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NOVEL DEVICE AND METHOD FOR PRECODING
Field of the Invention

This invention relates generally to digital
communication systems, and more particularly to precoding a
digital data sequence for transmission in a digital
communication system. '

Background of the Invention

it has been shown that on strictly band-limited high-
signal-to-noise ratio (SNR) channels with Gaussian noise,
digital data can be reliably transmitted at rates approaching
channel capacity by using a combination of ideal zero-forcing
decision-feedback equalization (DFE) and known coded
modulation and constellation shaping techniques designed for
ideal channels free of intersymbol interference (ISI).
However, ideal DFE is not realizable. Trellis precoding is a
realizable combined coding, shaping and equalization technique
that achieves the same performance as an ideal DFE along with
coding and shaping.

One potential drawback of trellis precoding is that it is
effective only for signal constellations whose signal points
are uniformly distributed within a space-filling boundary
region. Space-filling substantially means that a union of
proper non-overlapping translations of the boundary region can
cover (tile) the entire space. Stated in another way, the
boundary region must be representable as a fundamental region
of a lattice, typically referred to as a precoding lattice. To be
compatible with known coded modulation techniques, a
precoding lattice is typically chosen as a scaled version MZ2
of a two-dimensional integer lattice Z2 (where M is a scaling
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factor) such that the boundary region then has the shape of a
square. In certain applications, square signal constellations
are not desirable, since they have a higher two-dimensional
peak-to-average power ratio (PAR) than constellations with
more circular boundaries. More importantly, square
constellations are not- suitable for representing fractional bits
per symbol and require a method known as constellation
switching to allow fractional rate transmission, which further
increases the two-dimensional PAR. In ftrellis precoding, it is
possible to find precoding lattices whose Voronoi region is
more circular than that of a square and which can
accommodate certain fractional data rates. However, this
approach is not very flexible, since it does not uniformly
handle all fractional data rates and is more difficult to make
invariant to 90° phase rotations, which is an important
requirement in certain practical applications. Another
drawback of trellis precoding is that to achieve shaping gain,
the precoding operation must be combined with shaping

_operations, which increases the complexity of implementation.

There is a need for a flexible precoding method and
device that can work with substantially any signal
constellation at substantially any data rate and that can be
implemented independently from constellation shaping while
achieving an overall performance that is at least comparable
to that of trellis precoding.

Summary of the Invention

A device and method are set forth for mapping a digital
data sequence into a signal point sequence x(D) for
transmission over a channel characterized by a nonideal
response h(D) using a trellis code C, comprising a signal point
selector (precoding unit) for selecting said signal point

L]
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sequence x(D) from a subset of all possible signal point

sequences that are of a form u(D) + d(D), wherein u(D) is a

signal point sequence from a translate of said trellis code C

and uniquely represents said digital data sequence and wherein
5 d(D) represents a nonzero difference between a selected
nonzero code sequence c¢(D) from said trellis code C and a post-
cursor intersymbol interference (ISl) sequence p(D)
substantially of a form p(D) = x(D)[h(D)-1], such that ¢(D) is
selected based only upon p(D).

10 -
Brief Descriptions of the Drawings
FIG. 1 is a block diagram of a device in accordance with
the present invention.
15 FIG. 2 is a more detailed block diagram |llustrat|ng a
first embodiment of a device in accordance with the present
invention.

FIG. 3 is a block diagram of a second embodiment of a
device in accordance with the present invention.

20 FIG. 4 is a block diagram of a third embodiment of a
device in accordance with the present invention.

FIG. 5 is a block diagram of a fourth embodiment of a
device in accordance with the present invention.

FIG. 6 is a block diagram of a first embodiment of a

25 digital communication system utilizing a device in accordance
with the present invention.

FIG. 7 is a block diagram of a recovery unit of the digital
communication system of FIG. 6, showing the recovery unit
with more particularity.

30 FIG. 8 is a block diagram of a second embodiment with
interleaving of a digital communication system utilizing a
device in accordance with the present invention.

FIG. 9 is a flow diagram setting forth steps in
accordance with the method of the present invention.
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Detailed Description of a Preferred Embodiment

The method and device of the present invention permits
precoding an arbitrary stream of signal points for
transmission over a digital communication channel, performing
particularly well on channels having severe attenuation
distortion. Substantial benefits are obtained by utilizing the
present invention: transmission at substantially any desired
data rate without constellation switching, transmission with
circular signal constellations, and simplification of shaping by

\completely separating shaping from precoding.

As illustrated in FIG. 1, a device in accordance with the
present invention (precoding unit, 100) precodes a digital data
sequence to provide a precoded sequence x(D) for transmission
over a discrete time channel unit (defined below) with a
complex impulse response h(D). A key characteristic of the
invention is that the precoded sequence x(D) can be
represented by the sum

x(D) = u(D) + d(D)

where u(D) is a signal point sequence from a translate of a
trellis code C and represents the digital data sequence and d(D)
is a dither sequence that may be represented as

d(D) = ¢(D) - x(D)[h(D) - 1]

where ¢(D) is a code sequence from a trellis code C. The code
C can be any n-dimensional trellis code, where n is an integer,
based on a lattice partition A/A', where A is a selected lattice,
and A' is a selected sublattice of A. The individual signal

points uk, k = 1, 2, ..., of u(D) are chosen from a translate of a

4
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two-dimensional lattice A2 and from within a finite two-
dimensional region R.

Two key features distinguish the invention from prior
art: (i) the sequence c(D) is not the all-zero sequence (when
c(D) = 0, the technique reduces to a known transmitter linear
equalization technique), and (ii) the selection of ¢c(D) is based
only upon the post-cursor ISI sequence p(D), in contrast to
more conventional precoding techniques where ¢(D) is selected

10 _based upon both p(D) and u(D).

15

20

25

30

35

Typically, the present invention is utilized where the
complex impulse response h(D) has no zeroes on the unit circle,
or equivalently, when its inverse, 1/h(D), is stable. Therefore,
the following embodiments utilize an h(D) that is a canonical
response with a stable inverse. Note that h(D) may be an all-

. zero response such as h(D) = 1 + 0.75 D, an all-pole response

such as h(D) = 1/(1 - 0.75 D), or a more general response that
includes zeroes and poles. As in classical precoding '
techniques, it is assumed that the response h(D) has been
determined and is known at the transmitter.

FIG. 2, numeral 200, is a more detailed block diagram of
a first embodiment of a precoding device in accordance with
the present invention. Here the digital data sequence is first
mapped in a mapping unit (202) into a signal point sequence
u(D) chosen from a translate of a trellis code C using any
combination of known encoding, mapping and shaping
techniques. This embodiment also comprises a first combining
unit (204) and a filtering-slicing unit (206). The first
combining unit (204), typically a summer, is operably coupled
to receive the signal point sequence u(D), a code sequence c(D)
and a post-cursor ISI sequence p(D) = x(D)[h(D) - 1] and
provides the transmission sequence x(D) = u(D) + ¢(D) - p(D).
The difference between x(D) and u(D) is the dither sequence
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d(D) = x(D) - u(D) = ¢(D) - p(D). A filtering unit (208) is
operably coupled to receive the transmitted sequence x(D) to
provide the post-cursor ISl sequence p(D).

in all embodiments that foliow, the slicing unit (210) is
utilized for slicing (on a symbol-by-symbol basis) the post
cursor 1SI sequence p(D) to an allowable code sequence c(D)
selected from the trellis code C. The code sequence ¢(D) can
be selected in many different ways. For a two-dimensional

trellis code C, in one embodiment, the symbols ck of the
sequence c¢(D) are selected from the sublattice A'. This

.ensures that ¢(D) will belong to the trellis code C. [n another
embodiment, the symbols ck are selected on a symbol-by-
symbol basis by following a single path in a trellis
representation of C. The operation of the slicing unit (210) for
multi-dimensional trellis codes will be described later.

Typically the symbols ck will be chosen on a symbol-by-
symbol basis to minimize the instantaneous energy of the

~ dither symbols dk = Ck - Pk- Since the filtering unit (208) has a

delay of at least one time unit, the elements pk of the post-
cursor ISI sequence p(D) depend only upon past values Xx;, i<k of
the transmitted sequence x(D). Therefore, the current dither
symbol dx will be statistically uncorrelated from the current
signal point uk (assuming u(D) is itself an uncorrelated
sequence). Therefore, the energy of the transmitted symbols
Sy = E{|xx[2} will be the sum Sy + Sd of the energies of u(D) and
d(D), where E is a statistical expectation. The average energy
Sy of the transmitted sequence x(D) will be approximately the
same as the energy Sy of the signal sequence u(D) as long as
the average dither energy Sq is small. That means, the better
the approximation ¢(D) = p(D) is, the smaller will be the
increase in average energy due to the dither sequence d(D).
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It should be noted, however, that the invention is not
limited to criteria that minimize the instantaneous dither
energy, and any criterion can be used to select the code
sequence c(D) as long as the selection of each ¢k is based only
upon past values x;, i < k, of x(D). For example, in certain
applications it may be desirable to limit the range of the
channel output symbols yk = uk + Ck. This can be achieved, at
the expense of a higher dither energy Sd, by restricting the
values of ck to a certain range. Also, when the present
precoding method is used with a multi-level code, the
selection of ckx may be further restricted so that certain
\parity-check conditions are satisfied.

FIGs. 3-5 show three alternative embodiments of the
present invention which are substantially equivalent to the
first embodiment shown in FIG. 2. FIG. 3, numeral 300, sets
forth a block diagram illustrating a second embodiment of a
precoding device, in accordance with the present invention. In
this embodiment the combining unit (304) is operably coupled

" to receive the signal point sequence u(D) from the mapping unit

(202) and the code sequence ¢(D) from the slicing unit (210) to
form the sequence s(D)

s(D) = u(D) + ¢(D).

An inverse filtering unit (306) which is operably coupled to
the combining unit (304) to receive the sequence s(D) provides
the transmitted sequence x(D) as an output of the precoding
unit and as an input to the filtering unit (208) according to
x(D) = s(D)/h(D). Since x(D)h(D) = x(D) + p(D) = s(D), it follows
that

x(D) = s(D)/h(D)
= s(D) - p(D)
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= u(D) +¢(D) - p(D)-

Thus for the same input sequence u(D), this second embodiment
will produce essentially the same transmitted sequence x(D)
as that of the first embodiment.

A third embodiment of the precoding device is shown in
FIG. 4, numeral 400. Here the filtering unit (408) is operably
coupled to the first combining unit (304) such that the post-
cursor ISI sequence p(D) is generated directly from the
sequence s(D) instead of the transmitted sequence x(D), and
‘the filtering unit (408) has the response {1 -1/n(D)}. It should
be noted that since x(D) = s(D)/h(D), and

p(D) = s(D){1 - 1/n(D)} = x(D}{h(D) - 1}

the filtering unit (408) in this embodiment will produce the
same post-ISI sequence p(D) as the earlier embodiments, and
therefore the same transmitted sequence x(D) will be
generated as in the earlier embodiments, again assuming the
same input sequence u(D). Other operable couplings for the
third embodiment are as described for FIG. 3.

A fourth embodiment shown in FIG. 5, numeral 500, is
similar to that in FIG. 4, except that here the inverse filtering
operation x(D) = s(D)/h(D) is implemented according to

x(D) = s(D) - p(D)

where a second combining unit (512), operably coupled to the
first combining unit (304) and to the filtering unit (408),
substantially subtracts the post-cursor ISI sequence p(D)
provided by the filtering unit (408) from the sequence s(D)
provided by the first combining unit (304).
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The above description utilizes an assumption that the
channel is characterized by a discrete-time complex impulse
response h(D). It is well-known in the state-of-the-art that
any discrete time or continuous-time linear passband channel
with additive noise can be represented by a canonical
discrete-time equivalent channel with a causal (hx = 0, k <0),
minimum-phase (all zeros outside or on the unit circle), monic
(ho = 1) impulse response h(D) and additive white noise w(D). A
canonical receiver front-end that includes a whitened matched

filter and a sampler (in the case of continuous-time channels)

operating at a selected symbol rate may be utilized to provide

'\sucrh an equivalent channel. It should be mentioned that in

practice, typically, h(D) represents the combined effect of the
filters in the transmitter, channel, the receiver, and a sampler.
Similarly, w(D) represents the noise after it passes through
the receive filters and the sampler. The whitened-matched
filter reduces the strength of the distortion through proper
filtering and therein lies the performance advantage of the
present invention over conventional linear equalizations.

In practice, when h(D) is an all-zero response, a
whitened matched filter can be determined adaptively using
standard adaption techniques for decision-feedback
equalizers. When it is desired that h(D) be an all-pole filter,
then one can first determine adaptively an all-zero response
h'(D) using the standard methods and then find h(D) = 1/g'(D)
using well-known polynomial division techniques, where g'(D)
is a finite polynomial approximately equal to g'(D) = 1/h'(D).

A first embodiment of a device of the present invention
incorporated into a digital communication system is
illustrated in the block diagrams of FIG. 6, numeral 600,
wherein at least one of a transmission unit and a receiving
unit utilizes the present invention. The said system typically
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includes at least one of a transmission unit and a receiving
unit wherein the transmission unit has a precoding unit (602)
(typically in a transmitter) for transmitting a digital data
sequence and a channel (604) obtained as described in the
above paragraph, operably coupled to the precoding unit (602),
for facilitating transmission of the precoded sequence x(D),
and the receiving unit has a decoding unit (612), operably
coupled to the channel unit (604), for receiving and decoding a
received sequence r(D) to provide an estimated output
sequence §(D), and a recovery unit (614), operably coupled to
the decoding unit (612), for substantially recovering an
\estimate ﬁ(D) of the signal point sequence u(D). An estimate
of the transmitted digital data sequence is then found from
G(D) using an inverse map and shaping recovery (if

constellation shaping is employed).

The equivalent channel (604), represented as set forth
above, is substantially represented by a filter having a
response h(D) (606), for receiving x(D) and producing an output
sequence y(D) = x(D)h(D) substantially equal to s(D), defined
earlier, an additive noise unit (608) for providing additive
noise, and a combining unit (610), typically a summer, operably
coupled to the h(D) unit (606) and to the additive noise unit

(608).

The decoding unit (612) is typically a decoder for the
trellis code C, as is known in the art. The decoding unit (612),
typically receives and decodes a noisy received sequence r(D)

which is of a form

r(D) = x(D)h(D) + w(D)
= y(D) + w(D)
= [u(D) + ¢(D)] + w(D),

o
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to provide an estimate §(D) of the channel output sequence y(D)
= x(D)h(D), and a recovery unit (614), operably coupled to the
decoding unit (612), substantially recovers an estimate u(D) of
the input sequence u(D), described more fully below.

Since ¢(D) belongs to the trellis code C, the sequence
y(D) = u(D) + ¢(D) must be a sequence in the same translate of C
as the signal point sequence u(D). Of course, since ck can be
large, the symbols yk = uk + ck of y(D) will lie within a
bdundary region that is larger than the region R defined earlier
for the symbols uk of u(D). That means that the sequence y(D)
\can be estimated by a conventional decoder (612) for C, as is
known in the art, with the provision that it searches over a
larger (possibly infinite) range of signal points.

Note that a conventional receiver will not take advantage
of the correlation between successive channel output signals
yk. To see this, note that it is possible to construct augmented

trellis diagrams using the fact that yk = uk + Ck, and ck depends

on past values of yk. If for example, h(D) is an all-pole
response of order m, then ck will depend on a finite number of
recent symbols yk.i, i = 1,...m (where m is a selected integer).
Therefore, a sequence estimator can be defined by combining
the state of the input sequence u(D) and the channel state sk =
[yk-1, Yk-2....Yk-m). Since such a trellis can have an
excessively large number of states, and therefore will be
difficult to search, reduced-complexity search techniques can
be employed to achieve nearly the same performance at
substantially reduced complexity. The number of states in an
ML trellis can be reduced using state merging techniques for
reduced-state sequence estimation (RSSE).

A simplest form RSSE involves a search over the ftrellis
of the trellis code C, and operates like a conventional decoder
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except it uses the path history of each surviving sequence to
find an estimate Ek of the code variables ck. Itis

important to note that a different estimate ck is used for each
state of the trellis, and the estimate associated with each
state is used to compute the branch metrics for all branches
that leave that state. Given an estimate 8k allows
determination of an estimated range R + ck for the signal
points yk = Uk + Ek and~this limited range is used in the all
branch metric computations for that estimate. The
disadvantage of this technique is that it increases the
computational complexity since it requires considerably more
‘branch metric calculations. The complexity can reduced,
however, by using only a more likely subset of the possible
states to form the estimates Ek.

The recovery unit (614), illustrated with more
particularity in the block diagram of FIG. 7, numeral 700,

typically includes at least a recovery filtering unit (702),
operably coupled to the estimated output sequence y(D), for

 filtering ;'(D) to obtain an estimate E(D) of the precursor ISI

sequence p(D), substantially of a form S(D) = §(D){1-1/h(D)}, a
recovery slicing unit (704), operably coupled to the recovery
filtering unit (702), for slicing B(D) to provide a recovery code
sequence E(D) from the trellis code C, in a manner that is
substantially the same as that used in the precoding unit at
the transmitter, and a recovery combining unit (706), operably
coupled to the recovery slicing unit (704) and to the decoding
unit (612), for substantially determining a difference between
the output sequence §(D) and the sequence E(D) to obtain the
estimate G(D) of the original input sequence u(D). As long as
there are no decision errors (§(D) = y(D)), and the operations in
the transmitter and receiver are. substantially symmetrical,
the original sequence u(D) will be correctly recovered. Other

i»
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equivalent implementations of the recovery circuit are also
possible.

To summarize, the recovery filtering unit (702) is

5 utilized to reconstruct an estimate ﬁk of a post-cursor
intersymbol interference variable pg, then the recovery -slicing
unit (704) is utilized to determine a symbol ck belonging to a
sublattice A' (or an allowable coset of A') on a symbol-to-
symbol basis to form a sequence c(D) that substantially

10 correlates with ¢(D) in the precoding unit (100) at the
transmitter, and then utilize the recovery combining unit (706)
‘to provide u(D) = y(D) - ¢(D).

Of course, there will be occasional errors in ;I(D) due to
15 channel noise, and these may lead to error propagation.
However, since 1/h(D) is stable, the error propagation in the
fiter 1 - 1/n(D) will never be catastrophic. Moreover, if h(D)
is an all-pole response of order m (where m is a selected
integer), then error propagation will be strictly limited to at
20 most m symbols.

In an embodiment where the elements ck of the sequence
c¢(D) are chosen on a symbol-by-symbol basis at the
transmitter by following a path through the trellis of the code

25 C, during recovery, occasional errors may cause loss of the
correct state thereby causing loss of synchronization, which
may continue for a long time if not corrected. One way to
circumvent this problem is to force ¢(D) in the transmitter to
a known state of the trellis at every Lth symbol, where L is a

30 preselected integer, to reestablish synchronization in the
receiver at an expense of a slight increase in the transmit
energy.
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Where an estimate ﬁk, a kth variable of the recovered
sequence u(D), falls outside the allowed range R of a kth
variable uk of the input sequence u(D), such a range violation
indicates that a decision error has occurred either in the
current symbol y, or ck is in error because of an error in some
recent symbol yk.i, i > 0. When such range violations are
detected, one can try to correct them by adjusting the
estimates yk or Yki. Thus, by monitoring the range violations,
some degree of error ¢orrection can be achieved. Such an error

_detection capability can also be useful for monitoring the

performance of the transmission system.

\

A second embodiment of a digital communication system
having a device in accordance with the present invention, the
system including interieaving, is illustrated in FIG. 8, numeral
800. In certain applications, an interleaver INT (802) may be
included in a precoding unit (810). The precoding unit (810) is
the same as the precoding unit (100), except that the precoding
unit (810) further includes an interleaver such that the signal
point sequence u(D) is now replaced by an interleaved signal
point sequence u'(D) which is obtained by passing u(D) through
the interleaver (802)'. The interieaver will allow the removal
of potential correlation between successive noise samples at
the output of the channel. The interleaver (802) can be any
device with a realizable inverse (deinterleaver) that changes
the ordering of the input symbols. For example, in a periodic
interleaver, input samples are delayed according to a sequence
of delays that are periodic with same period P. As described

above for FIG. 6, x(D) and r(D) are generated.

in the receiver, the received noisy sequence r(D) = u'(D) +
c(D) + w(D) is deinterleaved prior to decoding by passing r(D)
through a deinterleaver DEINT (806), operably coupled to
receive r(D), to obtain the deinterleaved received sequence
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r(D) = u(D) + c'(D) + w'(D), where w'(D) is the noise sequence
whose order has been shuffied in the deinterleaver (804). It is
this shuffling of the noise that produces improved performance
when the channel noise is bursty or correlated. Note that the
deinterleaver (804) recovers the original ordering for the.
signal point sequence u(D), but in the process it changes. the
ordering of the code symbols ck added in the precoding device
at the transmitter. It is essential that the shuffled code
sequence ¢'(D) is a code sequence in the trellis code C, so that
the decoding unit (612), typically a conventional Viterbi
decoder for C, operably coupled to the deinterleaver (804),
\can recover the original sequence y(D) = u(D) + ¢'(D). For a
two-dimensional trellis code C this is always ensured if the
elements ck are chosen from the sublattice A' on a symbol-by-
symbol basis and with no memory.

To recover the original input sequence u(D), the
estimated sequence §'(D) from the decoder for C must be
interleaved once again by passing ;'(D) through a second
interleaver INT (806), which is operably coupled to the
decoding unit (612) and which is substantially equivalent to
the interieaver (802) in the transmitter, to recover the
original ordering of the code symbols ¢(D). Interleaving
provides y'(D) = u'(D) + ¢(D). The recovery unit (614), as
further illustrated in FIG. 7, operably coupled to the second
interleaver (806), receives ;"(D) and provides an estimate ﬁ'(D)
for the interleaved sequence u'(D). An estimate G(D) of the
original signal point sequence u(D) is then obtained by passing
ﬁ'(D) through a second deinterleaver DEINT (808) that is
included in the recovery unit (614). Recovery unit (812) shown
in FIG. 8 is the same as recovery unit (614) except that it
includes the deinterleaver (808) that is operably coupled to
the recovery combining unit (706) and provides a deinterleaved
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estimated signal point sequence G(D) for the inverse mapping
device (708).

Thus, a digital communications receiver may be utilized
in accordance with the present invention for receiving a
digital data sequence that was mapped into a signal point
sequence x(D) and transmitted over a channe! characterized by
a nonideal response h(D) using a trellis code G, providing a
received sequence r(Dﬁ comprising at least decoding means,
operably coupled to receive r(D), for decoding the received
transmission sequence r(D) to .provide an estimated output
\sequence §(D), and recovery means, operably coupled to the
decoding means, for substantially recovering an estimated
sequence G(D) for a sequence u(D) for a transmitted signal
point sequence x(D), selected from a subset of all possible
signal point sequences that are of a form u(D) + d(D), wherein
u(D) is a signal point sequence from a translate of said trellis
code C and uniquely represents said digital data sequence and
wherein d(D) represents a nonzero difference between a
selected nonzero code sequence ¢(D) from said trellis code C
and a post-cursor intersymbol interference (1Sl) sequence p(D)
substantially of a form p(D) = x(D){h(D)-1], such that ¢(D) is
selected based only upon p(D).

As illustrated in FIG. 7, one embodiment of the recovery

means utilizes a recovery filtering unit (702), operably
coupled to receive the estimated output sequence ;I(D), for
providing an estimated post-cursor intersymbol interference
(ISl) sequence B(D), a recovery slicing unit (704), operably
coupled to the recovery filtering means, for providing an
estimated nonzero code seguence E(D) from said trellis code C
that substantially correlates with c¢(D) utilized for providing
the transmission sequence x(D), a third combining unit (7086)
(typically a summer), operably coupled to receive the
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estimated output sequence §(D) and to the recovery slicing
~means, for determining the estimated sequence G(D),
substantially of a form G(D) = §(D) - E(D), and an inverse
mapping unit (708), operably coupled to the third combining
5 means, for inverse mapping the estimated sequence G(D) to
provide a recovered digital data sequence substantially equal
to the transmitted digital data sequence. The receiver further
includes, where the signal point sequence u(D) was interleaved
before transmission, a first deinterleaving unit DEINT (804),
10 _operably coupled to receive r(D), for providing a deinterleaved
r(D) sequence to the decoding unit (612), an interleaving unit
{INT (8086), operably coupled to the decoding unit (612), for
providing an interleaved estimate of the decoded sequence,
9'(D), to the recovery unit (812), and wherein the recovery unit
15 (812) further includes a second deinterleaving unit (808). The
digital commmunications receiver is utilized as further
described above.

In addition the digital communications receiver may be
20 selected such that the decoding unit (612) further includes a
reduced complexity sequence estimator unit that utilizes a
correlation between successive symbols yk. In one
implementation, the reduced complexity sequence estimator
unit utilizes a sequence estimator having a reduced number of
25 states that are determined utilizing state merging techniques
for reduced-state sequence estimation (RSSE).

Where desired, the recovery unit may be selected to
include a range violation determiner unit. When a kth variable
30 ukof the recovered sequence G(D) is outside a range R (a range
violation), this unit adjusts at least one of an estimate §k and
a past estimate ;lk-i (where i is a positive integer) to
substantially correct the range violation.
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The present invention may also be utilized with multi-
dimensional codes. For example, if u(D) is an arbitrary
complex sequence from a translate of a four-dimensional
irellis code C based on a four-dimensional (4D) lattice
partition Z4/RD4, the sequence c(D) can be selected as follows.
First it should be noted that the sublattice RD4 can be
represented as a union of the 4D lattice 2Z4 with its coset 2Z4
+ (1,1,1,1). Moreover, the 4D lattice 274 can be obtained by
taking a Cartesian product of the two-dimensional (2D) lattice
272 which consists of all pairs of even integers. Therefore

RDg4 can be represented as

%

RDg4 = (2Z2x2Z2) U [2Z2 + (1,1)x[2Z2 + (1,1)],

where U represents the union and x represents the Cartesian
product. The union of the oD lattice 2Z2 with its coset 2Z2 +

(1,1) forms the 2D lattice RZ2,

Therefore, the slicing unit (202) for precoding may
select the code sequence c(D) by selecting, in the even symbol
interval k, its symbol ck from RZ2. If ck belongs to 2Z2 then in
the following odd symbol interval, the second symbol Ck+1 iS
selected from the even integer lattice 2722, If cx belongs to
the coset 2Z2 + (1,1), however, then in the next odd symbol
interval, the second symbol ck+1 is selected from the coset
222 + (1,1). This way it is ensured that the 4D symbol

(ck, ck+1) will belong to RD4.

Alternatively, the sequence c(D) may be selected by
following the best path through the trellis of the multi-
dimensional code. For example, in the case of a popular 4D 16-

state trellis code disclosed by Wei (Irellis-coded Modulation
With Multi-dimensional Constellations, by L.F. Wei, IEEE

Transactions on Information Theory, Vol. IT-33, pp. 483-501,
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July 1987), in the even symbol interval, the closest symbol ck
on the integer lattice Z2 can be selected. In the following odd
symbol interval, the closest symbol in either RZ2 or its coset
RZ2 + (1,0) is selected, depending on the current state of the

5 path and depending on whether ck belongs to RZ2 or its coset
RZ2 + (1,0). This way, the dither variable dk is forced to lie
inside the Voronoi region of Z2 for the first symbol, and the

_ Voronoi region of RZ2 for the second symbol.

10 - In the alternative c(D) selection described above, a
single error can propagate indefinitely in the reconstruction
1causing errors in the selection of the second symbol Ck41,
since state information may be lost, and it may not be possible
to correctly determine whether ck.1 will lie in RZ2 or its

15 coset RZ2 + (1,0). As stated above, this problem can be
avoided by forcing the trellis to the all-zero state every Lth (L
even) symbol interval. During the symbol intervals, where the
forcing takes place, the symbols will be selected from
specific cosets of 2Z2 and therefore the dither variable dk will

20 lie in the Voronoi region of 2Z2 in the second symbol, thereby
slightly increasing the dither energy.

FIG. 9, numeral 900, sets forth a flow diagram

illustrating steps in accordance with the method of the

25 present invention for precoding a stream of signal points for
transmission in a digital communication system. The method
provides for precoding a digital data sequence to generate a
sequence x(D) for transmission over a discrete-time channel
with a impulse response h(D). A stream of signal points u(D)

30 chosen from some translate of a trellis code C is transmitted
as x(D) = u(D) + d(D), where d(D) is a dither sequence of a form
d(D) = ¢(D) - p(D), where p(D) represents a post-cursor
intersymbol interference (ISI), and ¢(D) is a code seguence,
where ¢(D) is different from an all-zero sequence and is
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obtained from an untranslated version of the trellis code C
based only upon p(D). In one embodiment, the method
comprises the steps of mapping the digital data sequence to a
signal point sequence u(D) (902), summing u(D), a selected
code sequence ¢(D) and a post-cursor ISI sequence p(D) to
obtain the transmission sequence x(D) = u(D) + ¢(D) - p(D)
(904), filtering x(D) to obtain (906) p(D) substantially of a

form:

-

p(D) = x(D)[h(D) - 11,

~

and slicing p(D) on a symbol-by-symbol basis to obtain the
code sequence c(D) (908). Further modifications of the method
may be utilized in accordance with the modifications
described more fully above for the device of the present

invention.

The present invention may be implemented in a digital
communication System where a digital signal processor is
utilized to precode a digital data sequence to obtain a

sequence x(D) for transmission over a discrete-time channel

with an impluse response h(D). The processor typically
comprises a program storage medium having a computer
program to be executed by the digital signal processor, the
program comprising a unit for generating a sequence x(D)
wherein x(D) can be represented as the sum u(D) + d(D) of a
stream of signal points u(D) chosen from a translate of a
trellis code C and a dither sequence d(D) = ¢(D) - p(D), where
c(D) is a sequence from a translate of a trellis code C and
where p(D) represents a post-cursor intersymbol interference
(ISl) sequence of a form p(D) = x(D){h(D) - 1}. The code
sequence c(D) is different from an all-zero sequence and is
determined based upon only the post-cursor ISI sequence p(D).
Further description of the operation of the processor follows

that described above.
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The present invention relies on past channel output
signals to remove a dither sequence d(D) that is added to a
input sequence u(D) at the transmitter to form a transmitted
5 sequence, x(D) = u(D) + d(D), the dither sequence being
substantially a difference between a post-cursor intersymbol
interference p(D) and an appropriate code sequence, ¢(D), from
a trellis code from which the input sequence C is chosen. The
present invention may be utilized with virtually any signaling
10 method and at any data rate. Further, the present invention
may be utilized independently -of constellation shaping
Qtechniques; that means u(D) may represent an already shaped
sequence whose signal points have a nonuniform Gaussian-like
probability distribution.
15
In the present invention, the dither sequence may
increase the average transmit energy. Since in practice, the
average transmit energy must be kept constant, the signal x(D)
~ must be scaled down to maintain the same average energy. The
20 increase in the average transmit energy is referred to herein
as a dithering loss.

The dithering loss depends on the average energy Sy of

the signal point sequence u(D), on whether u(D) is coded or

25 uncoded, and aiso on the method used in selecting the code
sequence c¢(D). For example, if u(D) is a sequence of symbols
selected from an uncoded M x M quadrature amplitude-
modulated (QAM) signal constellation (where M is a selected
integer, typically a power of two) with an average energy Sy =

30 (M2 - 1)/6 , the transmission rate will be r = logz M2 bits per
symbol, and the dither sequence d(D) will have dither variables
dk that are uniformly distributed inside a square of side length
one, so that Sqg = 1/6 and Sx= Sy + Sq = M2/6, where Sq is a
dither energy. Thus, the dithering loss is approximately 0.28
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dB for M = 4 (r = 4) and about 0.02 dB for M =16 (r= 8), and
rapidly approaches zero as M grows. Here, dithering loss is
substantially the same as a similar loss known to occur in

Tomlinson precoding.

in a second exemplary embodiment, for a sequence -of

data symbols from an M x M QAM signal constellation, where a
sequence u(D) is a sequence of code symbols from a translate C
+ (0.5)2 of a two-dimensional trellis code C that is based on
the lattice partition Z2/2Z2 and a rate-1/2 convolutional code,
the transmission rate is r = logz M2 - 1 bits per symbol, and
\the dither variables dx are distributed inside a Voronoi region
of A' = 272, which is a square of side 2, the dither energy is
now four times higher; i.e., S¢ = 2/3 and Sx = (M2 + 3)/6. Thus,
the dithering loss is about 1.02 dB for M = 4 (r = 3), and about

0.07 dB for M = 16 (r= 7).

Clearly, for the same signal constellation (same M), the
dithering loss is higher in the trellis-coded QAM system

| (second exemplary embodiment) than in the uncoded system

(first exemplary embodiment). However, as M gets large, the
dithering loss becomes very small in both cases. Also, it
should be noted that when compared at a same data rate, the
difference in the dithering loss is smaller.

in a third exemplary embodiment, for a sequence u(D) of
data symbols from an M x M QAM signal constellation that is
generated by a trellis shaping system with about 1 dB shaping
gain and a shaping constellation expansion factor of 2, wherein
a transmission rate for the otherwise uncoded system is r =
loge M2 - 1 bits per symbol. The dithering energy is
substantially Sq =1/6 and Sy = (M2 - 1)/15. Thus, Sx = M2/15 +
0.1, and the dithering loss is substantially 0.67 dB for M = 4
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(r3 = 3) and 0.04 for M = 16 (r3 = 7). Hence, shaping increases
the dithering loss only very slightly.

A fourth exemplary embodiment illustrates
5 implementation of the present invention to provide reduction
of dithering loss while incurring slightly higher computational
complexity. In this case, the input sequence is the same as in
the second exemplary embodiment, but the method of slicing
for determining ¢(D) is different. Here ¢(D) is selected on a
10 sy~mbol-by-symbol basis as described above from appropriate
cosets of the so-called time-zero lattice Ao = RZ2 by following
the trellis associated with the trellis code. In this case, the
dithering variable is uniformly distributed inside the Voronoi
region of RZ2, and hence Sq = 1/3, and therefore the dithering
15 loss will be only 0.54 dB for M = 4 and 0.03 dB for M = 16.

Although several exemplary embodiments are described
above, it will be obvious to those skilled in the art that many
~alterations and modifications may be made without departing
20 from the invention. For example, even though primarily trellis
codes are described above, the method can be used with block
or lattice codes as well. The trellis code can be trivial as in
an uncoded system. It can also be used with selected multi-
level trellis codes. Also, although two-dimensional (passband,
25 quadrature) transmission systems are emphasized, the
methods can also be applied to one-dimensional (baseband) or
higher-dimensional (parallel channels) transmission systems.
Accordingly, it is intended that all such alterations and
modifications be included within the spirit and scope of the
30 invention as defined in the appended claims.
| claim:
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Claims:

1. A device for mapping a digital data sequence into a
signal point sequence x(D) for transmission over a channel
characterized by a nonideal response h(D) using a trellis code
C, comprising: :

a precoding unit for selecting said signal point sequence
x(D) from a subset of all possible signal point sequences that
are of a form u(D) + d(D), wherein u(D) is a signal point
séquence from a translate of said trellis code C and uniquely
represents said digital data sequence and wherein d(D)
1represents a nonzero difference between a selected nonzero
code sequence c(D) from said trellis code C and a post-cursor
intersymbol interference (ISl) sequence p(D) substantially of a
form p(D) = x(D)[h(D)-1], such that ¢(D) is selected based only

upon p(D).
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2.  The device of claim 1 wherein the precoding unit
_comprises at least:

2A) mapping means, for mapping the digital data
5 sequence into a signal point sequence u(D) selected from a
translate of a trellis code C,

2B) first combining means, operably coupled to the
mapping means, to a slicing means, and, where selected, to a
10 filtering means, for combining u(D) and at least the code

sequence c(D) to provide a combiner output sequence s(D),

| wherein the slicing means is operably coupled to the

filtering means, and is utilized for slicing the post-cursor

sequence p(D) to a selected code sequence of signal points c(D)
15 selected from the trellis code C, and

wherein the filtering means is operably coupied to the
first combining means, and is utilized for extracting the post-
cursor ISI sequence p(D),

20 » and further including, where selected, at least one of 2C-2G:

2C) wherein the first combining means is a summer,
2D) wherein the first combining means is selected to
be operably coupled to the mapping means and to the slicing
25 means further including one of:
2D1) an inverse filtering means, operably coupled
between the first combining means and the filtering means, is
further included for providing a transmission sequence x(D)
substantially of a form s(D)/h(D), and
30 2D2) an inverse filtering means, operably coupled
to the first combining means, is further included for providing
a transmission sequence x(D) substantially of a form s(D)/h(D),
2E) wherein the precoding unit further includes second
combining means, operably coupled to the first combining
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means and to the filtering means, for providing the
transmitted sequence x(D) substantially of a form x(D) = s(D) -
p(D), and, where selected, wherein the second combining means

is a summer,
2F) wherein the mapping unit includes constellation

shaping, and
2G) wherein the precoding unit further includes an

interleaving means.

‘3. The device of claim 1 wherein at least one of 3A-3H:

3A) the precoding unit comprises at least:
3A1) mapping means, for mapping the digital data

sequence into a signal point sequence u(D) selected from a
translate of a trellis code C, and

3A2) first combining means, operably coupled to
the mapping means, to a slicing means, and to a filtering
means, for combining u(D) and at least the code sequence ¢(D)

1o provide the transmission sequence x(D),

wherein the slicing means is operably coupled to
the filtering means, and is utilized for slicing the post-cursor
sequence p(D) to a selected code sequence of signal points ¢(D)
selected from the frellis code C, and

wherein the filtering means is operably coupled to
the first combining means, and is utilized for extracting the
post-cursor ISI sequence p(D) from the transmission sequence
x(D),

and, where selected, wherein the first combining means

is a summer,

3B) wherein the precoding unit comprises at least:
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3B1) mapping means, for mapping the digital data
sequence into a signal point sequence u(D) selected from a
translate of a ftrellis code C,

3B2) first combining means, operably coupled to
the mapping means and to a slicing means, for combining u(D)
with at least the code sequence c(D) from the slicing means to
provide a combiner output sequence s(D),

3B3) an inverse filtering means, operably coupled
to the first combining means, for providing a transmission
sequence substantially of a form x(D) = s(D)/h(D), and
’ 3B4) filtering means, operably coupled to the
inverse filtering means, for extracting the post-cursor 1Sl
sequence p(D) from the transmission sequence x(D),

wherein the slicing means is operably coupled to the

filtering means, and is utilized for slicing the post-cursor
sequence p(D) to a selected code sequence of signal points c(D)
selected from the trellis code C, and, where selected, wherein
the first combining means is a summer,

3C) wherein the precoding unit comprises at least:
mapping means, for mapping the digital data sequence
into a'signal point sequence u(D) selected from a translate of a
trellis code C,
3C1) first combining means, operably coupled to
the mapping means and to a slicing means, for combining u(D)
with at least the code sequence c¢(D) from the slicing means to
provide a combiner output sequence s(D), and
3C2) an inverse filtering means, operably coupled
to the first combining means, for providing a transmission
sequence substantially of a form x(D) = s(D)/h(D),
wherein the slicing means is operably coupled to the
filtering means, and is utilized for slicing the post-cursor
sequence p(D) to a selected code sequence of signal points ¢(D)
selected from the trellis code C, and
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wherein the filtering means is operably coupled to the
first combining means, and is utilized for extracting the post-
cursor ISI sequence p(D) from the combiner output seguence

s(D),
and, where selected, at least one 0f3C2a-3C2b:

3C2a) wherein the first combining means is

a summer, and

- 3C2b) wherein the precoding unit further
includes second combining means, operably coupled to the first
'combining means and to the filtering means, for providing the
transmitted sequence x(D) substantially of a form x(D) = s(D) -

p(D),

3D) wherein the trellis code C may be represented by a
trellis diagram having only one state,

3E) wherein the trellis code C is a block code,

3F) wherein u(D) is an arbitrary complex sequence from
a fransiate of an n-dimensional trellis code C based on a
partition A/A' where n is a selected integer, and the slicing
means provides a sequence of symbols from the sublattice A

as the selected sequence c(D) on a symbol-by-symbol basis,

3G) wherein the trellis code C is based on a two-
dimensional lattice partition A/A', and the sequence c(D) is
selected from C with a zero delay and the selection is

dependent from symbol to symbol,
and, where selected, at least one of 3G1-3G2:

3G1) wherein selection of the sequence c(D)
is forced to a known state of the trellis code Cat every Lth
symbol, where L is a preselected integer,
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3G2) wherein Cis a four-dimensional trellis
code based on a partition Z4/RD4, wherein the sublattice is
RDg4, and the slicing means provides the selected sequence ¢(D)
from RD4 by selecting a symbol c from RZ2in a first symbol
5 interval, a second symbol ck.1 from either 222 or its coset 2Z2
+ (1,0), based on ck, where k is an even integer,

_and _

10 .  3H) wherein, the sequence c(D) is selected such that
for each time interval k, an energy |dk|2 of dither symbols dk of
\a dither sequence d(D) is minimized, where, for dk = ck - pk
where ck is a symbol from the sequence ¢(D) in time interval k
and pkis a symbol from the sequence p(D) in the time interval

15 Kk,

and, where selected, wherein, the selection of ck

further includes constraints to limit a range of the symbols yk
in time interval k of a channel output sequence y(D) where y(D)
= x(D)h(D).

20
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4. A digital communications receiver for receiving a
digital data sequence that was mapped into a signal point
sequence x(D) and transmitted over a channel characterized by
a nonideal response h(D) using a trellis code C, providing a
received sequence r(D), comprising at least:

decoding means, -operably coupled to receive r(D), for
decoding the received transmnssuon sequence r(D) to provide an
estimated output sequence y(D) and

recovery means, operably coupled to the decodmg means,
for substantially recovering an estimated sequence u(D) for a
sequence u(D) for a transmitted signal point sequence x(D),

‘selected from a subset of all possible signal point sequences

that are of a form u(D) + d(D), wherein u(D) is a signal point
sequence from a translate of said trellis code C and uniquely
represents said digital data sequence and wherein d(D) -
represents a nonzero difference between a selected nonzero
code sequence c¢(D) from said trellis code C and a post-cursor
intersymbol interference (ISI) sequence p(D) substantially of a
form p(D) = x(D)[h(D)-1], such that c(D) is selected based only

upon p(D).
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5. The digital communications receiver of claim 4 wherein

at least one of 5A-5G:

5A) the recovery means includes at least 5A1-5A4:

5A1) recovery filtering means, operably coupled to
receive the estimated output sequence §(D), for providing an
gstimated post-cursor intersymbol interference (ISI) sequence
p(D), X

5A2) recovery slicing means, operably coupled to
the recovery filtering means, for providing an estimated
nonzero code sequence E(D) from said trellis code C that
'substantially correlates with c(D) utilized for providing the
transmission sequence x(D), .

5A3) third combining means, operably coupled to
receive the estimated output sequence §(D) and to the recovery
slicing means, for determining the estimated sequence G(D),
substantially of a form u(D) = y(D) - ¢(D), and

5A4) an inverse mapping means, operably coupled
to the third combining means, for inverse mapping the
estimated sequence G(D) to provide a recovered digital data

sequence,

5B) further including, where the signal point sequence
u(D) was interleaved before transmission:
5B1) first deinterleaving means, operably coupled
to receive r(D), for providing a deinterleaved r(D) sequence to
the decoding means, '
5B2) an interleaving means, operably coupled to
the decoding means, for providing an interleaved estimate of
the decoded sequence, ;"(D), to the recovery means, and
wherein the recovery means further includes second
deinterleaving means,

5C) wherein one of 5C1-5C4:
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5C1) u(D) is an arbitrary complex sequence from a
translate of an n-dimensional trellis code C based on a
partition A/A' where n is a selected integer, and the slicing
means provides a sequence of symbols from the sublattice A

as the selected sequence c¢(D) on a symbol-by-symbol basis,

5C2) the trellis code C is based on a two-
dimensional lattice partition A/A', and the sequence c(D) is
selected from C with a zero delay and is dependent from

symbol to symbol,
:and one of 5C2a-5C2b:

5C2a) selection of the sequence ¢(D) is
forced to a known state of the trellis code C at every Lth
symbol, where L is a preselected integer, and

5C2b) selection of the sequence c(D) is
unforced with respect to every Lth symbol,

5C3) Cis a four-dimensional trellis code based on
a partition Z4/RDg4, wherein the sublattice is RD4, and the
slicing means provides the selected sequence c(D) from RD4 by
selecting a symbol ck from RZ2in a first symbol interval, a
second symbol ck.1 from either 2Z2 or its coset 2Z2 + (1,0),
based on ck, where k is an even integer, and

5C4) the sequence ¢(D) is selected such that for
each time interval k, an energy |dk[2 of dither symbols dk of a
dither sequence d(D) is minimized, where, for dk = Ck - Pk
where ck is a symbol from the sequence c(D) in time interval k
and pkis a symbol from the sequence p(D) in the time interval
k and one of 5C4a-5C4b:
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5C4a) the selection of ck further
includes constraints to limit a range of the symbols yk in time
interval k of a channel output sequence y(D) where y(D) =
x(D)h(D), and

5C4b) the selection of ck is unrestrained
with respect to a range of the symbols y,

-~

5D) wherein the nonideal response h(D) represents the

impulse response of a noise prediction filter,

\

5E) wherein, the sequence E(D) is selected such that
for each time interval k, an energy |dk12 of dlther symbols dk of
a dlther sequence d(D) is minimized, where for dk = ck pk
where ck is a symbol from the sequence c(D) in time interval k
and Bk is a symbol from the sequence p(D) in the time interval
K,

and, where selected, wherein, the selection of ak further

" includes constraints to limit a range of the symbols ;'k in time

interval k of a channel output sequence §(D) where §(D) =
x(D)h(D),

5F) wherein the decoding means further includes a
reduced complexity sequence estimator means that utilizes a
correlation between successive symbols y,

and, where selected, wherein the reduced complexity
sequence estimator means utilizes a sequence estimator
having a reduced number of states that are determined
utilizing state merging techniques for reduced-state sequence
estimation (RSSE),

and
5G) wherein the recovery means further includes a
range violation determiner for, where a kth variable uk of the
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recovered sequence u(D) is outside a range R (a range

violation), adjusting one of an estimate yk and an estimate yk.
(where i is a positive integer) to substantially correct the
range violation.
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6. A method for precoding a digital data sequence utilizing
a signal point sequence u(D) chosen from a transiate of a

trellis code C for transmission over a discrete-time channel
with a impulse response h(D) where p(D) represents a post-

5 cursor intersymbol interference (ISI), and ¢(D) is a nonzero
code sequence of signal points ¢(D), where ¢(D) is obtained
from an untranslated version of the trellis code C, comprising

. at least the steps of: _
~ B6A) mapping the digital data sequence to a signal point
10 -sequence u(D); |
) 6B) summing u(D), ¢(D) and p(D) to provide a
‘transmission sequence x(D) substantially of a form x(D) = u(D)
+ ¢(D) - p(D);
6C) filtering x(D) to obtain a post-cursor intersymbol
15 interference (ISI) sequence p(D) substantially of a form p(D) =
x(D)[h(D) - 1]; and
6(D) slicing p(D) on a symbol-by-symbol basis to obtain
the code sequence ¢(D).
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7 The method of claim 6 wherein at least one of 7A-7C:
7A) wherein at least one of 7A1-7A6:

7A1) the trellis code C may be represented by
a trellis diagram having only one state, i

7A2) the trellis code C is a block code,

~ 7A3) u(D) is an arbitrary complex sequence
from a translate of an n-dimensional trellis code C based on a
partition A/A' where n is a selected integer, and the slicing
means provides a sequence of symbols from the sublattice A’

as the selected sequence c(D) on a symbol-by-symbol basis,

7A4) the trellis code C is based on a two-
dimensional lattice partition A/A', and the sequence c(D) is
selected from C with a zero delay and is dependent from

symbol to symbol,

and one of 7A4a-7A4b:
7A4a) selection of the sequence

c(D) is forced to a known state of the frellis code C at every

Lth symbol, where L is a preselected integer, and
7A4D) selection of the sequence

c(D) is unforced with respect to every Lth symbol,

7A5) Cis a four-dimensional trellis code
based on a partition Z4/RD4, wherein the sublattice is RD4, and
the slicing means provides the selected sequence c(D) from
RD4 by selecting a symbol ck from RZ2in a first symbol
interval, a second symbol ck+1 from either 2Z2 or its coset 2Z2
+ (1,0), based on ck, where k is an even integer,

and
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7A6) the sequence c(D) is selected such that
for each time interval k, an energy |dk|2 of dither symbols dk of
a dither sequence d(D) is minimized, where, for dx = ck - Pk
where ck is a symbol from the sequence c¢(D) in time interval k
and pk is a symbol from the sequence p(D) in the time interval
k and one of 7A6a-7A6b:

‘ 7A6a) the selection of ck further
includes constraints to limit a range of the symbols yk in time

interval k of a channel output sequence y(D) where y(D) =

x(D)h(D), and

7A6b) the selection of c is
unrestrained with respect to a range of the symbols yk,

7B) the sequence c(D) is selected such that for each
time interval k, an energy |dk|2 of dither symbols dk of a dither

~ sequence d(D) is minimized, where, for dk = ck - px where ¢k is

a symbol from the sequence c(D) in time interval k and pgis a
symbol from the sequence p(D) in the time interval k,

and

7C) wherein, the selection of ck further includes
constraints to limit a range of the symbols yk in time interval
k of a channel output sequence y(D) where y(D) = x(D)h(D).
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8. A digital signal processor for use in a digital
communication system to precode a digital data sequence
uniquely represented by an input sequence of a stream of
signal points u(D) chosen from some translate of a trellis code
C for transmission over a discrete-time channel with a
impulse response h(D), the processor comprising:

a program storage medium having a computer program to
be executed by the digital signal processor, the program
comprising: 7
~ a precoding unit, for selecting said signal point sequence
x(D) from a subset of all possible signal point sequences that
‘are of a form u(D) + d(D), wherein u(D) is selected to uniquely
represent said digital data sequence and wherein d(D)
represents a nonzero difference between a selected nonzero
code sequence c(D) from said trellis code C and a post-cursor
intersymbol interference (ISI) sequence p(D) substantially of a
form p(D) = x(D)[h(D)-1], such that c(D) is based upon p(D).
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9. The digital signal processor of claim 8 wherein at least
one of 9A-9D:

9A) wherein the precoding unit comprises at least 9A1-
5 O9A2:

9A1) mapping means, for mapping the digital data
sequence into a signal point sequence u(D) selected from a
translate of a trellis code C,

10 - ‘

9A2) first combining means, operably coupled to
\the mapping means, to a slicing means, and , where selected,
to a filtering means, for combining u(D) and at least the code
sequence c(D) to provide a combiner output sequence s(D),

15 wherein the slicing means is operably coupled to
the filtering means, and is utilized for slicing the post-cursor
sequence p(D) to a selected code sequence of signal points ¢(D)
selected from the trellis code C, and

_ wherein the filtering means is operably coupled to

20 the first combining means, and is utilized for extracting the

post-cursor 1SI sequence p(D),

9B) wherein at least one of 9B1-9B6:

25 9B1) the trellis code C may be represented by a
trellis diagram having only one state,

9B2) the trellis code C is a block code,

30 gB3) u(D) is an arbitrary complex sequence from a
translate of an n-dimensional trellis code C based on a
partition A/A' where n is a selected integer, and the slicing
means provides a sequence of symbols from the sublattice A

as the selected sequence ¢(D) on a symbol-by-symbol basis,
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9B4) the frellis code C is based on a two-
dimensional lattice partition A/A', and the sequence c(D) is

selected from C with a zero delay and is dependent from

symbol to symbol,
and one of 9B4a-9B4b:

9B4a) selection of the sequence ¢(D) is
forced to a known state of the trellis code C at every Lth

10 -symbol, where L is a preselected integer, and

15

20

25

30

9B4b) ~ selection of the sequence c(D) is
unforced with respect to every Lth symbol,

9B5) Cis a four-dimensional trellis code based on
a partition Z4/RD4, wherein the sublattice is RD4, and the
slicing means provides the selected sequence c(D) from RD4 by
selecting a symbol ck from RZ2in a first symbol interval, a
second symbol ck.1 from either 2Z2 or its coset 2Z2 + (1,0),

" based on cx, where k is an even integer, and

9B6) the sequence c¢(D) is selected such that for
each time interval k, an energy |dk|2 of dither symbols dk of a
dither sequence d(D) is minimized, where, for dk = Ck - Pk
where c is a symbol from the sequence ¢(D) in time interval k
and pk is a symbol from the sequence p(D) in the time interval
k and one of 9B6a-9B6b: '

9B6a) the selection of ck further
includes constraints to limit a range of the symbols yk in time
interval k of a channel output sequence y(D) where y(D) =
x(D)h(D), and :
9B6b) the selection of ck is unrestrained
with respect to a range of the symbols yk,
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9C) wherein the sequence c(D) is selected such that for
each time interval k, an energy |dk|2 of dither symbols di of a
dither sequence d(D) is minimized, where, for dx = Ck - Pk
5 where cgis a symbol from the sequence ¢(D) in time interval k
and pkis a symbol from the sequence p(D) in the time interval
K,

and
10 -
9D) wherein the selection of ck further includes
\constraints to limit a range of the symbols yk in time interval
k of a channel output sequence y(D) where y(D) = x(D)h(D).
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10. A digital communication system for at least mapping a
digital data sequence into a signal point sequence x(D) for
transmission over a channel characterized by a nonideal
response h(D) using a trellis code C, comprising at least one of:

a transmission unit having:

10A) a precoding unit for selecting said signal point
sequence x(D) from a subset of all possible signal point
sequences that are of a form u(D) + d(D), wherein u(D) is a
signal point sequence from a franslate of said trellis code C
and uniquely represents said digital data sequence and wherein
d(D) represents a nonzero difference between a selected
\nonzero code sequence c(D) from said trellis code C and a post-
cursor intersymbol interference (ISI) sequence p(D)
substantially of a form p(D) = x(D)[h(D)-1], such that c(D) is
selected based only upon p(D),

10B) channel means, operably coupled to the precoding
means, for facilitating transmission of the transmission
sequence x(D), and

a receiving unit having:

10C) decoding means, operably coupled to the channel
means, for receiving and decoding the received transmission
sequence r(D) to provide an estimated output sequence dy(D);
and

10D) recovery means, operably coupled to the decoding
means, for substantially recovering an estimated sequence
G(D) for a sequence u(D) for a transmitted signal point
sequence x(D), selected from a subset of all possible signal
point sequences that are of a form u(D) + d(D), wherein u(D) is
a signal point sequence from a translate of said trellis code C
and uniquely represents said digital data sequence and wherein
d(D) represents a nonzero difference between a selected
nonzero code sequence c¢(D) from said trellis code C and a post-
cursor intersymbol interference (ISI) sequence p(D)
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substantially of a form p(D) = x(D)[h(D)-1], such that c(D) is

~selected based only upon p(D),

wherein the precoding unit comprises at least:

10E) mapping means, for mapping the digital data -
sequence into a signal point sequence u(D) selected from a
translate of a trellis code C,

10F) first combining means, operably coupled to the
mapping means, to a slicing means, and , where selected, to a
filtering means, for combining u(D) and at least the code
'\sequence c(D) to provide a combiner output sequence s(D),

wherein the slicing means is operably coupled to the
filtering means, and is utilized for slicing the post-cursor
sequence p(D) to a selected code sequence of signal points ¢(D)
selected from the trellis code C, and

wherein the filtering means is operably coupled to the
first combining means, and is utilized for extracting the post-

~cursor ISI sequence p(D),

wherein u(D) is an arbitrary complex sequence from a translate
of an n-dimensional trellis code C based on a partition A/A’
where n is a selected integer, and the slicing means provides a
sequence of symbols from the sublattice A' as the selected

sequence ¢(D) on a symbol-by-symbol basis, and

wherein, where interleaving is selected,

10G) the precoding unit further includes an interleaving
means for providing an interieaved coded sequence, x'(D), to
the channel means,

and further including:

10H) first deinterleaving means, operably coupled to
receive r(D), for providing a deinterleaved r(D) sequence to the
decoding means,
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10l) an interleaving means, operably coupled to the
decoding means, for providing an interleaved estimate of the
decoded sequence, §'(D), to the recovery means, and

10J) wherein the recovery means further includes

5 second deinterleaving means.
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