size control signal.

4. The data detector of claim 3, further comprising an error estimator, coupled to the Viterbi decoder (50), for generating
an error signal; and wherein
the monitor and control unit generates the size control signal in response to the error signal.

5. The data detector of claim 4, wherein:

the Viterbi decoder (50) comprises a symbol decision output terminal for producing a selected one of the plurality
of symbol decisions in the survivor sequence; and
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the error estimator is coupled to the data signal source and the symbol decision output terminal of the Viterbi
decoder (50).

6. The data detector of claim 1, wherein the decision feedback equalizer (60) is an adaptive least mean square decision
feedback equalizer which is responsive to an error signal (e); and the detector further comprises:

an error estimator (100), coupled to the Viterbi decoder (50) for generating the error signal.

7. The data detector of claim 1, wherein the phase detector (70) is adapted to control the sample timing signal in
response to three time-adjacent symbol decisions of the most likely survivor sequence, the three time-adjacent
symbol decisions being selected to be the youngest three time-adjacent symbol decisions.

8. The data detector of claim 1, further comprising:

a monitor and control unit for generating a delay control signal; and
a variable delay element (120) for receiving the equalized received input signal (52) and for providing a delayed
equalized received input signal to the phase detector, responsive to the delay control signal from the monitor
and control unit.

9. The data detector of any preceding claim further comprising the serial connection of a low pass filter and a numerically
controlled oscillator coupled between the phase detector and the signal sampler.

Patentansprüche

1. Datendetektor für das Verarbeiten eines Datensignals, welches eine Abfolge von Symbolen repräsentiert, wobei
der Datendetektor aufweist:

einen Signalabtaster (10) für das Empfangen des Datensignals und das Erzeugen eines abgetasteten Daten-
signals, wobei der Abtaster (10) auf ein Abtastzeitsignal reagiert,
einen Entzerrer für das Empfangen des abgetasteten Datensignals und das Erzeugen eines entzerrten abge-
tasteten Datensignals,
einen Signalkombinator für das Erzeugen eines entzerrten empfangenen Eingangssignals (52) durch Kombi-
nieren des entzerrten abgetasteten Datensignals und eines Ausgangssignals eines Entscheidungsrückkopp-
lungsentzerrers,
einen Viterbi-Decoder (50) für das Erzeugen einer Mehrzahl von bestehenden bzw. funktionsfähigen Sequenzen
und das Erzeugen einer Mehrzahl von Fehlermetriken, die jeweils der Mehrzahl von funktionsfähigen Sequenzen
entsprechen, die auf dem entzerrten empfangenen Eingangssignal (52) basieren, wobei jede der funktionsfä-
higen Sequenzen eine Mehrzahl von Symbolentscheidungen beinhaltet,
einen Multiplexer (59), der mit dem Decoder (50) verbunden ist und eine Mehrzahl von Eingangsanschlüssen
aufweist, die auf die Mehrzahl von funktionsfähigen Sequenzen reagieren, und einen Ausgangsanschluß auf-
weist, der eine funktionsfähige Sequenz erzeugt, die am wahrscheinlichsten ist, wobei der Multiplexer an seinem
Ausgangsanschluß die Mehrzahl von Symbolentscheidungen der funktionsfähigen Sequenz mit der kleinsten
korrespondierenden Fehlermetrik als die wahrscheinlichste funktionsfähige Sequenz erzeugt,
einen Entscheidungsrückkopplungsentzerrer (60), der mit dem Ausgangsanschluß des Multiplexers verbunden
ist und eine Mehrzahl von Koeffizienten-Multiplizierern (61) aufweist, die jeweils auf die Mehrzahl von Symbo-
lentscheidungen in der wahrscheinlichsten funktionsfähigen Sequenz reagieren, und einen Addierer (63) auf-
weist für das Erzeugen des Ausgangssignals des Entscheidungsrückkopplungsentzerrers durch Addieren der
Ausgangssignale der Mehrzahl von Koeffizienten-Multiplizierern und
einen Phasendetektor (70), der so ausgelegt ist, daß er das Abtastzeitsignal steuert, wobei der Phasendetektor
einen Eingangsanschluss hat, der mit dem Ausgangsanschluss des Multiplexers (59) verbunden ist.

2. Detektor nach Anspruch 1, wobei
der Entzerrer einen Vorwärtskopplungsentzerrer (30) beinhaltet, der mit dem abgetasteten Datensignal gekoppelt
ist, und
wobei der Signalkombinator (40) einen ersten Eingangsanschluß hat, der mit dem Vorwärtskopplungsentzerrer
gekoppelt ist, einen zweiten Eingangsanschluß hat, der mit dem Ausgangssignal des Entscheidungsrückkopplungs-
entzerrers (60) gekoppelt ist, und einen Ausgangsanschluß hat, der so konfiguriert ist, daß er das entzerrte emp-
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fangene Eingangssignal (52) dem Decoder (50) bereitstellt.

3. Datendetektor nach Anspruch 1, wobei:

der Viterbi-Decoder (50) Schaltkreise zum Variieren der Größe der wahrscheinlichsten funktionsfähigen Se-
quenz in Reaktion auf ein Größensteuersignal und
eine Überwachungs- und Steuereinheit (130) für das Erzeugen des Größensteuersignals aufweist.

4. Detektor nach Anspruch 3, welcher weiterhin eine mit dem Viterbi-Decoder (50) gekoppelte Fehlerschätzeinrichtung
für das Erzeugen eines Fehlersignals aufweist und wobei
die Überwachungs- und Steuereinheit das Größensteuersignal in Reaktion auf das Fehlersignal erzeugt.

5. Detektor nach Anspruch 4, wobei:

der Viterbi-Decoder (50) einen Symbolentscheidungs-Ausgangsanschluß für das Erzeugen einer ausgewählten
aus der Mehrzahl von Symbolentscheidungen in der funktionsfähigen Sequenz aufweist und
die Fehlerschätzeinrichtung mit der Datensignalquelle und dem Symbolentscheidungs-Ausgangsanschluß des
Viterbi-Decoders (50) gekoppelt ist.

6. Detektor nach Anspruch 1, wobei der Entscheidungsrückkopplungsentzerrer (60) ein adaptiver Entscheidungsrück-
kopplungsentzerrer mit kleinsten mittleren Quadraten ist, der auf ein Fehlersignal (e) reagiert, und der Detektor
weiterhin aufweist:

eine mit dem Viterbi-Decoder (50) gekoppelte Fehlerschätzeinrichtung (100) für das Erzeugen des Fehlersi-
gnals.

7. Detektor nach Anspruch 1, wobei der Phasendetektor (70) ausgelegt ist, um das Abtastzeitsignal in Reaktion auf
drei zeitlich benachbarte Symbolentscheidungen der wahrscheinlichsten funktionsfähigen Sequenz zu steuern,
wobei die drei zeitlich benachbarten Symbolentscheidungen derart ausgewählt sind, daß sie die drei jüngsten zeitlich
benachbarten Symbolentscheidungen sind.

8. Detektor nach Anspruch 1, der weiterhin aufweist:

eine Überwachungs- und Steuereinheit für das Erzeugen eines Verzögerungssteuersignals und
ein variables Verzögerungselement (120) für das Empfangen des entzerrten empfangenen Eingangssignals
(52) und das Bereitstellen eines verzögerten entzerrten empfangenen Eingangssignals an den Phasendetektor,
welches auf das Verzögerungssteuersignal von der Überwachungs- und Steuereinheit reagiert.

9. Detektor nach einem der vorangegangenen Ansprüche, welcher weiterhin die Serienschaltung eines Tiefpaßfilters
und eines numerisch gesteuerten Oszillators aufweist, die zwischen den Phasendetektor und den Signalabtaster
gekoppelt ist.

Revendications

1. Détecteur de données pour traiter un signal de données représentant une séquence de symboles, comprenant :

un échantillonneur de signal (10) pour recevoir le signal de données et pour produire un signal de données
échantillonné, l’échantillonneur (10) étant sensible à un signal de synchronisation d’échantillon ;
un égaliseur pour recevoir le signal de données échantillonné et produire un signal de données échantillonné
égalisé ;
un combineur de signaux pour produire un signal d’entrée reçu égalisé (52) en combinant le signal de données
échantillonné égalisé et une sortie d’égaliseur à rétroaction de décision ;
un décodeur de Viterbi (50) pour produire une pluralité de séquences survivantes et pour produire une pluralité
de métriques d’erreur correspondant respectivement à la pluralité de séquences survivantes sur la base du
signal d’entrée reçu égalisé (52), dans lequel chacune des séquences survivantes comprend une pluralité de
décisions de symboles ;
un multiplexeur (59), connecté audit décodeur (50), ayant une pluralité de bornes d’entrée sensibles à la pluralité
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de séquences survivantes, et une borne de sortie produisant une séquence survivante la plus vraisemblable,
le multiplexeur produisant, au niveau de sa borne de sortie, la pluralité de décisions de symboles de la séquence
survivante ayant la métrique d’erreur correspondante la plus faible en tant que séquence survivante la plus
vraisemblable ;
un égaliseur à rétroaction de décision (60), connecté à la borne de sortie du multiplexeur et comprenant une
pluralité de multiplicateurs à coefficients (61) respectivement sensibles à la pluralité de décisions de symboles
dans la séquence survivante la plus vraisemblable et un additionneur (63) pour produire ladite sortie d’égaliseur
à rétroaction de décision en additionnant les sorties de la pluralité de multiplicateurs à coefficients ; et
un détecteur de phase (70), adapté pour commander le signal de synchronisation d’échantillon, le détecteur
de phase ayant une borne d’entrée couplée à la borne de sortie du multiplexeur (59).

2. Détecteur selon la revendication 1, dans lequel :

l’égaliseur comprend un égaliseur à anticipation (30) couplé au signal de données échantillonné ; et
dans lequel le combineur de signaux (40) a une première borne d’entrée couplée à l’égaliseur à anticipation,
une deuxième borne d’entrée couplée à la sortie de l’égaliseur à rétroaction de décision (60), et une borne de
sortie configurée pour fournir le signal d’entrée reçu égalisé (52) au décodeur (50).

3. Détecteur de données selon la revendication 1, dans lequel :

le décodeur de Viterbi (50) comprend des éléments de circuit pour faire varier la taille de la séquence survivante
la plus vraisemblable en réponse à un signal de commande de taille ; et
une unité de surveillance et de commande (130) pour générer le signal de commande de taille.

4. Détecteur selon la revendication 3, comprenant en outre un estimateur d’erreur, couplé au décodeur de Viterbi (50),
pour générer un signal d’erreur ; et dans lequel
l’unité de surveillance et de commande génère le signal de commande de taille en réponse au signal d’erreur.

5. Détecteur selon la revendication 4, dans lequel :

le décodeur de Viterbi (50) comprend une borne de sortie de décision de symbole pour produire une décision
sélectionnée parmi la pluralité de décisions de symboles dans la séquence survivante ; et
l’estimateur d’erreur est couplé à la source de signal de données et à la borne de sortie de décision de symbole
du décodeur de Viterbi (50).

6. Détecteur selon la revendication 1, dans lequel l’égaliseur à rétroaction de décision (60) est un égaliseur adaptatif
à rétroaction de décision par moindres carrés moyens qui est sensible à un signal d’erreur (e) ; et le détecteur
comprend en outre :

un estimateur d’erreur (100), couplé au décodeur de Viterbi (50), pour générer le signal d’erreur.

7. Détecteur selon la revendication 1, dans lequel le détecteur de phase (70) est adapté pour commander le signal
de synchronisation d’échantillon en réponse à trois décisions de symboles adjacentes dans le temps de la séquence
survivante la plus probable, les trois décisions de symboles adjacentes dans le temps étant sélectionnées pour être
les décisions de symboles adjacentes dans le temps les plus récentes.

8. Détecteur selon la revendication 1, comprenant en outre :

une unité de surveillance et de commande pour générer un signal de commande de retard ; et
un élément à retard variable (120) pour recevoir le signal d’entrée reçu égalisé (52) et pour fournir un signal
d’entrée reçu égalisé retardé au détecteur de phase, en réponse au signal de commande de retard provenant
de l’unité de surveillance et de commande.

9. Détecteur selon l’une quelconque des revendications précédentes, comprenant en outre la connexion en série d’un
filtre passe-bas et d’un oscillateur commandé numériquement couplés entre le détecteur de phase et l’échantillonneur
de signal.
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