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APPARATUS FOR TRANSMITTING STREAMS OF INFORMATION
BITS AND METHODS FOR ESTIMATING THE MOST LIKELY
SEQUENCE SENT

This invention relates to apparatus for transmitting a
stream of information bits by sending corresponding signals
over a channel in a plurality of'signailing slots, and has
been divided out of the specification of European Patent
Application 86303165.4 (published as EP-A-9299595) to which
reference should also be made.

In an alternative respect this invention relates
to a method for estimating the most likely sequence of
multi-dimensional. signal points to have been sent via a
channel from a transmitter of the kind that causes.said
multi-dimensional signal points to carry information
about said sequence based on state transitions of a finite
state device. .

In typical so-called uncoded communication systems,
the Q information bits abﬁédripg in a signalling slot are
used to select a signal point from a two-dimensional (2D)
constellation having 2Q signél points. The choice of the
signal point to pe sent in a given signalling slot is un-
related to the choice of the signal points to be sent in
? other signalling slots. The receivgr estimates which signal
point was sent by simply'finding tﬁe nearest 2D signal
point to the received, ﬁqise altefed signal. The inmunity
of such a system to noise depends on the mihimum distance
between any two signal points in the 2D constellation.

Various techniques have been developed for improving

the noise immunity of such systems.
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For example, in so-called convolutionally coded
systems of the type disclosed in Csajka et al., U.S5 Patent
No. 4077021, and Ungerboeck, "Channel Coding with Multilevel/
Phase Signals,” IEEE Transactions on Information Thecry,
Vol. IT-28, pp. 55-67, January 1982, the 2D constellation is
doubled in size to include 2@+ signal points. A convo-
lutional coder in the transmitter adds a redundancy bit to
the Q information bits in a signalling slot ‘and the
resulting Q+l_bits are used to select a signal point to be

sent. The 2Q+1 signal points in the 2D counstellation are

partitioned into equal-sized subsets which have the
property that the minimum distance betweeén any two
signal points in a subset is larger than the minimum
distance between any two signal points in the
constellation.

The convolutional coder is arranged so that the
signal points to be sent éfé respectively drawn only
from certain allowed sequences of subsets. The receiver
estimates the sequence of sent signal points as those
signal points from an allowed sequence of 2D subsets
that are nearest (in the aggregate) to the sequence of
received, noise altered signals. The immunity of such a
convolutionally coded system to noise depends on the
minimum diétance between any two allowed Sequences of 2D
points. Because the minimum distance is larger than
that of an uncoded system, a coding gain results. One
cost of the system is that the size of the 2D
constellation is doubled, offsetting some of the coding
gain.

In the Csajka and Ungerboeck scheme, decoding
is by means of the Viterbi algorithm described in
Forney, “The Viterbi Algorithm", Proc. IEEE, Vol. 61,
pp. 268-278, Maxch, 1973, the disclosure of which is to be
regarded as inéorporated herein by reference.
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Gersho et al. in "Multi—dimensidnal Signal
Design for Digital Transmission over Band Limited
Channels™", IEEE International Conference on
Communications, Amsterdam 14-17 May 1984 pPp. 377-380
describe the use of block coding .in four and eight
dimensional signal constellations to achieve improved
error rate versus SNR performance over conventional two-
dimensional encoding. The higher dimensional signals are
achieved by concatenating two-dimensional signals..

Wei, "Rotationally Invariant Convolutional Channel
Coding with Expanded Signal Space - Part I: 180° and Part
II: Nonlinear Codes", IEEE Journal on Selected Areas in
Communications, Vol. SAC~2, pp. 659-686, September,
1984, describes convolutionally coded systems of the
Csajka and Ungerboeck +type that are capable of
differential encoding for immunity to rapid carrier phase
changes. Part I descri.bé's' design rules and procedures
for certain 180° rotationally invariant codes. Part IX
extends these design rules and procedures to certain
rotationally invariant codes with 90, 180 and 270° phase
ambiguities. These papers describe simple non-linear
convolutional codes resulting from the described
procedure and include description of generalised feedback
codes.
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In so-called block coded systems (for example,
those systems disclosed in our European Patent Application
Publication No. 0122805, the disclosure of which is to be
regarded as incorporated herein by reference) the
information bits appearing in a block of more than one
signalling slot are used to select a multi-dimensional
signal point from a multi-dimensional constellation for
transmission. A multi-dimensional constellation can be
conceived as a concatenation of a number of constituent -
2D constellations, the number being the number of
signalling slots in a block. A multi-~dimensional signal
point is a concatenation of constituent 2D signal points,
one from each constituent 2D constellation. (In this
respect, concatenating constituent signal points means
assembling the coordinates of the respective constituent
signal,points as coordinates of a multi~dimensional signal
point; .concatenating ‘constituent constellations means
COncatenating'thé'reSpective signal pOints'of the
cdnstituent cbnstellations.) ,Ceftain dependencies exist
between the constituent 2D signal points of a multi-
dimensional signal point selected for a block. A coding

~gain results from those dependencies. However, no depen-

dency exists between the. two multi-dimensional signal

points. selected. for any two blocks of.siqpéllipg slots.

Multidimehsional, convolutionallf_coded systems
have also been proposed in which dependencies do exist

.between the multi-dimensional. 51gnal p01nts selected for

different blocks. :

One such system is proposed in our European Patent
Application No. 0154415, the disclosure of which is to be
regaxded as incorporated herein by reference.
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Here we show “a four-dimensional (4D)
convolutionally coded system that uses a 240 signal
point rectangular constituent 2D constellation to send 7
informaticn bits per signalling slot. The 2D
constellation is partitioned into four subsets.

Now, the 14 information bits appearing in each block
of two signalling slots are expanded (by a rate 3/4
8-state convolutional coder) to .15 selection biés used
to select a 4D signal point in a 4D constellatlon. The
4D constellatlon is a concatenation of two 240 SLgnal
point constltuent 2D constellations and is partitioned
into 16 4D subsets each of which is a.concatenation of
two of the 2D subsets. (A 4D subset is -a concatenation
of two 2D subsets if every 4D point in the 4D subset is
a concatenation of two 2D points from those two 2D
subsets respectively). The signal point selection bits
include four subset selection bits that are associated
wi;h 4D subsets in such a way that the Hamming distance
between the allowed sequences of subset selection bits
is indicative of the minimum squared distance between
allowed sequences of 4D signal points. We
differentially encode the bits fed to the convolutional
coder in order to accomplish transparency to
channel-induced phase rotations of 180°.

Another 4D convolutionally coded system is
disclosed in Fang and Lee, "Four-Dimensionally Coded PSK
Systems for Combatting Effects of Severe ISI and CCI®,
Globecom, 1983, pp. 1032-1038. They use a 29+l signal
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point circular constituent 2D constellation to send Q

-information bits per signalling slot. The 4D

. . . + .
constellation is a concatenation of two ZQ 1 signal
. . . . +
point circular constituent 2D constellations. 2ZQ 1

2Q+2
out of 2

for transmission. The selection is made such that the

possible 4D signal points are selected

minimum distance between any two selected 4D signal
points is maximized. The 2ZQ+l selected 4D signal
points are partitioned into equal-sized subsets such
that the minimum distance between any two 4D signal
points in a subset is lgrger than that between any two
selected 4D signal points. The partitioning is made
directly on the 4D constellation without referring to a
partitioning of the constituent 2D constellations. A
convolutional coder of up to eight states is used to
expand the 2Q information bits appearing in each block
of two signaling slots to 2Q + 1 selection bits to
select a 4D signal point., .

Another 4D convolutionally coded system is
disclosed in Wilson and Sleeper, “"Four-Dimensional
Modulation and Coding: An Alternate to Frequency
Reuse", NASA Report, UVA/528200/EE83/107, September,
1983. Their 4D constellation is taken from a 4D lattice
(i.e., a regular arrangement of signal points) used for
a block éoded;system. The paftitioning of the 4D
constellation into subsets is done directly without

“referring to a partitioning of the constituent 2D

constellations. Preliminary investigations on the
design of convolutional codes with four states or less
are made for Q- up to 2.

Calderbank and Sloane disclose a 4-D, 8-State code in

"A New Family of Codes for Dial—ﬁp Voice Lines'", IEEE, 1984 pp 673-676.

We describe below examples of transmitting apparatus that
defihe a partitioning of
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the multi-dimensional constellation into

"multi—dimensional subsets such that each

multi-dimensional subset is based upon constituent
subsets of the constituent constellations of the
multi-dimensional constellation, but is other than a
concatenation of such constituent subsets.

Preferred arrangements include the following
features: The multi-dimensional subset from which a
multi-dimensional signal point is drawn is selected
based on convolutlonally encoded bits from a
convolutional coder. The partltlonlng of the
multi-dimensional constellation into subsets is based on
the minimum distances within constituent subsets, and
subfamilies and families of constituent subsets of each
constituent constellation, and multi-dimensional subsets
are grouped to form multi-dimensional families also

‘based on those diséances. Each multi-dimensional subset

is made up of multi-dimensional types each of which is a
concatenation of constituent subsets. The constituent
subsets that belong to a given constituent constellation
and that are associated with multi-dimensional types of
a given multi- -dimensional subset, are different and
belong to gne constituent family (or one subfamily) of
that constituent constellation. . :

We describe below rgxamples of
transmitting apparatus that define a partitioning of
the multi-dimensional constellation and establish a
correspondence between signal point selection bits and
the coordinates of a multi-dimensional signal point in
such a way that the multi-dimensional signal points -are
susceptible to being decoded in a manner that avoids the
effect of channel-induced phase rotations of any amount

en Replac
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for which the constituent constellations of the
~multi-dimensional constellation would have a phase
rotation ambiguity.

In:some preferred arrangements, each constituent

5 subset is translated into another constituent subset
under a phase rotation amount corresponding to one of
the constituent constellation phase ambiguities, and the
multi-dimensional constellation is partitioned by
grouping multi-aimensional types into multi-dimensional

10 subsets such that each_multi—dimensional subset is
rotationaliy'invafiant under that phase rotation
amount. . .
' Some preﬁerrédarrangementsinclude the
following features: Partitioning is defined so that
15 each multi-dimensional subset is invariant under a phase
= rotation of any of the phase.ambiguity_amounts. The
,transmitting appératus'includés a convolutional coder
whose output bits are used to select the
multi-dimensional subset from which a multi-dimensional
20 signal point is drawn, and a differential encoder which
differentially encodes at least one non-convolutionally
encoded information blt to remove the phase rotation
amblgultles. In partlcular, the dlfferentlal encoder
can be arranged to differentially encode only

25 non-convolutionally encoded information bits.

Other preferredaxrangements include the
following feature5° The multi- -dimensional subsets are
rotationally invariant under phase rotations of some but
not all of the phase rotational ambiguities of the

30 constituent constellations, and are translated into
other multi-dimensional subsets under a phase rotation
of another of the phase rotation ambiguities of the--

constituent constellations, and the convolutional coder
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has state transitions that are associated with the
multi-dimensional subsets in such a way as to remove the
latter phase rotation ambiguity. This is accomplished
by assigning the multi-dimensional subset which results
from rotating the first multi-dimensional subset by the
latter ambiguity to a state transition which is
determined based on a one-to-one function of the
transition to which the first multi-dimensional subset
is assigned. The convolutional coder generates the
convolutionally-encoded bits from bits which include at
least one differenﬁially encoded information bit. At
least one non-convolutionally encoded information bit is
also differéptially encoded to remove the former phase
rotation ambiguities.

'Wle describe below examples in which:
each multi-dimensional subset comprises at least two
multi-dimensional subtypes each of which is a
concatenation of constituent 2D subéets, and the subtype
from which a multi-dimensional signal point is drawn is
selected based on the convolutionally-encoded bits and
atrleast one non-convolutionally-encoded subtype
selection information bit.

Preferred arrangements. include the following
features: The transmitter includes a bit converter that
translates each bit value combination of the sdbtype
selection bit and the convolutionally encoded bits into
groups of constituent 2D subset selection bits, each
group being used to specify a constituent 2D subset
corresponding to the multi-dimensional_subtype. The
multi-dimensional signal point in that subtype is
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selected based on the remaining information bits. At
least one subtype selection bit is differentially
encoded to avoid phase ambiguities of the constituent
constellations. Each constituent 2D subset is divided
into first and secondlgroups and the group from which
one constituent signal point is drawn depends on the
group from which another constituent signal point is
drawn. The transmitter includes a block encoder that
produces, from at least one remaining information bit,
sets of group selection bits used respectively to
specify the constituent groups. The other remaining
information bits are organized into sets each used to
select a cbnsﬁituent signal point f£rom one of the

constituent groups. The first and second groups of each

constituent 2D subset translate respectively into first
and second groups of other constituent 2D subsets upon
rotations'cdrfesponding.ta Phasg rotation ambiguities of
the constituent 2D constellatiops. The same bit pattern
of each set of group selection bits is associated with
the constituent groups that are obtained from each other
upon those phase rotations. The same bit pattern of

. each set of constituent signal point selection bits is

25

30

associated with constituent signal points that are
obtained from each other also upon those phase rotations.
‘ ile describe below examples of
techniques for estimating the most likely sequence of
multi-dimensional signal points to have been sent, in
which the distances between each received constituent
signal (with dimensions fewer than that of the
multi-dimensional constellation) and the nearest
constituent signal points in the corresponding
constituent subsets are determined, the distance between
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each received multi-dimensional signal and the nearest
multi-dimensional signal point in each multi-dimensional
subset is determined based on a combination of the
distances with respect to constituent subsets
corresponding to the multi-dimensional subset, and the
most likely sequence is determined based on the
distances between each received multi-dimensional signal
and the nearest multi-dimensional signal point in each
multi-dimensional subset.

Preferred arrapgeméms include the following
featurest The distance between the received
multi-dimensional signal and the nearest
multi-dimensional signal point in each multi-dimensional
subset is determined based on combining distances with
respect to constituent subsets of each multi-dimensional
type within the multi-dimensional subset, a

multi~-dimensional type being a concatenation of

constituent subsets whose dimensions are fewer than that

-of the multi-dimensional constellation. The distanceé

between each received twofdimensional signal and the
nearest two%dimensional'signal points in the
canespondiﬁg two-dimensional subsets are determined,
and the distance between each received constituent
signal and the nearest constituent signaf point in the
corresponding constituent subset is based on a
combination of the distances with respect to .
two-dimensional subsets corresponding to the constituent
subset.

'We ‘describe below-.arrangements in which
the multi-dimensional subsets comprise respectively a
multi-dimensional lattice and translations of that
lattice.
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In preferred such arrangements, the lattice com-
prises a multi-dimensional constellation of the type used
in a block-coded modulation system.

| We describe below arrangements in which the
constituent 2D constellations are partitioned into more
than four constituent subsets.

Other preferred arrangements include the following
featurest Each constituent 2D constellation is divided
into two groups. The multi~-dimensional constellation
excludes some multi-dimensional signal points which are
concatenationg_bf éignal points belonging to constituent
2D constellations, the multi-dimensional signal points
which are excluded being based on the groups to which
the constituent signal points belong. All of the
constituent subsets for each constituent 2D
constellation have the same numbers of constituent
signal points in each group. Each group is invariant
under a phase rotation corresponding tc an ambiguity of
the constituent constellation. One group is divided
into smxpxmps that are rotationally invariant under
those phase rotations. -All of the constituent subsets
for each constituent-ZD constellation have the same
mumbers of constituent signal points in each subgroup.
There are N constituent 2D constellations. and the groups
in each constituent 2D constellation include a first
group that has N times as many signal points as the
second group. The first group is divided into N
subgroups. The excluded multi-dimensional signal points
correspond to more than one constituent signal point in
the second group. The multi-dimensional constéllation
has 2N dimensions, N being a power of two (e.g., 2, 4,

or 8). The constituent constellations include a
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2N-dimensional constellation, N being a power of two.
The number of multi~dimensional subsets is fewer than

4N where 2N is the number of dimensidns of the
multi-dimensional constellation. There are 8, 16, or 32
multi-dimensional subsets (for N = 2, 4, 8,
respectively). The number of multi-dimensional subsets
is fewer than 8% where 2N is the number of dimensions

of the multi-dimensional constellation. There are 32
multi~-dimensional subsets (N=2). The minimum distance
within the multi-dimensional constellation is smaller
than the minimum distance within each multi-dimensional
subset. The constituent constellations are all
two-dimensional constellations. The constiﬁuent
constellations are all four-dimensional constellations.
The minimum distance within each constituent
constellation is-smaller -than the minimum distance
within each constituent subset. The phase ambiquity
amounts include 90°, 180°; and 270°. There are 8
constituent 2D subsets. The multi-dimensional
constellation has 4 or .8 dimensions and the
convolutional coder has respectively 16 states or 64
states. There are multi;dimensional families that
comprise multi-dimensional subsets such that the minimum
distance within each family is greater than the minimum
distance with;q the multi~dimensional constellation, and
the information bits are encoded on the basis of the
families. The multi-dimensional families comprise
multi-dimensional sﬁbfamilies such that the minimum
distance within each subfamily is greater than the
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minimum distance within each family. Q information bits appear
in each signalling slot, Q being an integer (e.g. 7) or a non-
integer (e.g. 6 1/8, 5% or 4 3/8). The groups comprise inner and
outer groups requiring respective different average powers. The
signalling slots correspond to successive signalling intervals.
The convolutional coder which is immune to 90° phase rotation is
a linear convolutional coder. The constituent 2D constellations
are portions of the rectangular lattice. The convolutional coder
adds one redundant bit.

According to the present invention in its broadest aspect,
there 1is provided . apparatus fbr transmitting a streém of
information bits by sending corresponding signals over a
channel in a plurality of signalling slots, the apparatus
including encoding means adapted to
encode the information bits that appear during a block of
at least two said slots by adding one or more redundant
bit(s) to form a set of signal point selection bits for
said block; selection means adapted to select, for each
said set of signal point'séléction bits, a multi-dimensional
signal point arawn from a multi-dimensional constellation
for said block, said multi-dimensional signal point
selected for a particular said block being dependent on
_the multi-dimensional signal point selected for at least
one other said block; said selection means being arranged
operatively to establish a correspondence between each
possible combination of said signal point selection bits
N

e s I . .
the coordinates of a multi-dimens

i-dix icnal signal point in
said multi-dimensional constellation, said encoding means

fu

-
11

[\}]

and said selection means being arranged operatively to
define a partitioning of said multi-dimensional constel-
lation into a plurality of multi-dimensional subsets, said
multi-dimensional constellation being a concatenation of a

plurality of constituent constellations each of which has
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fewer dimensions that said multi-dimensional
constellation; and modulation means adapted in operation
to modulate at least one carrier for transmission over
said channel in accordance with the coordinates
represented by each selected said mnulti-dimensional
signal point; the apparatus being characterised in that
said constituent constellations comprise arrangements of
signal points which are ambiguous under phase rotations
, of particular amounts, preferably including 90°, 180° and
270°, and in that said encoding means and said selection
means are further adapted to cause said selected multi-
dimensional signal points to be susceptible to being
decoded in a manner that avoids the effect of channel-

~ induced phase rotations of any of said amounts.

In a preferred arrangement, the multi-dimensional
constellation is-a concatenatlon of constltuent constellations
each of which has two dimensions and is partltloned into
constituent subsets. Each multi-dimensional subset comprises at
least: two multi-dimensional subtypes each formed by a
concatenation of the constituent subsets. The encoding means
comprises a convolutional encoder adapted to generate from at
least one of the information bits a plufality of convolutionally-
encoded bits that include the redundant bit. The selection is
arranged to select the subtype from which the multi-dimensional
signal point is drawn based on the convolutionally-encoded bits
and at least one subtype selection bit from among non-
convolutionally encoded information bits.
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The embodiments described in detail achieve
relatively good coding gains in the minimum distance between
allowed seéuences of signal points, relatively small multi-
plicities of error events with the minimum distance, and
transparency to phase rotations of signal constellations,
with an acceptable peak-to-average power ratio. The
constituent 2D constellations are relatively small, implyirg
simpler receiver design and better performance. The multi-
dimensional signal mapping is converted by the bit converter
and block encoder into ﬁultiple two-dimensional mappings,
which enables the repeated use of very short mapping
tables in the transmitter and the receiver. Grouping the
multi-dimensional types or subtypes into multi-dimensional
subsets makes possible the design of simple and powerful
codes and reduces the decoder complexity by reducing the
number of state transitions leadiﬁg-to each state. The
computation of trellis branch metrics at the decoder can
proceed in'stages by determining the branch metrics for

constituent
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subsets and combining them to obtain the
ﬁhiti—dimensional branch metrics. In some embodiments,
the design of the convolutional code need not consider
phase rotations of signal constellations.
Inftransmitting 7 information bits per
signalling slot, the l6-state, 4D system achieves a
coding gain of 4.66 dB (in the minimum distance) over an
uncoded system using a 128-point 2D cross
constellation. The multiplicity of the error event with
the minimum distance (the number of nearest neighbors)
is 12. The peak-to-average power ratio is 2.16. The
constituent 2D constellation has 122 points. The code
is transpareﬁt to 90°, 180°, and 270° phase
ambiguities. By comparison, for the best known 8-state,
2D code, the coding gain is 4.01 dB in the minimum
distance, the multiplicity*of-the error event with the
minimum distance is 16, the peak—ﬁofaverage power'ratio
is 1.93, and the 2D constellation has 256 points.
Theoretically, both larger coding gain and smallé;
multiplicity of the error event with the mindmum
distance of the 4D code imply better performance over
the 2D code. Furthermore, the larger coding gain of the
4D code is not obtained at the cost of increasing the
peak-to-average power ratio to an unacceptably large
value. It is important to keep this ratio small because
the transmission medium may distort the transmitted
signal nonlinearly. The smaller 2D constellation for
the 4D code than for the 2D code implies simpler
receiver design and better performance when the received
signal contains signal-dependent noise. The 4D code is
less complicated than known 8-state 2D codes.
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The 64-state, 8D code achieves a coding gain
over the uncoded case of 5.41 &B in the minimum
distance. The multiplicity of the error event with the
minimum distance is 60. The peak-to-average power ratio
is 2.14. The code is transparent to 90°, 180°, 270°
phase ambiguities. The constituent 2D constellation has
160 points. As a comparison, the coding gain of the
best known 32-state, 2D code is 4.80 4B in the minimum
distance. The multiplicity of the error event with the
minimum distance is 16. The peak-to-average power ratio
is 1.93. The 2D constellation has 256 points.
Theoretically, although the 8D code has a larger
multiplicity of the error event with the minimum
distance, the effect of this larger multiplicity is more
than compensated by the larger coding gain in the
minimum distance of the 8D code. As for the 4D codes,
the_lgﬁgg;_gpding gain of the 8D code:is not obtained by
incféégihé the ﬁeak—to-average power‘ratio to an

unacceptably large value. The 8D code has a 2D

constellation which is even smallef than for the 4D
code, implying further improvement in the performance of
the 8D code over the 4D and 2D codes. Transparency of
the 8D code to 90-degree phase -ambiguities gives
immunity to-rapid carrier phase changes. { The 64-state,
8D code is less complicated than the 32~-state, 2D code,
and is less than twice as complicated as the 8-state, 2D
code.

| The 64-state, 4D code achieves 5.63 4B coding
gain in the minimum distance over the uncoded case. The
multiplicity of the error event with the minimum
distance is 72 and the code is transparent to all
90-degree phase ambiguities.
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Other advantages and features will become
apparent from the following description of the preferred
embodiment, and from the claims.

We first briefly describe the drawings.

Fig. 1 is a block diagram of a transmitter.

Fig. 2 is a block diagram of the encoders and
grouping device of Fig. 1.

Fig. 3 is a block diagram of a receiver for use
with Fig. 1.

Fig. 4 is a block diagram of the decoder of
Fig. 3.

Fig. 5 is a 192-point signal constellation.

Fig. 6 is a chart of 4D subsets and
corresponding bit patterns. - - _

.Fig. 7 is a block diagram of the encoders of -

Fig. 2 for a l6-state, 4D code.

Fig. 8 is a trellis diagram for the 16-state,
4D code.

Fig. 9 is a bit chart representing the
functlons of the block encoder of Fig. 7.

Fig. 10 is a flow chart of the Viterbi
algorithm for the 4D code.

Fig. 11 is a 160-point signal constellation.

Figs. 12A&B are a chart of 8D subsets, and a
bit conversion procedure.

Fig. 13 is a block diagram of the encoders of
Fig. 2 for a 64-state, 8D code.

Figs. 14A&B are a trellis table for the
64-state, 8D code.
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Fig. 15 is a description of the output bits of

the block encoder of Fig. 13.

Fig. 16 is a flow chart of the Viterbi
algorithm for the 8D code.

Fig. 17 is a 192-point signal constellation
partitioned into eight subsets.

Fig. 18 is a chart of 32 4D subsets.

Fig. 19 is a block diagram of the encoders of
Fig. 2 for a 64-state, 4D code.

Fig. 20 is a l44-point signal constellation.

Fig. 21A&B are a chart of 32 16D subsets.

"Referring to Fig. 1, in transmitter 10 a
scrambler 12 receives a serial bitstream of information
to be sent over a channel 14. The scrambled information
bits are then delivered to encoders and grouping device
18 at a rate of Q bits per s1gna11ng interval (for
example, Q = 7 bits per 51gnanlng interval). Thus, the
bits appearing at the input of encoders and grouping
device 18 with respect to a given signaling interval
(for example, the nth sxgnanlng interval) can be denoted
Iln through IQn Based on the information bits
appearing with respect to a block of some number N (for
example, N = 2), of successive signaﬂivg intervals (that
is the information bits Ilm through IQm, for m = n,
n+l,...,n+N-1), the encoders and grouping device 18
deliver to modulator 20 N pairs of in-phase and
quadrature coordinates in series, one pair in each
signalling interval, each pair corresponding to a point
in a two-dimensional (ZD) signal constellation. These
pairs of coordinates are then used in modulator 20 to
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modulate a carrier. The modulated carrier is then
pulse-shape filtered, and then D-to-A converted to an
analog signal for transmission over channel 14, as in a
conventional Quadrature?Amplitude-Modulated {QAM)
carrier system.

Referring to Fig. 2, encoders and grouping
device 18 include a serial-to-parallel bit converter 29
which groups the incoming scrambled serial bitstream
into blocks of NQ scrambled information bits and sends
each block of NQ bits in parallel to differential
encoder 30. The differentially encoded information bits
are then passed through a convolutional encoder 32 which
adds one redundant bit indicative of the current state
of a finite state device represented by the
convolutional encoder. The convolutlonally encoded bits
are then passea through a bit converter and block
encoder 34. -The bldck encoder encodes some of the input
bits and adds N-1 additional bits; and the bit converter
converts a set of bits into an equal number of bits in a
manner to be described below.

The output bits of the bit converter and block
encoder 34 are a set of NR point selection bits, where R
is an inteéer equal to Q+1 (because bit% have been added
by the convolutional encoder and the block encoder). A
bit grouping device and parallel to serial bit group
converter 36 then organizes the NR coded bits into N~
groups denoted as zom through sz' m =
n,n+l,...,n+N-1 and delivers one group in each signaling
interval to a 2D mapping table 38. For each combination
of bits in a group, table 38 contains the corresponding
pair of modulation coordinates which are then delivered
to modulator 20 (Fig. 1).
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Because the next state of the finite state
device represented by the convolutional encoder depends
both on its current state and on the current information
bits, the output bits of the convolutional encoder (and
hence the transmitted signals) carry historical
information about the sequence of information bits being
sent. This historical infoﬁmation is exploited at the
receiver end of channel 14.

Differential encoding removes the phase
ambiguities of the signal constellations.

Convolutionally encoding NQ bits at one time
adds only one redundant bit (instead of N) per N
signaling intervals, thus achieving additional coding
gain. The'EIock encoder and bit converter, while adding
an additional N-1 bits per N 51gnanlng intervals, retain
almost all the coding gain achieved by the convolutional
encodlpg, and convert the multidimensional signal
constellation mapping into N two-dimensional signal
constellation mappings.

Referring to Fig. 3, in receiver 40, the

received modulated carrier channel signal is passed

through an A-to-D converter 42, an adapﬁive equalizer
44, and an adaptive demodulator 46. Equa%ized and
demodulated coordinate pairs are delivered serially from
demodulator 46 to a decoder 48. Decoder 48 feeds back
preliminary decisions on the received coordinate pairs
to equalizer/demodulator updating signal calculator 45.
These preliminary decisions are processed in calculator
45 in a conventional manner to'genérate updating signals
for the equalizer and demodulator, as disclosed in
Falconer, “Joiﬁtly Adaptive Equalization and Carrier
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Recovery in Two-Dimensional Digital. Communication
S&étems", Bell System Technical Journal, pp. 317-334,
March, 1976. The preliminary decisions may be delayed.
In that case, the demodulator output will be delayed

5 accordingly by delay element 47 before it is sent to
calculator 45. Decoder 48, after a delay of a number of
signalling intervals, also delivers to descrambler 52
final decisions of scrambled information bits which were
sent. The output of descrambler 52 is the original

10 serial bitstream. -

Referring to Fig. 4, in decoder 48 the serial
coordinate pai;s are delivered to a Viterbi algorithm
device 60 which feeds back the preliminary decisions to
the equalizer and demodulator and after some deléy

15 gdelivers N final coordinate pair decisions in parallel
for every block of N signaliné intervals. Converter 62
apﬁlies one coordinate ‘pair in each signaling interval
to a bit mapping table 64. For each block of N
coordinate pairs applied to table 64, the cdrresponding

20 N groups of R decision bits are grouped together in
serial-to—pa%allel group converter 65 and delivered to a
bit deconverter and block decoder 66 and then to a
differential decoder 68. The deconverter and decoder
perform reverse conversion and decoding from those

25 performed at the transmitter. A parallel-to-seérial bit
converter 69 then provides the original scrambled
information bitstream to the descrambler 52.

Using convolutional encoders having selected
numbers of states operating on selected numbers N of

30 signalling intervals worth of information bits at a time,

' coding structures having different desired properties
can be attained.
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The transmitter and receiver are implemented by
programming a microprocessor and two signal processors
interconnected in the way disclosed in our European Patent
Application Publication No. 0154551, the disclosure of

5 which is to be regarded as incorporated herein by reference.

16 State, Four-Dimensional (4D) Code
For example, to send 7 bits per signalling
interval using a l6-state, 4D code (that is, one which
handles two signaling intervals worth of information
bits at one time), the transmitter 10 takes the fourteen
information bits which appear in two successive
signalling intervals and encodes them into two 2D signal
points drawn"from a 2D constellation having 192 points.
Fig. 5 shows how the 2D constellation 70 is
15 constructed and partitioned. The 2D constellation
includes the same 128-point cross constellation 72
(located within the boundary-shown) which is typically
. used with a non-channel-coded system for sending 7 bits
per signalling interval (Q=7). Those 128 points
(indicated as dots) within the boundary are called inner
.group points. The 2D constellation also includes an
outer group of 64 points, half as many points as are in
the inner group. The outer group points are selected
from the points lying on the extension of the inner
25 group rectangular grid to regions beyond'the boundary of
the 128-point cross constellation. The outer group

1o

20

points are arranged as close to the origin as possible.
Furthermore, if the 2D constellation is rotated by 90G°,
180°, or 270° about the origin, each outer group point
30 falls on another outer group point. And the same
property holds true for the inner group points. (The 2D
constellation as a whole is chagacterized by phase
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rotational ambiguities of 90°, 180°, 270°; that is if
the pattern of 2D signal points in the constellation is
rotated by amounts corresponding to those ambiguities,
the same pattern of 2D signal points is obtained.)

The:192—point 2D constellation is partitioned
into four equal-sized subsets, denoted A, B, C, and D.
In Fig. 5, the subset to which each point belongs is
indicated by a corresponding lower case letter, a, b, c,
or d. The subsets are grouped into two 2D families,
denoted AUB (the union of A with B) and CUD. All
subsets have the same numbers of inner group points and
outer group-points. The ratio of the number of outer
group points to the number of inner group points in each
subset is thus the same as the ratio for the entire 2D
constellation. The minimum squared distance, 4d§,'
between points belonging to the same subset is greater
than the minimu@ squared distance,-2d§, between
points belonging to different subsets within the same 2D
family, which is in turn greater than the minimum
squaied distgnce dg, between any two points.
(Examples of such distances are shown with reference to
point 74 on Fig. 5.)

In the consteéllation of Fig. 5, Fhe 2D points
of subset A are labelled with a six-bit value
representing a-bit pattern 22__ . 23 24

n+i n+i n+i
25 .. Z6 .. 27 .. (i =0 or 1l). The same bit

n+i n+i " 'n+i
pattern of a point in subset A is assigned to each of
the three 2D points which can be obtained from the given
point in subset A by 90° rotations.
Two identical such 2D constellations taken

together can be -conceived as the constituent
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constellations of a single 4D constellation having 36864

(=192 x 192) 4D points, the four coordinates of each 4D

point beiﬁg the same as the two pairs of coordinates of
the corresponding pair of 2D points, one from each 2D
constellation. Only 32768 (=21°) of the 36864 4D
points will ‘be used,'hamely the ones whose corresponding
pair of 2D points do not both belong to the outer

group. From now on, in'discussing the l6-state code for
transmitting 7 bits per signalling interval, we will
refer to this 32768-point'4D constellation as the 4D
constellation. The average energy per signalling
interval for the 4D constellation can be shown to be
28.3625&3. Since the peak energy per signaling

interval is 60.565, the peak~to-average power ratio

.is 2.16, smaller than the peak-to-average power ratio,

2.33, for the 64-point rectangular 2D constellation
commonly used in a non-channel coded system for sending
6 bits per signalling interval.

We now define 16 (=4 x 4) 4D types, each
corresponding to a concatenation of a pair of 2D
subsets, and denoted as (A,A), (A,B),..., and (D,D).
Each 4D type hés 2048 points and the minimum équared
distance between two 4D points belonging to the same
type is 463; which is the same as the mirnimum
squared distance between two 2D points belonging to the
same 2D subseé.- (The squared distance between two 4D )
points is simply the sum of the squared distances with
respect to the two pairs of 2D points to which those two
4D points correspond.) Note also that each 4D type,
like the 4D constellation, contains only 4D points for
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which the corresponding pair of 2D points do not both

belong to the outer groups of the 2D subsets

corresponding to that 4D type.

Referring to Fig. 6, the 4D types are paired to
form eight 4D subsets, denoted as 0, 1, 2,..., and 7
(see cols. 80, 82 of Fig. 6). The pairing, while
yielding only half as many 4D subsets as 4D types, is
done in a way which maintains the same minimum squared
distance (463) between two 4D points within each 4D
subset as exists between two 4D-points within each 4D
tyée. Two advantages of pairing are that with fewer 4D
subsets, the de51gn of a simple and powerful
convolutional code is made easier, and the decoder
complexity is reduced.

The way that 4D subsets are formed is as
follows. o

The two first 2D subsets associated with the
twd 4D types in each 4D subset spaﬁ either the first 2D
family AUB or the second 2D-fami1y CUD, and likewise for
the two second 2D subsets associated with that 4D
subset. Thus, because the minimum squared distance
between two 2D points belonging to different 2D subsets
within the same 2D family is 2d§, the minimum
squared distance between two 4D points belonging to the

same 4D subset +is 465.

The eight 4D subsets are
themselves grouped into two 4D families, denoted as
QUlU2U3 and 4U5U6U7.

The two first and two second- 2D subsets
associated with each 4D subset in the first 4D family
0U1lU2U3 span the same 2D family AUB or CUD, and in the

second 4D family the two first and two second 2D subsets
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associated with each 4D subset span ditferent 2D
families. Because the minimum squared distance between
two points belenging to different 2D subsets within the
same 2D family is 2d§, and the minimum squared

distance between two 2D points belonging to different 2D
subsets of different 2D families is dO’
squared distance between two 4D points belonging to
different 4D subsets within the same 4D family is

ZdS, and the minimum squared distance between two

4D points belonging to different 4D subsets of different
4D families is dg. Furthermore note that if a 4D

subset is rotated about the origin by 90° clockwise,
another 4D subset is obtained. And if a 4D subset is
rotated by 180° the same 4D subset is obtained.

The design of a l6-state, 90-degree
rotatlonally 1nvar1ane llnear convolutional code with
these elght 4D subsets is 1llustrated in Figs. 6 and 7.
(A code is described as 90-degree rotationally invariant
if it is transparent to all 90, 180 and 270-degree phase
ambiguities of the signal constellation.)

A rate 2/3, l6-state linear convolutional
encoder 84 1s used to generate three bits (YO , Il n’
and 12 ) needed to specify the 4D subset from whlch
a 4b 901nt is to be drawn. The bit patterns in the
YOn, Iln 12; columns of Fig. 6 correspond to
the decimal number for each subset. (Note that

the minimum

convolutional encoder 84 is intended to be the portion
of convolutional'encoder 32 (Fig. 2) that
convolutionally encodes certain bits.)

In convolutional encoder 84, each box marked 2T
(Fig. 7) representsla temporary storage element which
holds any input value for two signalling intervals; the
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value held in the element always appears at its output.
The circles marked "plus" are logical exclusive or
elements. The outputs of the 2T elements are bits
marked Wln, W2n, W3n, and w4n which together

comprise the current state of the finite state device
represented by encoder-84. The inputs of the 27T
elements are bits marked Wln+2' W2n+2' W3n+2’
W4 which together comprise the next state of

n+2
encoder 84.

and

Only certain sequénces of state transitions of
the convolutional encoder are allowed as represented by
the branches in the trellis diagram of Fig. 8.

In Fig. 8, the 16 possible current states are
represented by a column of dots 86 each marked (to the
left. of the dot) with the corresponding battern of state
defining bits. The 16 possible next states are
represented by column 88. Trellis branches 90
connecting current states to next states represent
allowed state transitions. Each state can be followed
by only four possible transitions, and can result from
only four possible transitions. Each transition has a
4D subset assigned to it. The assignments for
transitions from each current state are represented by
the 4D subset numbers appearing in column 92 to the left
of that state. -For example, the transitions from
current state 0000 are assigned 4D subsets 0 2 1 3
respectively as shown. The assignment satisfies the
following three rules:

(1) The 4D subsets a851gned to the transitions
leading from a state are all from the same 4D family,
and likewise for the 4D subsets associated with the
transitions leading to a state.
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°(2) The minimum squared distance between two
allowed sequences of 4D points corresponding to two
distinct trellis paths is larger than the minimum
squared distance between two 4D points within a 4D
subset. For example, this rule is satisfied by the
following approach, referring to Figs. 7, 8 (a) For each
current state WL W2 W3 W4 , the four possible '
next states are W3nW4nXlxz' where X1X2 = 00, 01, 10,
and 1l. (b) All transitions originating from
even-numbered states (states with W4n equal to 0) are
assigned 4D subsets from the first 4D family 0UlU203.
(c) All transitions originating from odd-numbered states
(states with W4 equal to 1) are assigned 4D subsets
from the second 4D family 4U506U7. (48) If Y is the 4D
subset assigned to the transition from the current state
w1nw2nw3nw4n to an even-numbered (or

odd-numbered) next state, then.¥Y is also the 4D subset

_assigned to the transition from-the current state

WanZAﬁgnW4n to an odd-numbered (or
even-numbered) next state, where "-" appearing over a
letter denotes an inversion. '

(3)‘Eor each transition from a current state
Wl WZn W3n W4' to an allowed next state Wln+2
WZn+2 W3n+2 W4n+2' if X denotes the 4D subset
assigned to this. transition, and if Y denotes the 4D
subset obtained when the 4D subset X is rotated 90
degrees clockwise, then Y must be assigned to the
transition from the current state Wln W2 W3

—

W4n to the next state Wl n+2 W2n+2 W3n+2
W4

n42° For example, if 4D subset 0 is assigned to ‘the
transition from state 0000 to state 0000, then 4D subset
1 must be assigned to the transition from state 1010 to
state 1010.
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" The first rule guarantees that the minimum
.séuared distance between any two allowed sequences of 4D
points is 4d§. -The coding gain (in terms of the
minimum distance) of the code over the uncoded 128-point
2D cross constellation therefore is |

182

2

28.0625d0

10 lOgiO 4.66dB

2

20.Sd0

where dg is the minimum squdred distance between

two 2D po*nts of the 128-point 2D cross constellatlon,
and 20.,560 is the average energy per signalling
interval of the 128-point 2D cross constellation.

The second rule eliminates minimum squared
' distance error events which differ in more than one 4D
point from a given sequence of 4D points, thus reducing
the multiplicity of minimum squared dis@ance error
events to 24 per 4D point (or equivalenély, 12 per 2D
point), which is, in this case, also the number of 4D
pointé at squared distance 4d§ from a given 4D
point in the same 4D subset.

The third rule guarantees that the code can be
made transparent to all 90-degree rotations of the
received signal. Since the same 4D subset is obtained
when a 4D subset is rotated by 180 degrees, the design
of a rotationally invariant convolutional code needs-to
take into accéunt only 90-degree rotation. A linear
convolutional code is thus sufficient to accomplish
transparency to all 90-degree rotations.
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We now describe how to map the three output
bits of the convolutional encoder and the twelve
remaining uncoded information bits into the 4D
constellation. Four coordinate values are needed to
define each 4D point; therefore a straightforward
mapping would require a table of 131072
(=2ls x 4) coordinate values. Even when all the
symmetries of the 4D constellation are exploited to
reduce the number of coordinate values, a table of 8192
(=2ll X 4) coordinate values would still be required.
However, the invention allows this table to be reduced
to only 384 (=192 x 2) coordinate values, and further
reduced to 96 - (=48 x 2) when all the symmetries of the
constellation are exploited, permitting a substantial
saving of hardware capacity.

Referring again to Figs. 6 and 7, after using

the three output bits of the <convolutional encoder to

. specify a. 4D subset, a fourth non- convolutlonally ~coded

information bit (13 ) is used to specify a 4D type
within the 4D subset. To make the code transparent to
90° phase ambiguities; the association or the three
convolutionally coded blts YO Il n’ IZ and

the fourth uncoded bit 13 w1th 4D types is done as
follows. Fo: each pattern of

YO Il 12 I3 ’ denote X as the associated ;

4D type. Denote Yl' YZ’ Y3 as the 4D types

obtained when the 4D type X.is rotated by 90° 180°, and
270° clockwise, respectlvely. Denote S3.S2

171’
S32822, and S33823 as the bit pairs obtained
when the bit pair 13 12 is advanced by one,
two, and three p051t10ns, respectively, in a circular

sequence 00, 01, 10, 11. Then the 4D types associated
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with the’ bit patterns Y0 Il 82,83,,
YOnIln522832 and YOnIlnSZBS33 are Yl'
Y2, and Y3, respectively.

As a first step of the mapping, a bit converter
96 converts the four bits (YO Il IZ 13 )
into two palrs of selection blts, ZO Zl and
Zon+l l l’ which are used to select the pair of 2D
subsets correspondlng to the 4D type. (Note that bit
converter 96 is intended to be the portion of the bit
converter and block encoder 34 (Fig. 2) that performs
the bit conversions.) In this code, each pair of
selection bits corresponds to a 2D subset in accordance
with the following table:

2D Subset ZO_Z%_ or Z0 nt+l Zln+l
A 00
B 01
c .10
D 11

The eleven uncoded information bits which
remain will be used to select a 4D point from the
previously selected 4D type.

Referring to Figs. 5, 7, and 9, a 4D block
encoder 97 .takes three of the remaining uncoded
information bits (Iln+1' Izn+l' and 13n+£) and
generates two pairs of selection bits (ZZn Z3n and
zzn+l 23n+l). (Note that block encoder 96 is
intended to be the portion of the bit converter and
block encoder 34 (Fig. 2) that performs the bit
conversion.) Each of the pairs of selection bits can

assume any of the values 00, 01, or 10, but they cannot

"both assume the value 10. The first pair 22n Z3n

will be used to select the inner group or outer group of
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the first 2D subset corresponding to the previously
selected 4D type, likewise for the second pair 22 ..,

23 41 with respect to the second 2D subset. The inner
group is organized into two halves called subgroups. If
the pair of selection bits is 00, one of the halves of
the inner group is selected; if the bits are 01, the
other half of the inner group is selected; otherwise the
outer group is selected.

There are 16 2D points in the outer group or in
either half of the inner group of a 2D subset, and eight
uncoded information bits remain for selecting from among
those 2D points. Those eight bits are taken in two
groups of four bits each, and are renamed as z4n an
ZGn Z7n énd Z4n+l an+l an-*-l
Z7n+l' The first group Z4n an Z6n Z7n will
be used to select a 2D point from the previously
selected outer group or the selected half of the inner
group of the first 2D subset, and likewise for the
second group Ztln_ll ZSn+l Z6 841 Z7n+l

Thus, the bit converter 96 and 4D block encode:
97 take the three output_blts of the convolutional
encoder and the twelve remaining uncoded information
bits and produce sixteen point selection bits (R=8).
Those sixteen selection bits are then grouped by
grouping device 36 into two groups of elght selection
bits each,_ZZn Z3n Z4n ZSn 26n 27_ 20

n n
21, and 22, 23, 245, P44 2ohn
Z7n+l ZOn+l Zln+l' The first group zzn Z3n

Z4n ZSn an Z7n zon Zln is then used to
address a 2D mapping table 38, the table being
constructed from the constellation of Fig. 5 simply by

associating with the coordinates of each point the eight

.o -
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bits needed to represent the point (namely the six bits
marked under the point and the two bits ZO'nZln
needed to specify the 2D subset), to obtain the pair of

‘coordinates for the first 2D point corresponding to the

4D point defined by the three output bits of the
convolutional encoder and the twelve remaining uncoded
information bits. Likewise, the second group of
selection bits addresses the same table 38 to obtain the
coordinates of the second 2D point. Since each group of
eight selection bits sz Z3m z4 ZSm zsm Z7m

m

ZOm Zlm, when m=n or n+l, can assume only 192 values

{because ZZ Z3 cannot' be 11), the table has only

384 (=192 x 2) coordlnate values. The table can be

further reduced to only 96 (=48 x 2) coordinate values,
since the same pattern of

- 22 23 74 Z5 Z6 Z7m, for either m=n or n+l,

m TmTm
is assoc1ated with each of the four 2D points which can

be obtained from éach other by 90- degree rotations. 1In
that case, the table prov1des the pair of coordlnate
values correspondlng to 22 Z3 24 ZS-ZG Z7

for a spec1f;c pattern of ZOm Zlm, m-n or n+l. The
pair of coordinate values corresponding to other
patterns of ZO Zl can be obtained through

90~ degree rotatlons of the pair of coordlpates obtained
for the specific pattern of ZOm Zlm.

The last technigue also enables making the code
transparent to 90-degree rotations of the constellation
(of the kind which may be caused by phase hits in the
channel), which is accomplished as follows.

Referring to Figs. 6 and 7, note that if we
translate a sequence of the bit pairs 13; 12'
appearing at the inputs of the convolutional encoder and

ot
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bit convérter all by the same number of positions--one,
two, or three--in a circular sequence of bit pairs, 00,
01, 10, 11, then the sequence of 2D points produced by
the 4D constellation mapping procedure will be rotated
by 90, 180, and 270 degrees clockwise, respectively.
Therefore, a differential encoder 30 of the form

] [} !
I3 I2 = (13n 2 IZn_2 + 13 I2 ) mod 100

n base 2 and
a correspondlwg dlfferentlal decoder (68 in Fig. 4) of
the form I3 12 = (I3 12 I3n—2 I2n_2)
mod loobase 2 at the output of the convoluticnal
decoder in the receiver will remove all 90-degree phase
ambiguities in the constelletion. (Note that the
differential encoder 30 of Fig. 7 is intended to be the
portion of the differential encoder 30 shown in Fig. 2
that differentially encodes certain bits.)

At'the receiver, the deeoder uses a

conventional maximum-likelihood@ decoding algorithm such

~ as ‘the Viterbi decoding algorithm described in the .

Fotney Viterbi algorithm article.

Referring to Fig. 10, as a preliminary step,
the decoder must determine the 4D point in each of the
eight 4D subsets which is closest to the received point
and must calculate the squared distance from each
closest 4D point to the received point. This squared
distance is called the 4D branch metric for each trellis
branch to which that subset is assigned. Because there
are 4096 4D points in each of the eight 4D subsets,
finding the nearest 4D points to the received point

would be impractical without the following
simplification.

For each of the two received ZD p01nts
corresponding to a received 4D point, the decoder
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determines the 2D point in each of the four 2D subsets
which is closest to the received 2D point (100) and
calculates the squared distance between each of those
closest 2D points and the received 2D point (102).
These squared distances are called 2D branch metrics.
Because there are only 48 2D points in each of the four
2D subseté,ithe searching process is no more complex
than the searching required with respect to a 2D code.
Next, the decoder determines the 4D point in
each of the 16 4D types which is closest to the received
4D point and calculates the squared distance between
each of those closest 4D points and the received 4D
point. This is done merely by adding the two 2D branch
metrics for the pair of 2D subsets corresponding to each
4D type, because the closest 4D point in each 4D type
corresponds to the pair of closest 2D points for the
pair of 2D subsets corresponding to that 4D type (104).
finally;-the decoder compares the two sums of 2D -branch
metrics corresponding to the pair of 4D types within
each 4D subset. The smaller sum becomes the 4D branch
metric associated with that 4D subset, and the pair of
2D points associated with the smaller sum-corresponds to
the 4D point in that 4D subset which is closest to the
received point (106). '

The 4D branch metrics are then uged to extend
the trellis paths and generate final delayed decisions
in the usual way (112).

Note that the closest 4D point in a 4D subset
obtained from the above procedure may not be a valid 4D
point becaﬁse both of the corresponding 2D points may
come from the outer group. This condition is detected
in the block decoder 66 after final decisions on
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multi-dimensional signal points are made, by examining
‘the pairs of bits, zzn Z3n and z2n+l Z3n+l’

associated with the pair of 2D points. If both are 10,
then the corresponding 4D point is not valid. When this
happens, one of the bit pairs is changed to make the two
pairs togetﬁer valid.

Because of the simélification in the 4D
constellation mapping, the mapping from each finally
decided 4D point back to the 14 information bits in the
decoder is simplified. Otherwise, a straightforward
mapping from the 4D constellation back to the 14
information bits would require a table of
32768 x 14 (=2° x 14) bits. Even when all of the
symmetries of the constellation are exploited, a table
of size 2048 x 11 (=211 x 11) bits would still be
required. However, in the invention each 2D point of
the.pair of 2D points corresponding to.the 4D pdint can
first be mapped back to eight Z bits using a single bit
mapping table 64 (Fig. 4). Then performing the inverse
conversions corresponding to the bit converter and 4D
block encoder produces the 14 information bits. The
mapping from a 2D ‘point back to eight Z bits requires a
table of only 1536 (=192 x 8) bits even when the
symmetries of the constellation are not gkploited at all.

Another reduction in complexity‘of the decoder
comes from the pairing of two 4D types into a 4D subset
which reduces from eight to four the number of possible
transitions leading to each state.

This coding system offers a number of
benefits. The coding gain of the code over the uncoded
case in terms of the minimum distance is 4.66 dB. The

multiplicity of the error event with the minimum

This Sheet Has

M



10

15

20

25

30

distance (the number of nearestneighbours ) is 12. The

- peak-to-average power ratio is 2.16. The constituent 2D

constellation has 192 points. The code is transparent
to 90-, 180-, and 270-degree phase ambiguities. By
comparlson, for the best known 8~-state, 2D code, the
coding gain is 4.01 4B in terms of the minimum distance,
the multiplicity of the error event with the minimum
distance is 16, the peak-to-average power ratio is 1.93,
and the 2D constellation has 256 points. Theoretically,
both larger coding gain and smaller multiplicity of the
error event with the minimum distance of the 4D code
imply beétter performance over the 2D code. Furthermore,
the larger coding gain of the 4D code is not obtained at
the cost of increasing the peak-to-average power ratio
to an unacceptably large value. It is important to keep
this ratio small because the transmission medium may
distort the transmitted sigﬂai nonlinearly. The smaller

2D constellation for the 4D code than for the 2D code

implies simpler receiver design and better performance
when the received signal contains signal-dependent
noise. Transparency of the 4D code to 90-degree phase
ambiguities.gives immunity to rapid carrier phase
changes.. When both the 4D and 2D codes are tested in
the laboratory, the performance of the_4p'code is indeed
significantly bhetter than the 2D code in the presence of
many kinds of channel impairments, and the 4D code is
less. complicated.
64-State, 8D Code
In another embodiment, the transmitter takes

the 28 information bits which appear in four successive
signaling intervals and encodes them into four 2D signal
points drawn from a 2D constellation having only 160

points. . - o
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" Fig. 11 shows how the 2D constellation is

"constructed and partitioned. The 2D constellation

includes inner and outer groups of points defined by a
boundary 120, as in the l6-state, 4D code. The inner
group is still the 128—point cross constellation.
However, the outer group has 32 points, only a quarter
as many points as are in the inner group. The outer
group points are again selected from possible points
lying on the rectangular grid extended from the inner
128-point cross constellation, and are arranged as close
to the origin as possible. Furthermore, if an outer
group point is rotated by 90, 180, or 270 degrees about
the origin, another ocuter group point is obtained. As
in the 1l6-state, 4D code, the 160-point 2D constellation
is partitioned into four equal-sized subsets, denoted A,
B, C, and D; the 2D subsets are grouped into two 2D
families, denoted AUB and ‘CUD; all 2D subsets have the
same numbers of .inner and outer group points; and the
ratio of the number of outer group points to the number
of inner group points of each 2D subset is thus the same
as that of the 2D constellation. The distance
properties of points in those 2D subsets are the same as
those for the 16-~state, 4D code. In. the constellation
of Fig. 11, each 2D point is labeled with a six-bit
;231,24

- + n+i” "n+i
i=20,1l, 2, or 3. The same

value which represents the bits Zzn
zsrx+iZ6'r1+iZ7n+i'
pattern is assigned to each of the four 2D points which
can be obtained from each other by 90° rotations.

Four identical such 2D constellations taken
together can be conceived as a single 8D constellation
having 655,360,000 (=160%) 8D points, the eight
coordinates of each 8D point being the same as the four
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pairs of coordinates of the corresponding four 2D
points, one from each 2D constellation, Only
536,870,912 (=22°) of the 655,360,000 8D points will

be used, namely the ones whose corresponding four 2D
points include at most one 2D point belonging to the
outer group; From now on, in discussing the 64-state
code for trénsmitting 7 bits per signaling interval, we
will refer to this 536,870,912-point 8D constellation as
the 8D constellation. The average energy per signaling
interval of the 8D constellation can be shown to be
23.59375d2. Since the peak energy per signalling

0
interval is SO.Sdz, the peak-to-average power ratio

is 2.14, about thg same as that of the l6-state, 4D
code.

. We now define 256 (=44) 8D subtypes, each
corresponding to a combination of four 2D subsets, and
denoted as (A,A,A,A), (A,A,AX,B),...,.(B,;C,C,B),
(B,C,CC)¢tee., and (D,D,D,;D). Each 8D subtype has
2,097,152 points and the minimum squared distance
between two 8D points belonging to the same 8D subtype
is 4d§, the same as the minimum squared distance
between two 2D points belonging to the same 2D subset.
(The séuared distance between two 8D points is simply
the sum of the four squared distances with respect to
the four pairs.of 2D points to which those two 8D points
correspond.) Each 8D subtype, like the 8D
constellation, contains only 8D points for which at most
one of the four corresponding 2D points belongs to the
outer groués of the four 2D subsets to which that 8D
subtype cdrresponds.

Referring to Fig. 12A, the 256 8D subtypes are
grouped into sixteen 8D subsets (col. 122). The
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grouping, while producing only one sixteenth as many 8D
subsets as 8D subtypes, maintains the same minimum
squared distance between two 8D points within eéch 8D
subset as exists between two 8D points within each 8D
subtype.

To form the 8D subsets, the first and second
constituent 2D constellations corresponding to the 8D
constellation are concatenated to form a first
constituent 4D constellation. This 4D constellation is
partitioned into eight 4D subsets, denoted as 0, 1,
2,..., and 7, and grouped into two 4D families, denoted
as 0UlU2U3 and 4U5U607,.  as in the l6-state, 4D code. A
second cons;ituent 4D constellation, formed by a
concatenation of the third and fourth 2D constellations
corresponding to the 8D constellation, is similarly
partitioned. The distance properties of points in the
4D subsets are the same as those for the 16-state, 4D

_code.

Next, we define 64 (=8 x 8)'8D types, each
corresponding to a pair of 4D subsets, and denoted as
(0,0),-(0,1),..., and (7,7). . Each 8D type includes four
8D subtypes (because each 4D subset includes two 4D
types, note that the 4D types are equivalent to 4D
subtypes). The miniﬁum squared distance between two 8D
points belonging to the same 8D type is 462, the
same as between two 4D points belonging to the same 4D
subset, and as between two 8D points belonging to the
same 8D subtype, as desired.

Those 64 8D types are grouped, four at a time,
to form sixteen 8D subsets, denoted as 0, 1, 2,..., and
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15, and the sixteen 8D subsets are grouped into two 8D

.families, denoted as 0UiU203U4USUGU7 and

8USUl0UL1Ul2U13U14U15. The distance properties of those
16 8D subsets are described below.

First, the four first 4D subsets associated
with the fodr 8D types in each 8D subset span either the
first 4D family OUlU2U3 or the second 4D family 4USU6U7,
and likewise for the four second 4D subsets associated
with that 8D subset. Thus, because the minimum squared
distance between two 4D points belonging to different 4D
subsets w1th1n the same 4D family is 2d§, the '
minimum squared dlstance between two 8D points belonging
to the same 8D subset is 465, the same as between
two 8D points belonging to the same 8D subtype.

' Second, the four first and four second 4D
subsets associated with each 8D subset in the first 8D
family OUlU2U3U4USU6U7 span the same 4D family OUlU2U3
or 4USU6U7, and in the second 8D family the four first
and four second 4D subsets associated with each 8D
subset span different 4D families. Because the minimum
squared distance between two points belonging to
different 4D subsets within the same 4D family is
2dg, and the minimum squared distance between two
4D points_beionging to different 4D subsefs of different
4D families.is.dg,-the minimum squared distance
between two 8D points belonging to different 8D subsets
within the same 8D family is ng, and the minimum
squared distance between two 8D points belonging to
different 8D subsets of different 8D families is dg.

Note that 8D subset 0 for this particular
partition is from a portion of the 8D lattice used in

the non-convolutional block encoding scheme disclosed in

-
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the European Patent Application Publication No. 0122805, and
the other 8D.subsets cah be viewed as portions of translations of that
lattice. There are other ways to partition the 8D
constellation into sixteen 8D subsets to give the same
distance properties between subsets as the above
partition. However, the above partition has the special
property that if an 8D subset is rotated by 90, 180, or
270 degrees, the same 8D subset is obtained. With this
property, the design of a 90-degree rotationally
invariant convolutional code using those sixteen 8D
subsets does not need to take any 90-degree rotations of
the consteliqtion into éccount, and is thus made

easier. Furthermore, a linear convolutional code is
sufficient to remove all phase ambiguities of the 8D
constellation. ' |

Grouping the 256 8D subtypes into 16 8D subsets
makes possible and makes easier the design of a simple
and powerful convolutional code, and the decoder
complexity is reduced as explained later.

The design of the 64-state, %90-degree
rotationally invariant linear convolutional code with
those sixteen 8D subsets is illustrated in Figs. 12A and
13. A rate 3/4, 64-state linear convolutional encoder
130 is used to generate the four selection bits needed
to specify the 8D subset from which an 8D point is to be
drawn.. Encoder 130 includes 4T delay elements 132 and
logical exclusive or elements 134 connected as shown.
The current state of the encoder is
WanZnW3nW4nW5nW6n. And the next state of
the encoder is W1l 2 3 4 W5

n+4W n+4w n+4w n+4 "n+4
W6n+4' Only certain sequences of state transitions
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are allowed as represented by the filled entries in the

‘chart of Figs. 14A and 14B, which corresponds to the

information on a trellis diagram.

In Figs. 14A and 14B, column 138 contains the
decimal number of the current state. The remaining
columns of the chart are each headed by the decimal
number of one of the next states. A number entry in the
chart represents a permissible transition between the
current state and the next state indicated by the row
and column in which the entry appears. The number entry
itself identifies the 8D subset assigned to that
transition. For example, a transition is permitted from
current state 41 to next state 14 and 8D subset 15 is
assigned to that transition. Each current state can be
followed by only eight possible transitions, and can
result from only eight possible transitions. The
assignment of 8D subsets to transitions satisfies the

b following rules:

20

25

30

(1) - The 8D subsets assigned to the transitions
leading from a state are all from the same 8D family,
and likewise for the 8D subsets associated with the
transitions leading to a state.

(2) The minimum squared distance between two
valiad sequénces of 8D points corresponding to two
distinct trellis paths is larger than the minimum
squared distance between two 8D points within each 8D
subset. For example, referring to Figs. 14A and 14B,
this rule is satisfied by the following approach, among
others. (a) For each current state
W1l W2 W3 W4 WS W6 the eight possible next
states are W4 WS WG X1X2X3 for X1X2X3 = 000, 001,

010, Ol1, 100, lOl 110, and 111l. (b) All the
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tranSLtlons originating from even-numbered states
(states with W6 equal to 0) are assigned 8D subsets
from the first 8D family 0UlU20U3U4U506U7. (c} All the
transitions originating from odd-numbered states (states
with W6n equal to 1) are assigned 8D subsets from the
second 8D family 8U9C10ULLU12013U14U1l5. Then the second
rule is satisfied as follows: (i) If Y is the 8D subset
assigned to the transition from current state
Wlnwan3nW4nWSnW6n to an even-numbered (or

odd-numbered) next state, then ¥ is also the 8D subset
assigned to the transition from current state

W1 X1W3 W4 X2W6_, for X1X2 = 00, 01, 10, and 11,

to an odd-numbered (or even-numbered) next state. (ii)

If Y is the 8D subset assigned to the transition from

current state Wl W2 w3 W4nW5nW6n to next

. state W4 W5 W6 x1x2x3, then ¥ is also the 8D

subset a551gnea to the transition from current state
Wl W2 WJ W4 WS W6 to next state
W4 w5 W6 x1x2x3. (111) If Y is the 8D subset
a551gned to the transition from current state
WlnwanBnW4 W5 W6 to next state
W4nWSnW6nXlx2X3, then Y is also the 8D subset
assigned to the transition from current state
Wl W2 W3 W4 WS W6 to next state ‘
w4 ws ws x1x4x3, for X4 = 0 or 1. '

The first rule guarantees that the minimum

squared distance between any two allowed sequences of 8D
2
0° _
the minimum distance) of the code over the uncoded

points is 4d And the coding gain (in terms of

128-point 2D cross constellation therefore is
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2
4dg
.2
23.593754
o 10 log,, = 5,41 4B
2
d9
2
20.544

The second rule eliminates minimum distance
error events in more than one 8D point which differ from
a given sequence of 8D points, thus reducing the
multiplicity of the minimum distance error events to 240
per 8D point (or equivalently, 60 per 2D poiﬁt), which
is, in this case, also the numbe;_df'BD_points at =
sqﬁared distance 4dg from a given 8D point in the
same 8D subset.

There is no need to consider 90° rotations of
the constellation in the design of a 90° rotationally
invariant convolutional code because the same 8D subset
is obtained when an 8D subset is rotated by 90°, 1&0°,
or 270°. {

We now describe how to map the four output bits
of the convolutional encoder and the 25 remaining
uncoded information bits into the 8D constellation.
Eight coordinate values are needed to define each 8D
point; therefore, a straightforward mapping would
require a table of 4,294,967,296 (=22° x 8) coordinate
values. Even when all the symmetries of the 8D
constellation are exploited to reduce the number of
coordinate values, a table of 16,777,216 (=221 x 8}
coordinate values would still be required. However, fhe
invention allows this table to be reduced to only 320
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(=160 x 2 coordinate values), and further reduced to 80

(=40 x 2) when all the symmetries of the constellation
are exploited, permitting a substantial saving of
hardware capacity.

Referring again to Figs. 12A&B and 13, after
using the four output bits of the convolutional encoder
to specify an 8D subset, another four
non-convolutionally-coded information bits are used to
specify an 8D subtype within the 8D subset.

To make the code transparent to 90-degree phase
ambiguities in specifying the 8D subtype, the following
requirements are met. First, the same pattern of the .
first two uncoded 1nformat10n blts, I4 and ISn, are
associated with each of the four 8D subtypes which can
be obtained from each other by 90-degree rotations.
Second, the assoc1atlon of the second two uncoded
1n£ormatlon blts, 16 and I7 n’ withleﬁ
subtypes is as follows. For each set of four 8D
subtypes which can be obtained from each other through

90-degree rotations, arrange the four associated values

of the bit pair 16; 17; into a four-element

sequence such that the 8D subtypes corresponding to the
second, third, and fourth values of this sequence can be
obtained bf'rotating the 8D subtype corresponding to the
first value of -the sequence by 90, 180, and 270 degrees
clockwise, respectively. Then, all of these
four~element sequences are rotated versions of the same
four-element circular sequence of bit bairs. In this
code, the four element circular sequence is 00, 01, 10,
1l. And, for example, a rotated version of the
four-element circular sequence is the séquence 01, 10,
11, 00. S

R0 L
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A bit converter 140 then converts the four

‘output bits of the convolutional encoder and the four

uncoded information bits into four pairs of selection
bits, ZOm Zlm, m=n, n+l, n+2, n+3, to select the

four 2D subsets corresponding to the 8D subtype. The
correspondence between selection bits ZOlem and 2D
subsets is the same as that for l6-state, 4D code. The
bit conversion table can be derived from the procedure
shown in Fig. 12B which satisfies the two requirements
described above for mapping the four uncoded bits to an
8D subtype within an 8D subset.

The 21 uncoded information bits which remain
will be used 'to select an 8D point from the previously
selected 8D subtype. Referring to Figs. 1ll, 13, and 15,
an 8D block encoder 142 takes nine of the remaining
uncoded information bits and generates four groups of
three selection bits each, 22 Z3 Z4 .
m—n,n+l n+2 n+3. Each group can assume any of the
values 000, 001, 010, 011, and 100, but at most one of
the four groups can assume the value 100. The first
group 22 23 74 will be used to select the inner
group or outer group of the first 2D subset
corresponding to the previously selected 8D subtype, and
likewise for the three other groups witq respect to the
second, third, .and fourth 2D subsets. The inner group
is organized into four quarters. If the group of three
selection bits is 000, 001, 010, or 0ll, one of the
quarters of the inner group is selected; otherwise, the
outer group is selected.

There are eight 2D points in the outér group or
in each of the four quarters of the inner group of a 2D
subset, and twelve uncoded information bits remain for

it ?
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selecting from among those 2D points. Those twelve bits

.are taken in four groups of three bits each, and are

10

15

renamed as ZSmZGmZ7m, m=n,n+l,n+2,n+3. The first
group ZSnZGnZ7n will be used to select a 2D point
from the previously selected outer group or from the
selected quarter of the inner group of the first 2D
subset, and likewise for the other three groups

Z5 %6 27 ,m=n+l,n+2,n+3. ' )

To summarize, the bit converter and 8D block
encoder take the four output bits of the convolutional
encoder and the 25 remaining uncoded information bits
and produce 32 point selection bits (R=8). Those 32
selection bits are then grouped into four groups of
eight selection bits each, ZZmZ3mZ4mZSmZGm
27 20 _2)_, m=n,n+l,n+2,n+3. The first group

m"TmTm
Z2nz3nz4n25h26nd7n20n21n-1s used to

.address a 2D mapping table, the table being constructed =

20

25

from the constellation of Fig. ll.simply by associating
with the coordinates of each point the eight bits needed
to reptesent the point (namely the six bits marked under
the point and the two bitg ZOnZ].n needed to specify

the 2D subset), to obtain the pair of coordinates for
the first 2D point- corresponding to the 8D point defined
by the four odtput bits of the convolutional encoder and
the 25 remaining'uncoded information bits. Likewise,
the second, third, and fourth groups of selection bits
address the same table to obtain the coordinates of the
second, third, and fourth 2D points, respectively.

Since each group of eight selection bits can assume only
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160 values (because szZ3mZ4m cannot assume any of

"the values 101, 110, and 111), the table has only 320

(=160 x 2) coordinate values. The table can be further
reduced to only 80 (=40 x 2) coordinate values since the
same pattern of z2 23 2Z4 175 26 27 is

associated with each of the four 2D points which can be
obtained from each other by 90-degree rotations. In
that case, the table provides the pair of coordinate
values corresponding to ZZmZBmZ4mZSmZGmZ7

for a specific pattern of ZOlem. The pair of
coordinate values corresponding to other patterns of
ZOm21m can be obtained through 90-degree rotations

of the pair of coordinates obtained for the specific
pattern of 20 21 .

The last technique also enables making the code
transparent to 90-degree rotations of ;he constellation,
as descrlbed later. _

A stralghtforward 1mplementatlon of the bit
converter 140 requires & table of 256 x 8 (—28 x 8)
bits. And a straightforward implementaticn of the 8D
block encoder 142 requires a table of 512 x 12 (=29 X
12) bits. Even though the sizes of these tables are
already insignificant compared to those which would be
required by an 8D constellation mapping which did not
use the bit converter and the 8D block encoder, they can
be further reduced. '

Referring to Fig. 15, the 8D block encoder 142
can be implemented as a short program without using any
table. Referring to step 1 of Fig. 12B, the size of the
bit converter table can be reduced to 16 x 8 (=24 x 8)
bits by including in the table only the four pairs of
selection bits, ZOlem, m=n,n+l,n+2,n+3,

a

el

This Sheet Has Been Replaced

[

il

i



’ ' - 52 -
corresponding to the four output bits of the
convolutional encoder for a specific pattern of the four
uncoded information bits I4nISn16;I7' .
e.g., 0000 appearing at the input of the bit converter
5 (Fig. 13). The four pairs of selection bits
correspondlng to other patterns of
I4 IS 16 I7 can be obtained through
modlflcatlons of the four pairs of selection bits for
the specific pattern of I4nISn16;I7;. The
10 modifications are based on how
I4nISn16;I7; is mapped into an 8D subtype
(Fig. 12B).
Referring to Fig. 13, if we translate a
sequence of the bit pairé 16;17; appearing at
15 the input of the bit converter all by the same number of
positions--one, two, or three--in the same circular
sequence of ‘bit pairs, 00, 01, 10, 11, defined above: *
w1th respect to the mapping of bit pairs
_IG I7 into 8D subtypes, then the resulting
- 20 sequence of 2D points produced by the 8D constellation
mapping will be rotated by 90, 180, and 270 degres
clockwise, respectively. Therefore, a differential
~encoder 144 of the form IGn'I7n'= :
(IGn_4'I7n_4' + IGnI7n) mod lQ.Obase 2 in the
25 transmitter (Fig. 13) and a corresponding differential

decoder of the form ISnI7n=(Isn‘I7n' -
16n44'I7n—4l) mod 100base 5 at the output of the
convolutional decoder in the receiver will remove all
90-degree phase-ambiguities in the constellation.

30 At the receiver, the decoder again uses a
conventional maximum-likelihood decoding algorithm such

as the Viterbi decoding algorithm.

R
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Referring to Fig. 16, as a preliminary step,
the decoder must determine the 8D point in each of the
16 8D subsets which is closest to the received point and
must calculate the squared distance from each closest 8D
point to the received point. This squared distance is
called the 8D branch metric for each trellis branch to
which that subset is assigned. Because there are
33,554,432 8D points in each of the 16 8D subsets,
finding the nearest 8D points to the received point
would be impractical without the following
simplification. For each of the four received 2D points
corresponding to a received 8D point, the decoder
determines the 2D point in each of the four 2D subsets
which is closest to the received 2D point (145) and
calculates the squared distance between each of those
closest 2D points and the:rgceived 2D point (146).

_These squared distances are called 2D branch metrics.

Because there are only 40 2D points in each of the four
2D subsets, the searchinhg process is easy, being no more
complex than the searching required with respect to a 2D
code. '

Next, the decoder determines (147) the 4D point
in each of the eight 4D subsets which is closest to the
first received 4D point, the first received 4D point
being the 4D point corresponding to the first and second
2D points of the received 8D point, and calculates the
squared distance (called the 4D branch metric) between
each of those closest 4D points and the first received
4D point, in the same manner as for the l6-state, 4D
code. Only two additions and one comparison are
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required for each 4D subset. The same procedure is
repeated for the second received 4D point which is the
point corresponding to the third and fourth 2D points of
the received 8D point. -

The decoder then determines the 8D point in
each of the 64 8D types which is closest to the received
8D point and calculates the squared distance between
each of those closest 8D points and the received 8D
point. This is done by adding (149) the two 4D branch
metrics for the pair of 4D subsets corresponding to each
8D'type, because the ciosest 8D point in each 8D type
corresponds to the pair of closest 4D points for the
pair of 4D subsets corresponding to that 8D type.
Finally, the decoder compares (151) the four sums of 4D
branch metrics correspondlng to the four 8D types within

each 8D subset. The smallest sum becomes the 8D branch
‘metric associated with that 8D subset, and the pair of
4D points associated with the smallest sum correspond to

the 8D point in that 8D subset which is closest to the
received point. The 8D branch mefrics are then used
(153)-£o extend the trellis paths and generate final
delayed decisions in the usual way.

waever,.the closest 8D point in a particular
8D subset obtained from the.above procédure may not be a
valid point because more than one of the four
corresponding 2D points may come from the outer group.
This condition is detected in the block decoder 66 by
examining the four groups of bits, zzmz3mz4m,
n=n,n+l,n+2,n+3, associated with the four corresponding
2D points. If more than one of the groups is 100, the
corresponding 8D point is not valid. Then a
modification is made on those four groups to render them
together valid.
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Because of the simplification in the 8D
constellation mapping, at the receiver the mapping from
each finally decided 8D point back to the 28 information
bits in Ehe decoder is also simplified. Otherwise, a
straightfdrward mapping from the 8D constellation back
to the 28 ihformation bits would require a bit mapping
table of ‘536,870,912 x 28 (=22° x 28) bits. Even when
all of the symmetries of the constellation are
exploited, a table of size 2,097,152 x 21 (=221 x 21)
bits would still be required. However, in the present
system ', each 2D point of the four 2D points
corresponding to the 8D point can first be mapped back
to eight ‘2 bits. Then performing the inverse
conversions corresponding to the bit converter and 8D
block encoder produces the 28 information bits. The
mapping from a 2D point back to eight % bits requires a
table ‘of only 160 x 8 bits even wheén the symmetries of
the constellation are not exploited. The inverse
conversion corresponding to the 8D block encoder can be
done with a short program which does not even require a
table, as was done for the 8D block encoder. The

inverse conversion corresponding to the bit converter

requires a table of only 256 x 7 bits, insignificant

compared to the size of the- table which would otherwise

be required to map from the 8D constellétion back to the
28 information bits.

Another reduction in decoder complexity comes
from grouping 16 8D subtypes into an 8D subset, thus
reducing from 128 to eight the number of transitions
leading to each state, which saves substantial
processing time, software, and hardware capacities.

The coding gain of this code over the uncoded
case in terms of the minimum distance is 5.41 dB. The
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multiplicity of the error event with the minimum
distance is 60. The peak-to-average power ratio is
2.14. The code is transparent to 90°, 180°, and 270°
phase ambiguities. The constituent 2D constellation has
160 points. As a comparison, the coding gain of the
best known 32-state, 2D code is 4.80 dB in terms of the
minimum dlstance. The multiplicity of the error event
with the minimum distance is 16. The peak-to-average
power ratio is 1.93. The 2D constellation has 256
points. Theoretically, although the 8D code has a
larger multiplicity of the error event with the minimum
distance, the effect of this larger multiplicity is more
than compensated by the larger coding gain in terms of
the. minimum distance of the 8D code. As for the 4D
codes, the larger coding gain of the 8D code is not
obtained by increasing the_péak—to-average power ratio
to an unacceptably large value. The 8D code has a 2D
constellation which is even smallér than for the 4D
code, implying fﬁrther improvement in the performance of
the 8D code over the 4D and 2D codes. Transparency of
the 8D code to 90-degree phase ambiguities gives
immunity to rapid carrier phase changes. When
implemented in the laboratory, the 8D code is found to
have significantly better pérformance than the 2D
code--in some tases, more than 1.0 dB better performance
in the presence of many kinds of channel impairments.
The 64-state, 8D code is less complicated than the
32-state, 2D code, and is less than twice as complicated
as the 8-state, 2D code. The 64-state, 8D code
therefore represents an advance from 2D codes because it
improves the performanée of 2D codes without increasing

the complexity.
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Embodiments with Fewer States

The number of states of the l6-state,
64-state, 8D codes -can be reduced without gacri

4D or
ficing

the coding gain in the minimum distance, but the

multiplicity of the error event with the minimum

distance would be increased.

For example, a 32-state, 8D code can p
5.41 dB coding gain in the minimum distance ove
uncoded case, the same as for the 64-state, 8D
its multiplicity of the error event with the mi
distance is 124, larger than 60 for the 64-stat
code. It can be shown that the minimum number
required for an 8D convolutional code to provid

rovide
r the
code, but
nimum
e, 8D
of states
e 5.41 4B

coding gain in the minimum distance over the uncoded

case is 16. And the minimum number of states r
for a 4D convolutional code to provide 4.66 4B
gain is 8. '

equired
coding

These codes with fewer states are useful when

"the complexity needed to achieve the larger cod

in the minimum distance of the lé-state, 4D or
8D code is an issue.

ing gain
64-state,

The design of the 4D or 8D convolutional codes

with fewer states is similar to that for the 16
4D or 64-state, 8D code except that with fewer
the minimum squared distance between twé valid

~-state,
states

sequences

of 4D (or 8D) points corresponding to two distinct
trellis paths can no longer be requifed to be larger
than the minimum sqdared distance between two 4D (of 8D)
points within each 4D (or 8D) subset. As a result the

multiplicities of the error events with the minimum

distance of those codes with fewer states are larger

than for the lé6-state, 4D or 64-state, 8D code.
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Embodiments with Finer Partitioning of the 4D
or 8D Constellation Using the Same Partitioning
of the Constituent 2D Constellation

Given the partitioning of the 4D or 8D
constellation for the l6-state, 4D or 64-state, 8D code,
it is impossible to further increase the coding gain in
the minimum distance or reduce the multiplicity of the
error event with the minimum distance by designing a
more complicated convolutional code, for example by
increasing the number of states.

With a finer partitioning of the 4D or 8D
constellation, however, it is possible to further reduce
the multiplicity of the error event with the minimum
distance b& designing a convolutional code with more
states.

For example, a 32-state, 4D code with 16 4D
subsets, each subset consisting of only one 4D type as
defined'for the lG—s;ate, 4D code, can provide 4.66 dB
coding gain in the minimum distance over the uncoded
case, the same as for the l6-state, 4D code, but the
multiplicity of the error event with the minimum
distance is only 4, less than the 12 for the lé-state,
4D code and the same as that for the uncoded system.

These codes with smaller multiplicity of the
error event with the minimum distance arefuseful when
excess processiﬁg capacity is available for the
16-state, 4D or 64-state, 8D code, but not enough excess
to implement 4D or 8D convolutional codes with a
constituent 2D constellation partitioned into more than
four 2D subsets (of the kind discussed below).
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Embodiments with Firner kartitioning

—— - —

of 4D or 8D Constella:ion Using Finer
Partitioning ¢ of the Constxtuent .2D Constellation

To further increase the coding gain in the
minimum distance of the 4D or 8D codes from that of the
l6-state, 4D or 64-state, 8D codes while maintaining a
simple 4D or 8D constellation mapping, a finer
partitioning of the constituent 2D constellation can be
used.

As an example, a 64-state, 4D code with the
constituent 2D constellation partitioned into eight 2D
subsets'can provide 5.63 dB coding gain in the minimum
distance over the uncoded.case, which is 0.97 4B more
than that of the 16- or 32-state, 4D code.

. Referring to Fig. 17, in such a 64-state, 4D

- code for sending 7 information bits per signalling

inteLval, the 2D constellation 1ncluaes inner and outer
groups of p01nts, as for the l6-state, 4D code. The =
inner group remains as the 128-901nt-cross
constellation. Note that the constellation has been
rotated 45° compared with the 16-state, 4D code
constellation. The outer group has 64 points, which is
again half as many as the inner group points. The outer
group points are again selected from the grid extended
from the inner 128-point cross constellaition and
arranged as close to the origin as possible, but with
the following two constraints satisfied. The first
constraint is that if an outer point is rotated by 90,
180, or 270 degrees, another outer point is obtained.
The second constraint is that when the 2D constellation
is partitioned.into eight subsets, described below, each
subset has the same number of outer points as other
subsets. The iriner 128-point cross constellation also

R

satisfies those two constraints.
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The 192;point 2D constellation is partitioned
into eight equal-sized subsets, denoted as A, B,..., and
H. The ratio of the number of outer group points to the
number of inner group points of each 2D subset is the
same as for, the 2D constellation as -a whole. The
subsets are grouped into four 2D subfamilies, denoted as
AUB, CUD, EUF, and GUH, and the subfamilies are further
grouped into two 2D families, denoted as AUBUCUD and
EUGUFUH. The minimum squared distance, Bdo,
between points belonging to the same subset is greater
than the minimum squared distance, 465, between

points belonging to the same subfamily, which is in turn
greater thanhthe“minimum squared distance, ng,
between points belonging to the same family, which is
yet in turn greater than the minimum squared distance,
dg, between any two p01nts.

+  In the constellatlon of Flg. 17, the same

five-bit pattern is assigned to each of the four 2D

points which can be obtained from each other by 90°
rotations. | _

Two identical such 2D constellations taken
together can be conceived as a single 4D constellation
having 36864 (=192 x 192) 4D points. Only 32768

- (=2'%) 4D points of the 36864 points will be used,

namely the ones whose corresponding pair of 2D points do
not both belong to the outer group. From now on in
discussing the 64-state code for transmitting 7
information bits per signaling interval, we will refer
to this .32768-point 4D constellation as the 4D
constellation, which again happens to be identical to
that for the l6-state, 4D code except for a 45°
rotation. The average enerdy per s gnallng interval for

. Ut
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this 4D constellation can be shown to be

28.062563. Since the peak energy per signaling
interval is 60.5dg, the peak-to-average power ratio
is 2.16.

We now define 64 (=8 x 8) 4D types, each
corresponding to a pair of 2D subsets, and denoted as
(A,A), (A,B),..., and (H,H). Each 4D type has 512
points and the minimum squared distance between two 4D
points belonging to the same 4D type is 865, which
is the same as the minimum squared distance between two
2D points belonging to the same 2D subset. Note also
that each 4p type has the same structure as the 4D
constellation. That is, a 4D point belongs to a 4D type
only if the pair of 2D points corresponding to that 4D
point do not both belong to the outer groups of the pair
of 2D subsets to which that 4D type corresponds.

y Referrlng to Fig. 18, the 4D types are paired
to form 32 4D subsets (col. 150), denoted as 0, 1,...,
and 31. The pairing, while producing only half as many
4D subsets as 4D types, maintains the same minimum
squared distance. between two 4D points within each 4D
subset as exists between two 4D points within each 4D
type.

The 32 4D subsets are grouped ;into eight 4D
subfamilies, denoted as 0UlU8US9, 2U3Ul0Ull, 4U5U12013,
6U7UL4UL5, 16U17U24U25, 18U1l9U26U27, 20U21U28U29, and
22023030031, and are further grouped into two 4D

15
families, denoted as ig)l and i. Note that the

bm
minimum squared distance, Bdo, between 4D points
belonging to. the same 4D subset is greater than the
minimum squared distance, 463, between 4D points

belonging to the same 4D subfamily, which is in turn

o]
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greater than the minimum squared distance, ng,

‘between 4D points belonging to the same 4D family, which

is yet in turn greater than the minimum squared
distance, dg, between any two 4D points. Note also
that if a ‘4D subset is rotated by 90, 180, or 270
degrees, another 4D subset is obtained. '

Referring to Fig. 19, a rate 4/5, 64-state
convolutional encoder can then be used to generate the
five selection bits needed to specify the 4D subset from
which a 4D point is to be drawn. The assignment of 4D
subsets to state transitions should satisfy at least the
following two rules. First the 4D subsets assigned to
the transitions leading from a state are all from the
same 4D family, and likewise for the 4D subsets assigned
to the transitions leading to a state. There are 16
transitions leading from each state to 16 different next
stateS. Those 16 next states can be grouped into four
groups of four states each such that the same subsequent
16 states follow each of the four next states in a
group. The second rule then says that the 4D subsets
assigned to eiﬁher (a) the transitions from a given
state to the four next states in a given group or (b)
the transitions to a given next state from the four
states in a given group are from the same 4D subfamily.

Following at least these two rules, it can be
shown that a 64-state, 4D code can be designed such that
the minimum squared distance between any two valid
sequences of 4D points is 5d§. The coding gain of
this code in the minimum distance over the uncoded case
is thus
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5d

28.0625d7

10 log,, = 5.63 dB

20.5a]
Satisfaction of the first rule guarantees that
the mimimum”squared distance betﬁeen any two allowed
sequences of 4D points is at least 4d§.
Satisfaction of the second rule above is necessary in
order for the minimum squared distance between any two
sequences of 4D poinés,to be greatgr than 4dg. =
The multiplicity of the error event with the
minimum distance of the 64-state, 4D code is 72 and the
code is transparent to all 90-degree phase ambiguities.
To further increase the coding gain in the
minimum distance or reduce the multiplicity of the error
event with the minimum distance of the convolutional
code using those 32 4D subsets, the number of states can
be increased._ The limit on the coding gain in the
minimum distance in this case is 7.66 dB and the limit
on the multiplicity of the error event with the minimum
distance is 12. Further improvements can be attained
using even finer partition of the 4D constellation.
Referring to Figures 18 and 19, in mapping the
available bits into the 4D constellatfbg, after using
the five output bits of the convolutional encoder 151 to
épecify a 4D subset, a sixth uncoded information Bit is
used to specify a 4D type within the 4D subset. A bit
converter 152 then converts those six bits into two
groups of three selection bits each, ZOnZanZn and
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Zon+lZln+1Z2n+1' which are used to select the pair
of 2D subsets corresponding to the 4D type. 1In the
constellation of Fig. 17, each three selection bits
correspond to a 2D subset in acccrdance with the
following table:
Z0n21lpn22/ or
2D Subset _ 20n+1Z21n+122n+1

000
0lo0
001
0ll
1llo0
101
111
100

:’ﬂO'ﬁtXJUOtﬂy

The nine uncoded information bits which remain
w111 be used to select a 4D p01nt from the previously
selected 4D type.

A 4D block encoder 154, which is identical to
that for the l6-state, 4D code, takes three of the
remaining uncbded information bits and generates two )
pairs of selection bits, 23 Z4 and Z3 +1z4 +1°
whose properties and uses are llke the pairs 22 ZB
and Z2 z3 described for the l6-state, 4D code

n+l " "n+l
block encoder.

There are eight 2D points in thE outer group or
in either half of the inner group of a 2D subset, and
six uncoded information bits remain for selecting from
among those 2D points. Those six bits are taken in two
groups of three bits each, and are renamed as
25,26 27 and 25 .26 .27 .,. The first
group ZS Z6 nZ7, will be used to select a 2D point
from the prev1ously selected outer group or the selected
half of the inner group of the first 2D subset, ang .

26 . .27

likewise for the second group ZSn+l n+1%7n+1
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To summarize, with this construction and
‘partition of the 4D constellation, the bit converter,
and the 4D block encoder, the 4D constellation mapping
is achieved through two 2D constellation mappings. Both
5 the encoderfand decoder complexities are thus reduced.
' Embodiments Using 16D Convolutional Codes
A 16D constellation can be constructed and
partitioned as follows to send 7 information bits per
signalihg intervai.

10 Referring to Fig. 20, the constituent 2D
constellation includes inner and outer groups of points,
the inner'group being the 128-point cross
constellation. The outer group has only 16 points,
which is one eighth as many as the inner group points.

15 The outer group points are selected from the rectangular
grid extended from the inner 128-point-cross
constellation, and arranged as close to the crigin as
possible. Furthermore, if an outer point is rotated by
90, 180, or 270 degrees, another outer poiqt is

20 obtained. As in the case of l6-state, 4D and 64-state,
8D codes, the l44-point 2D constellation is partitioned
into four equal-sized subsets, denoted as A, B, C, and
D, and the subsets are grouped into two ﬁamilies}
denoted as AUB and CUD. The distance prdberties of

25 those subsets are the same as those for l6-state, 4D and
64-state, 8D codes. All subsets have the same numbers
of inner and outer group_points and the ratio of the
number of outer group points to the number of inner
group points of each 2D subset is the same as for the 2D

30 constellation as a whole. - '

Eight identical such 2D constellations taken
together can be conceived as a single 16D constellation

heet Has Been Replaced

"




10

15

20

25

30

. : - 66 -

having 1448 16D points, the 16 coordinates of each 16D
point being the same as the eight pairs of coordinates
of the corresponding eight 2D points,.one from each 2D
constellation. Only 2°7 of the 1448 16D points are
used, pamely.thcse for which at most one 6f the eight
corresponding 2D points comes from the outer group.

From now on, when we refer to the 16D constellation, we"
mean this 257—point 16D constellation unless otherwise
specified. It can be shown that the average energy per
signalling interval of the 16D constellation is

21.875d§. Siﬁce the peak energy per signalling

interval is 44.5d§, the peak-to-average power ratio

is 2.03, which is even smaller than the peak-to-average
power ratié, 2.07, of the non-channel coded 128-point
cross 2D constellation. The squared distance between
two 16D points is the sum of the eight 'squared distances
with respect to the eight pairs of 2D points to which
those two 16D points correspond.

We now define 4° 16D subtypes, each
corresponding to a combination of eight 2D subsets, and
dethed as (A,A,A,A,A,A,A,A), (A,A,A,A,A,A,7A,B),..., and
(b,p,D,D,D,D,D,D). .

Each 16D suStypé has 241 points and the qinimum

" squared distance between two 16D points Belonging to the

same 16D subtype is 4d§, the same as the minimum
squared distance between two 2D points belonging to the
same 2D subset. Each 16D subtype has the same structure
as for the 16D constellation. That is, a 16D point
beléngs to a 16D subtype only if at most one of the
eight 2D points corresponding to that 16D point belongs
to -the outer groups of the eight 2D subsets to which
that 16D subtype corresponds. The 16D subtypes are..
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grouped into 16D subsets in such a way as to minimize
the number of 16D subsets while maintaining the minimum
squared distance between two 16D points within each 16D
subset to be:.the same as that within each 16D subtype.
To accomplish this, first the first, second, third, and
fourth 2D constellations are taken as forming a first 8D
constellation. This 8D constellation is partitioned
into 16 8D subsets, which are denoted as 0, 1,..., and
15, and are grouped into two 8D families, denoted as
0UlU20U3U4U5U6U7 and 8U9UL0U1lU12013U14U1l5, as in the
case of 64-state, 8D code. The second 8D constellation
formed by the fifth, sixth, seventh, and eighth 2D
constellations of the 8D constellation is likewise
partitioned. The distance properties of those 8D
spbséts are the same as those for the 64-state, 8D code.
. Next, we define 256 (=16 x 16) 16D types, each
cdrrespdndingfﬁé'é“pair of 8D subsets, and denoted as
16D type (0,0), (0,1),...,(15,15). Note that each 16D
type.has 256 16D subtypes and the minimum squared
distance between two 16D points belonging to the same
16D type is 4d§, which is the same as the minimum
squared distance between two 8D points belonging to the
same 8D subset, which is in turn the same ;as the minimum
squared distance between two-16D points belonging to the
same 16D subtype, as desired. This is the first step
towards the grouping of 16D subtypes into 16D subsets.
Now, referring to Figs. 21A, and 21B, those 256
16D types are grouped to form 32 16D subsets, denoted as
16D subset 0, 1,..., and 31, and furtggr grouped into

15
two 16D families, denoted as U i and,q;i. In this

= =

grouping, for each 16D subset, the eight first 8D

‘subsets associated with the eight 16D types in that -16D
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subset span either the first 8D family 0UlU2U3U4USU6U7
or the second 8D family 8U9U10UllU120U13ULl4Ul5, and
likewise for the eight second 8D subsets associated with
that 16D subset. Since the minimum squared distance
between two 8D points belonging to different 8D subsets
within the - same 8D family is ng,
squared distance between two 16D points belonging to the
same 16D subset is 4d§, which is the same as the
minimum squared distance between two 16D points
belonging to the same 16D subtype.

For each 16D subset in the first 16D family G
i, the eight first and eight second 8D subsets
associated with the eight 16D types of that 16D subset
span the same 8D family 0UlU2U3U4U5U6U7 or
8U9UJ100U11U12U13U14U15. And for each 16D subset in the
second 16D family #'i, the eight first and eight second
8D subsets assoc1atec with the eight 16D types of that
16D subset span dlfferent 8D families. Since the
minimum squared distance between two 8D points belonging
to different 8D subsets within the same 8D family is
ZdS, and the minimum squared distance between two

8D points belonging to different 8D subsets of different

the minimum

8D families is dg, the minimium squared distance
between two 16D points belonging to different 16D
subsets within the same 16D family is ng, and the
minimum squared distance between two 16D points
belonging to different 16D subsets of different 16D
families is do.

Since the same 8D subset is obtained when an 8D
subset is rotated by 90, 180, or 270 degrees, this

This Sheet Has Been Repiaced

Ml

Ml




10

15

20

25

30

- 69 -

property is preserved in the 16D subsets because of the

-way in which those 16D subsets are obtained. Thus, the

design of a 90-degree rotationally invariant
convolutional code with those 32 16D subsets does not
need to tazke any 90-degree rotations of the
constellation into account. The design of 90-degree
rotationally invariant convolutional code is thus made
much easier. And a linear convolutional code is
sufficient to remove all the 90-degree phase ambiguities
of the constellation.

With those 32 16D subsets, it can be shown that
a rate 4/5, 32-state convolutional code can be designed
such that the minimum squared distance between any two
valid Seéuences of 16D points is 4d§. The coding
gain of this code in the minimum distance over the

uncoded case is thus
2.
0

44

21.875d§

10 .'!.ogl-0 _ = 5.74 4B

2

20.5d0

The design of this code only needs to satisfy the
following requirement. The 16D subsets assigned to the
transitions leading from a state are all from the same
family of 16D subsets, and likewise for the 16D subsets
assigned to the transitions leading to a state. The
multiplicity of the error event with the minimum
distance of this coae is larger than 1000. This number
can be reduced by using more states. The limit on the
multiplicity of the error event with the minimum
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2

distance, which is 1imi£ed to 4d0,

of the

"convolutional code with those 32 16D subsets is 284.

Further performance improvements can be obtained using a
finer partition oﬁ'the 16D constellation.

Asfin the case of 4D and 8D convolutional
codes, the 16D constellation mapping can be achieved
through eight 2D constellation mappings with the
assistance of a bit converter and a 16D block encoder.
Furthermore, in the decoder, the task of finding the
point in each of the 32 16D subsets closest to the
received point can be done by first finding the 8D point
in each of the 16 8D subsets closest to the first
received 8D boint,.fhe first received 8D point
consisting of the first four 2D points of the received
16D point, and likewise for the second received 8D point
which consists of the remaining four -2D points of the

‘received 16D point. Thus the_encoder.ahd decoder are

relatively simple. Those 16D convolutional codes are
useful when larger coding gain in the minimum distance
and smaller constituent 2D constellation are desirable.
Other.Embodiments
Other embcdiments are ‘feasible.

The convolutional code can be of the
feedforward type. In that case, the convolutional
decoder (Fig. 4), in addition to providing the
finally-decided multidimensional point, also needs to
provide the associated m bits corresponding to the input
of a rate m/m+l convolutiohal encoder. In that case,
performing the inverse conversions corresponding to the
bit converter and multidimensional block encoder on the

NR bits obtained by N uses of bit mapping table 64

-
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provides only NQ-m differentially-encoded information

‘bits. The remaining m differentially-encoded bits are

the m bits provided directly from the convolutional
decoder. |

Wﬂile maintaining the number of information
bits to be transmitted in a block of N signaling
intervals as an integer, the number Q need not be an
integer. For example Q could be
6 1/8, 5 1/4, or 4 3/8. (In the case of 6 1/8 bits per
interval using an 8D code, the number of bits per block
being sent alternates between 24 and %5) In this case,
the partition of the multidimensional constellation, the
design of the rotationally-invariant convolutional code,
the differential encoder and decoder, the bit converter
and deconverter for the constellationlmapping, and the
search for the closest point in each of the
multidimensional subsets remain the same as before. A
block encoder is used to generate S additional bits,
when needed, such that the resultant NQ+S+1 bits to be
mapped into the 2N-dimensional constellation can be
evenly divided by N. Denote the resulting quotient as
R. S is thus at most N-l1. The block encoder is a
combination of J block encoders (of the Find previously
described) which are operated in parallel, and are
dernioted as 2N5-dimensional block encoders for j equal
to 1,2,...,J. J may be equal to 1. Each Nj is a
power of 2 and is at most equal to N. Two N. for
different j may or may not be equal. Note that each
2Nj—dimensional block encoder adds Nj—l addigional
bits. The selection of_Nj is such that the sum of

N for j equal to 1,2,...,J, is at most equal to N,

J’
preferably as close to N as possible, and the sum of.

Ns-1, for j equal to 1,2,...J, is equal to 8.
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For each 2Nj—dimensional block encoder, a

: 2Nj-dimensional constellation is formed as before with

the number of inner-group points in each of the N;
constituent 2D signal constellations equal to 2“1
and the number of outer-group points in that 2D
constellation egual to

(a/ng) x 2% -1,

A 2N-dimensional constellation is then formed
by concatenating those 2N_.-dimensional conste;latlons
with )

N,EiN 2D constellations, if there are any, each
with 2 points (not divided into two groups).

A 2N-dimensional constellation mapping and
demapplng are then performed accordlngly by N uses of a
table for the largest constituent 2D constellation
involved. o

N need not be a powe{.of 2. .Then the partition
of the 2N-dimensional constellation can still be done in
an iterative manner as before. When N is an even
integé;, the partition of the 2N-dimensional
constellation is based on the partition of an
N-dimensional constellation in the same manner as
before. When N is an odd integer, the partition of the
2N-dimensional constellation is based on the partitions
of 2N, - and 2N, -dimensional constellations in a
manner similar to the case where N is a power of 2.

Nl and N2 are chosen such that their sum is equal to
N. Preferably the difference between Nl and N2 is
1. Assume that there are Ml 2Nl-dimensional subsets
in each of the 2Nl-dimensional families (or
subfamilies), and M, 2N2-dimensional subsets in each
of the 2N2-dimensional families. When My is equal

to M, the partition of the 2N-dimensional
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constellation is the same as in the case where N is a

" power of 2. Otherwise, assume that My is smaller than

M,. Then each 2N-dimensional subset consists of Ml
2N-dimensional types, each 2N-dimensional type being a
pair of a éNl-dimensional subset and a

2N2-dimensional subset. “The My 2Nl-dimensional

subsets associated with each 2N-dimensional subset span
a same 2Nl-dlmen51onal family. And the Ml
2N2-d1men51onal subsets associated with each
2N-dimensional subset are different from each other and
belong to a same 2N2;dimensional family. Further
grouping of 2N-dimensional subsets into families is done
in a similar manner.

The design of a rotationally-invariant
convolutional code, the differential encoder and
decoder, and the bit converter aﬁd-deconverter for the
constellation mapping are done in the same manner as in
the case where N is a power of 2. The search for the
closest point in each of the 2N-dimensional 'subsets is
again done in an iterative manner similar to that used
in the partition of the 2N-dimensional constellation
discussed above.

A- combination of J 2Nj—dimensipnal block
encoders, for j equal to 1,2,...,J, (of the kind
previously described) operated in parallel can then be
used to geﬂerate S additional bits, when needed, in a
manner similar to that described above, however, without
requiring that the resultant NQ+S+l bits to be mapped
into the 2N-dimensional constellation be evenly
divisible by N. '

The N constituent 2D constellations and the
2N-dimensional constellation are then formed accogd;ngly
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in a manner similar to that described above. And the
"2N-dimensional signal constellation mapping and
demapping are performed accordingly by N uses of a table
for the largest constituent 2D constellation involved.

5 in other embodiments, the convolutional coder
may add more than one redundancy bit, the signaling slot
can be other than a signaling interval in a QAM systenm,
and the constituent 2D constellation can be from other

than a rectangular lattice, for example hexagonal or
10 circular.
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CLAIMS

1. Apparatus for transmitting a stream of information
bits by sending corresponding signals over a channel in a
plurality of signalling slots, the apparatus including
encoding means adapted to
encode the information bits that appear during a block of
at least two said slots by adding one or more redundant
-bit(s) to form a set of signal point selection bits for
said block; selection means adapted to select, for each
said set of signal point selection bits, a multi-dimensimal
signal point arawn from a multi-dimensional constellation
for said block, said multi-dimensional signal point
selected for a particular said block being dependent on
the multi~dimensional signal point selected for at least
one other said block; said selection means being arranged
operatively to establish a correspondence between each
possible combination of. said signal point selection bits
and the coordinates of a multi-dimensional signal point in
said multi-dimensional constellation, said encoding means
and said selection means being arranged operatively to
define a partitioning of said multi-dimensional constel-
lation into a plurality of multi-dimensional subsets, said
multi-dimensional constellation being a concatenation of a
plurality of constituent constellations each of which has
fewer dimensions that said multi-dimensional
constellation; and modulation means adapted in operation
to modulate at least one carrier for transmission over
said channel in accordance with the coordinates
represented by each selected said multi-dimensional
.signal point; the apparatus being characterised in that
said constituent constellations comprise arrangements of
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signal points which are ambiguous under phase rotations
of particular amounts, preferably including 90°, 180° and
270°, and in that said encoding means and said selection
means are further adapted to cause said selected multi-
dimensional signal points to be susceptible to being
decoded in a manner that avoids the effect of channel-
induced phase rotations of any of said amounts.

2. Apparatus accoxrding to Claim 1, further character-
ised in that said encoding means and said selection means
are further arranged operatively to define said
partitioning into said multi-dimensional subsets so that
the coordinates of each said multi-dimensional signal pcint
in a given said multi-dimensional subset will be translated,
under a phase rotation of any of said amounts, into the co-
ordinates of another said multi-dimensional signal point in
'said given multi-dimensional subset.

3. Apparatus according to Claim 2, further character-
ised in being arranged such that each said constituent
constellation is partitioned into constituent subsets such
that a said constituent subset is translated into another
said constituent subset under a phase rotation corres-
ponding to one said particular amount; and in that said
encoding means and said selection means are arranged
operatively to define said partitioning of said multi-
dimensional constellation such that each said multi-
dimensional subset comprises multi~-dimensional types each
of which is a concatenation of said constituent subsets
and said multi-dimensional subset is invariant under a
rotation of said particular amount.
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4. Apparatus according to Claim 3
characterised in being arranged such that said types
comprise all possible concatenations of said constituent
subsets and each said type belongs to at least one said
multi~dimensional subset.

5. Apparatus according to Claim 2, further character-
ised in that said encoding means comprises a convolutional
coder which is adapted operatively to generate from at
least one said information bit a plurality of convolutionally-
encoded bits that include said redundant bit; in that said
selection means is adapted to select the multi-dimensional
subset from which said multi-dimensional point is drawn
based on said convolutionally-encoded bits, and in that
said encoding means further comprises a differential
encoder operatively arranged to differentially encode at
least one non-convolutionally-encoded said information bit
to remove the ambiguity resulting from a rotation of any
of said amounts. |

6. Apparatus according to Claim 5 , further character-
ised in that said differential encoder is operatively
arranged to differentially encode only non-convolutionally-

.encoded said information bits.

7. Apparatus according to Claim 1, further character-
ised in that said encoding means and said selection means
are further arranged operatively to define said
partitioning into said multi-dimensional subsets so that .
the coordinates of each said multi-dimensional signal point
in a given said multi-dimensional subset will be
translated, under phase rotations of at least one but not
all of said amounts, into the coordinates of another said
multi-dimensional signal point in said given multi-
dimensional subset, and will be translated by another one
of said amounts into the coordinates of another said multi-
dimensional signal point in another said multi-dimensional
subset; and in that said encoding means and said

selection means comprise a convolutional coder whose state
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transitions are associated with said multi-dimensional
subsets so that the ambiguity resulting from said trans-
lation by said other amount is removed.

8. Apparatus according to Claim 7, further character-
ised in being arranged such that the multi-dimensional
subset which results from rotating a first multi-dimensional
subset by said other amount is assigned to a state
transition which has a predetermined relationship to the
state transition to which the first multi-dimensional subset
is assigned.

9. Apparatus according to Claim 8, further character-
ised in being arranged such that it said first multi-
dimensional subset is assigned to a transition from a first
state to a second state of said convolutional coder, then
said resulting mdlti—dimensional subset is assigned to a
transition between two states determined by a predetermined
one-to-~one function of said first and second states.

10. Apparatus.accordipg to any of Claims 7, 8 or 9,
further characterised in that said convolutional coder is
adapted operatively to generate from at least one said
information kit a plurality of convolutionally-encoded
bits that include said redundant bit; in that said selection
means is adapted to select the multi-dimensional subset
from which said multi-dimensional point is drawn based on
said convolutionally-encoded bits; and in that said
eﬁéodipg means further comprises a differential encoder
operatively arranged to differentially encode at least one
non-convolutionally-encoded said information bit to remove
the ambiguity resulting from rotation by any of said
amounts.

11. Apparatus according to Claim 10, further character-
ised in that said convolutional code. is operatively
arranged to generate said convolutionally-encoded bits
from bits which include at least one differentially coded
said information bit.
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12. Apparatus according to any preceding claim,
further characterised in that said constituent

constellations are all two-dimensional or are all four-
dimensional constellations.

13. Apparatus according to Claim 1, further
characterised in being arranged such that each said
constituent constellation is divided into two groups.

14. Apparatus according to Claim'13, further character-
ised in that said encoding means and said selection
means are arranged operatively to exclude from said multi-
dimensional constellation some multi-dimensional signal
points which are concatenations of signal points belonging
to constituent constellations, said multi-dimensional
signal points which are excluded being based on the groups
to which said constituent signal points belong.

15.Apparatus according to Claim 14, further character-
ised in being arranged such that there are N said
constituent constellations and the groups in each congituent
constellation include a first group that has N times as many
signal points as the second group.

" 16. Apparatus according to Claim 15, further character-
ised in being arranged such that said excliuded multi-
dimensional signal points comprise multi-dimensional signal
points which correspond to more than one constituent signal
point in said second groups.

17. aApparatus according to Claim1l3 , further character-
ised in being arranged such that said constituent aconstel-
lations include arrangements of signal points that are
ambiguous under a channel-induced phase rotation of a’
particular amount, and such that each said group is
invariant under a phase rotation of said particular amount.

18. Apparatus according to Claim 1,

further characterised in being arranged such that each
said constituent constellation is divided into two groups,
and such that all of said constituent subsets for each
said constituent constellation have the same numbers of

constituent signal points in each said group.

This Sheet Has Been Rep

T



g

19. Apparatus according to Claim 1,
further characterised in being arranged such that
each said block spans N said signalling slots, N being a
power of two, and preferably being 2, 4 or 8.

20. Apparatus according to Claim 1,

further characterised in being such that said multi-
dimensional constellation is a concatenation of
constituent constellations including a 2N-dimensional
constellation, N being a power of two.

21. Apparatus aécording to Claim 1,

further characterised in being arranged such that the
number of said multi-dimensional subsets is fewer than gN
where 2N is the number of dimensions of said multi-
dimensional constellation.

22. Apparatus according to Claim 21, further character-
ised in that N is 2 and there are 8 said multi-dimensional
subsets. o

23. Apparatus accordiﬁg to Claim 21, further character-
ised in that N is 4 and there are 16 said multi-dimensional
subsets.

24. Apparatus according to Claim 21, further character-
ised in that N is 8 and there are 32 said multi-dimensional
subsets. '

25. ppparatus according to Claim 1,

further characterised in being arranged such that
the number of said multi~dimensional subsets is fewer than
BN where 2N is the number of dimensions of said multi-
dimensional constellation.

26. Apparatus according to Claim 25, further character-

ised in that N isl2 and there are 32 said multi-dimensional
subsets.
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27. Apparatus according Claim 1,
further characterised in being arranged such that

the minimum distance within said multi-dimensional constel-
lation is smaller than the minimum distance within each
~said multi-dimensional subset.

28. Apparatus accordihg to Claim 3,

further characterised in being arranged such that the
minimum distance within each said constituent constellation
is smaller than the minimum distance within each said
constituent subset.

29. Apparatus according to Claim- 10, further character-
ised in that said multi-dimensional - constellation has 4
dimensions and said conwlutional coder has 16 states.

30, Apparatus according to Claim 5 , further character-
ised in that said multi-dimensional tonstellation has 8
dimensions and said convolutional coder has 64 states.

-31. apparatus according to Claim 13, further character-
ised in being arranged such that one said group is divided
‘into subgroups that are rotationally invariant under phase
rotations for which said constituent constellation is
invariant.

32. Apparatus according to Claim 31, further character-
ised in being arrxanged such that all of said constituent
subsets for each said constituent constellation have the
same numbers of constituent signal points in each said
subgroup.

33. Apparatus according to Claim i;

further characterised in being arranged such that
said multi—dimensional_subsets comprise multi-dimensional
families such that the minimum distance within each said-

family is greater than the minimum distance within said

This Sheet Has Been. Repl

v



g -

multi-dimensionél constellation, said encoding means
being arranged operatively to encode said information bits
on the basis of said families.

34. Apparatus according to Claim 33, further character-
ised in being arranged such that said multi-dimensional
families comprise multi-dimensional subfamilies such that
the minimum distance within each said subfamily is greater
than the minimum distance within each said family.

35. Apparatus according to Claim 1,

further characterised in being arranged such that
Q said information bits appear in each said signalling
slot, Q being an integer, preferably 7.
36. Apparatus according to Claim 1,
further characterised in being arranged such that
Q said information bits appear in each said signalling
slot, Q being non-integral, and preferably 6%, 5% or 4%.

37. Apparatus according to Claim 13,
cuaracterised in that said two groupé éomprise inner and -
outer groups operatively requiring different average
powers respectively.

38. . Apparatus according to- any preceding claim, further
characterised in that said signalling slots correspond to
successive signalling intervals.

39. Apparatus accofding to Claim 1,

further characterised in that said information bits
are arrangéd operatively to appear at the rate of seven
per slot; in that'e&;h said block spans two said signalling
slots; in that said multi-dimensional constellation has
four dimensions; in tbat said multi-dimensional constel-
lation is partitioned into eight multi-dimensional sub-
sets; in that said encoding means comprises a finite-state
device having 16 states; and in that said constituent
constellations are two identical two-dimensional constel-
lation each having 192 two-dimensional signal points.
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40. Apparatﬁs according to (Claim 1,

further-‘characterised in that said information bits
appear at the rate of seven per slot; in that each said
block spans four said signalling slots; in that said multi-
dimensional constellation has eight dimensions; in that
said multi-dimensional constellation is partitioned into
sixteen multi-dimensional subsets; in that said encoding
means comprises a finite-state device having 64 states;
and in that said constituent constellations are four
identical two-dimensional constellations each having 160
two-dimensional signal points.

41. Apparatus according to Claim 1,

further characterised in that said information bits
appear at the rate of seven per slot; in that each said
block spans two said signalling slots; in that said multi-
dimensional constellation has four dimensions; in that
said multi-dimensional constellation is pértitioned into
32 multi-dimensional subsets; in that'séid'encodihg'means -
comprises a finite-state device having 64 states; and in
that said constituent constellations are two identical two-
dimensional constellations each having 192 two-dimensional
signal points partitioned into eight subsets.

42. aApparatus according Eo Claims 5 and 10, further
characterised in that said phase ambiguity amounts include
90°, 180°, 270°; and in that said convolutional coder is a
linear convolutional coder.

43. Apparatus according to Claim 1,

further characterised in being arranged such that
said constituent constellations are portions of rectangular
lattices.
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