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MULTILEVEL CODING WITH TIME DIVERSITY

Background of the Invention

The present invention relates to multilevel coded modulation useful, for
example, in wireless, or cellular, environments.

[n trellis coded modulation (“"TCM?”) schemes, trellis coding and modulation
are combined such that a number of information bits are caused to be represented by a
symbol which 1s modulated onto a carrier for transmission over a communications
channel. The symbol is taken from a predetermined symbol constellation which is
partitioned into a number of subsets. A particular symbol is selected to represent the
information bits by first providing a portion of the information bits to a trellis encoder.
The output of the encoder 1s used to select a subset of the constellation. The
remaining, so-called uncoded, information bits are then used to select the particular
symbol from the selected subset.

In particular, upon receiving a portion of the information bits, the trellis
encoder, a finite state machine, transitions from a current to a next state and, as a
consequence, generates the bits that identity a subset. The number of states that a
trellis encoder may assume directly atfects the computational burden on a receiver to
recover the transmitted signal. Thus, the greater number of states of a code, the more
complex the code 1s said to be.

[t 1s a charactenstic of trellis encoders that only certain encoder state
transitions are allowed. As a result, only certain sequences of subsets—referred to as
valid sequences of subsets—are allowed by the code to occur. A further result, then,
1s that only certain sequences of symbols taken from those subsets—referred to as
valid sequences of symbols—are allowed by the code to occur. The error
performance of any given TCM scheme 1s determined in part by its so-called
minimum distance. This i1s the minimum of the distance between any two valid
sequences of symbols, that distance being given by the square root of the sum of the
squares of the distance between each corresponding pair of symbols of the two
sequences.

An N-dimensional TCM scheme, 1n particular, utilizes N-dimensional symbols
taken from a N-dimensional consteilation. The N-dimensional constellation is
typically comprised of a concatenation of a number of constituent lower-
dimensionality constellations and each N-dimensional symbol is thus comprised of a
number of lower-dimensionality signal points, which are transmitted during respective
signaling intervals. The N-dimensional constellation 1s partitioned into N-dimensional
subsets which is typically based on a partition of its constituent lower-dimensional

constellation into lower-dimensional signal point subsets. Each N-dimensional subset
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may be comprised of several concatenations of lower-dimensional signal point

subsets. As a consequence of the above, the fact that the trellis encoder allows only
certain valid sequences of N-dimensional subsets means that only certain sequences of
the aforementioned lower-dimensional signal point subsets are valid. Likewise, the

fact that the trellis encoder allows only certain valid sequences ot N-dimensional
symbols means that only certain sequences of the aforementioned lower-dimensional

signal points are valid. Typically, the signal points are two-dimensional (2D) signai
points.

A TCM scheme 1s also characterized by a certain level of so-called time
diversity. This parameter 1s equal to the minimum number of signal point positions in
any two valid sequences of signal points at which the signal points are different. For
example, the coding scheme has a time diversity of “2” if, given any two valid
sequences of signal points, the number of signal point positions at which the signal
points are different 1s at least equal to 2. Having a time diversity of “2” or more 1s
advantageous 1n, for example, wireless environments, which are typically
characterized by so-called fading channels, 1.e.. channels in which the signal
amplitude can become too weak to carry any useful information about the transmitted
signal. Nevertheless, with the time diversity of at least “2”, 1t 1s still possible to
recover the transmitted signal in the presence of deep fade.

In designing a specific TCM scheme, a number of parameters are traded off
against each other depending on the design criteria. Among the most significant of
these are bandwidth efficiency (this being the number of information bits represented
by each symbol), and three of the parameters noted above—the complexity of the
code, its minimum distance, and its level of time diversity.

Thus, consider the case of a coding scheme which has acceptable bandwidth
efficiency, code complexity and mimimum distance but does not have a desired level
of time diversity for a wireless communications application. One way to increase the
level of time diversity is to use a very fine partition of the constellation and an
encoder having a greater number of states. As noted above, however, this gives rise to
increased decoder complexity. It may also decrease the mimimum distance. Another
possible way to increase time diversity involves reducing the number of symbols in
each subset to a lower number, thereby reducing the total number of symbols in the
constellation. However, this reduces the number of the aforementioned uncoded bits
that are represented by each symbol, thus reducing the bandwidth etficiency.
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Summary of the Invention ,
The present invention provides for increased time diversity while sacrificing

one or more other performance parameters only to a slight extent. Coding schemes
embodying the principles of the invention are so-called multilevel coded modulation
5  schemes of a type generally known 1n the art comprised of a so-called first-level code
and a so-called second-level code, each code recetving respective portions of the input
data stream. The first-level code 1n and of itself does not provide the overall code
with a desired level of time diversity. In accordance with the invention, however, the
second-level code 1s chosen such that the overall code does exhibit that desired level

10  of time diversity.

In preferred embodiments, the first-ievel code is a N-dimensional trellis code
with N > 2 which 1dentifies sequences of signal point subsets and the signal points of
the 1dentified signal point subsets are selected as a function of the second-level code.
The first-level code is such that every different pair of identified sequences of signal

15  point subsets differ in at least M subset positions where M is the desired level of time
diversity, M > 1. The second-level code 1s such as to ensure that every different pair
of valid sequences of signal points taken from the same sequence of signal point
subsets differs 1n at least M signal point positions. This provides the overall
multilevel coded modulation scheme with diversity M.

20 Advantageously, the increase in time diversity can be realized while suffering
only a slight reduction 1n bandwidth efficiency. For example, a particularly
advantageous embodiment of a multilevel code embodying the principles of the
invention includes a four-dimensional, eight-state trellis code as the first-level code
and a (2k+2 ,2k) double parnity check code as the second-level code using k=12 and

25 using 2D 16-QAM as the constituent consteliation. This embodiment exhibits a
bandwidth efficiency of about 3 1/3 bits/signal point, which is only slightly less than
the bandwidth efficiency of 3 1/2 bits/signal point achieved by a unilevel code using
the same constellation but using only the first-level code. Moreover, 1t requires a
decoder which 1s moderately more complex.. However, the multilevel code exhibits a

30  tume diversity of “2” while the unilevel code exhibits only a time diversity of only M
= 1 (which, 1n actuality, means no time diversity), and it does so without sacrificing
minimum distance. An advantageous trade-ott is thus accomplished. By comparison,
1t may be possible to achieve a time diversity of M=2 using the same constellation to
again achieve about the same bandwidth efficiency but employing a unilevel

35  approach. Disadvantageously, however, such an approach will engender significantly
higher decoder complexity as well as reduced minimum distance.
The prior art’s motivation for using multilevel coding has been to increase the
minimum distance of the code, and thereby improve its error rate performance. It turns
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out that certain such prior art schemes may also achieve enhanced time
diversity. (See for example, my U.S. Patent 5,548,615 1ssued August 20, 1996.)
The invention here comprises the class of multilevel codes of the type
described above not motivated by prior art considerations. That 1s, the
invention here is that class of multilevel codes which provide diversity M > |
but in which the minimum distance of the overall code 1s not increased by
virtue of the presence of the second-level code.

In accordance with one aspect ot the present invention there 1s
provided a method for use in a multilevel coded modulation arrangement
comprising the steps of encoding a first portion of a stream of input data using
a first code, encoding a second portion of said stream of input data using a
second code, generating sequences of signal points selected from a
predetermined signaling constellation in response to the encoded first and
second portions, said first code identifying sequences of signal point subsets,
and applying said sequences of signal points to a channel, characterized in that
said first code 1s such that every different pair of identified sequences of signal
point subsets differs in at least M subset positions, where M is a desired level
of time diversity, and said second code 1s such as to ensure that every different
pair of valid sequences of signal points taken from the same sequence of signal
differs in at least M signal point positions thereby providing an over all
multilevel code of said desired level of time diversity and thereby does not
cause an increase in the minimum distance between different ones of the

sequences of signal points of said over all multilevel code.

Brief Description of the Drawings

FIG. 1 1s a block diagram of a communication system which utilizes a
multilevel coded modulation scheme embodying the principles of the present
Invention.

FIG. 2 shows a two-dimensional 16-QAM constellation, partitioned
into four signal point subsets, used in the transmitter of FIG. 1.

FIG. 3 is a table for partitioning a four-dimensional constellation
which, in turn, 1s based on the constellation of FIG. 2.

FIG. 4 shows an embodiment for a portion of the transmitter of FIG. 1.

FIG. 5 1s an example useful in explaining time diversity.
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FIG. 6 shows circuitry which implements a particular trellis code used
by the trellis encoder of FIG. 4.

FIG. 7 depicts an embodiment of a two-stage decoder used in the
receiver of FIG. 1.

FIG. 8 shows a state transition diagram for the double-parity-check
encoder of FIG. 4.

FIG. 9 is a drawing helpful in explaining the operation of the 4-state
decoder of FIG. 7.

FIG. 10 shows a trellis diagram representing the operation of the
4-state decoder of FIG. 7.

FIG. 11 shows a trellis that forms the basis of the operation of the
4-state decoder of FIG. 7, that trellis being based on the trellis diagram of
FIG. 10.

FIG. 12 shows a 16-PSK constellation, partitioned into four signal
point subsets, that can be used in the transmitter of FIG. 1 as an alternative to
the 16-QAM constellation of FIG. 2.

FIG. 13 1s a matrix helpful in explaining the operation of the
interleaver shown 1n FIG. 1.
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Detailed Description

FIG. 1 1s a block diagram of a communications system utilizing a form of
trellis coded modulation (TCM)-- specifically a multilevel coded modulation scheme
embodying the principles of the invention. In overall view, binary data 1s caused to be
represented by signal points which are modulated onto a carrier for transmission over

a channel.

In particular, incoming data 1s supplied to transmitter 10 which includes an

first-level encoder 103 and a second-level encoder 101. Constellation mapper 105
includes a signal point subset selector 102 which responds to the m output bits of
encoder 103, m > 1, to identify particular signal point subsets of a constellation,
described 1n more detail hereinbelow. Constellation mapper 105 also includes signal
point selector 104 which responds to the output bits of second-level encoder 101 to
select a particular signal point from each identified subset. Interleaver 106 interleaves
the selected signal points. which are then supplied to modulator 107 for transmission
over channel 109 which i1s 1llustratively a wireless telecommunications channel.

Receiver 15 receives transmitted signal points which were corrupted in the
channel by noise and other impairments such as multipath fading. Receiver 15
includes demodulator 151 and deinterleaver 152 which perform the inverse operations
of modulator 107 and interleaver 106, respectively. The output of deinterleaver 152 is
applied to decoder 153 which recovers the transmitted data.

Each such signal point 1s illustratively a point in a predetermined 2D
constellation—illustratively shown in FIG. 2 as being a 16-QAM constellation, that is
a QAM constellation having a total of 16 signal points. The first-level code 1s
illustratively a four-dimensional (4D) trellis code using a 4D constellation that 1s
formed by concatenating a pair of the 16-QAM consteliations. Each 4D symbol--
comprising the concatenation of two 2D signal points--is delivered to the channel
during a 4D “symbol interval” of duration 2T— or, equivalently, two “signaling
intervals” of duration T, with each of the signal points being delivered during a

respective one of the signaling intervals. The assemblage of the 16° = 256 different
4D symbols comprises a 4D signaling constellation.

Each of the two 2D constituent constellations of the 4D constellation 1s
partitioned into four 2D subsets—denoted a, b, ¢, and d. FIG. 2 shows by a reference
letter which of the four 2D subsets each of the 2D points i1s assigned to. The 4D
constellation 1s partitioned into eight 4D subsets—denoted 1n FIG. 3 as subset 0
through subset 7—each 4D subset being comprised of the signal points of two pairs of
2D subsets. For example, 4D subset 0 1s comprised of each 4D symbol in which the
first and second constituent 2D signal points are both taken from 2D subset a or are
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both taken from 2D subset b, denoted (a,a) and (b,b). Since there are 256 4D symbols

overall and eight subsets, each 4D subset contaimns 32 4D symbols.

FIG. 4 shows further tllustrative details of transmitter 10 ( FIG. 1). A portion
of the input bits are provided on lead 409 to first-level encoder 103 and the rest are
provided on leads 407 and 408 to second-level encoder 101. In a manner to be
described in detail below, the output from first-level encoder 103 comprises four bits
for every two signaling intervals, those bits being used to 1dentify one of the eight
predetermined 4D subsets and, in particular, one of the pairs of 2D subsets comprising
that identified 4D subset. The output from the second-level encoder comprises two

bits for every signaling interval, those bits being used to select a particular signal
point of each identified 2D subset.

Encoder 103 includes bit collector 403, 4D 8-state rate 2/3 trellis encoder 404
and 2D-subset-pair selector 405. Bit collector 403 outputs three bits, X3, 12, and
1., which are associated with two signaling intervals, the n" and (n+1)*. It can thus
be seen that the average number of input bits supplied to lead 409 per signaling
interval is 1.5. Bit X3, remains uncoded and 1s provided to 2D-subset-pair selector
405. Bits 12, and 11, are supplied to trellis encoder 404. Circuitry implementing the
trellis code illustratively used in this embodiment 1s shown in FIG. 6, wherein each
box labeled “2T” is a delay element which provides a delay of 2T seconds and each
“+ denotes an exclusive-OR gate.

The three output bits from trellis encoder 404—bits X2, X1,, and X0,—are
supplied to 2D-subset-pair selector 405. 2D-subset-pair selector 405 converts these
bits, as well as the uncoded bit X3,,, into another four bits Y1+, YO,+1, Y1,, and YO,.
The table of FIG. 3 shows the details of this conversion. Conceptually, the three bits
X2 . X1,, and X0, are used to identify one of the eight 4D subsets of the 4D
constellation; the uncoded bit X3, is used to identify one of the two 2D-subset-pairs
of the identified 4D subset. The value of the bit pattern of Y1,+Y0,+,Y1,Y0,, the
output of 2D-subset-pair selector 405, represents the 2D-subset-pair thus identified.
In particular, the bit patterns of Y1,Y0, that correspond to subsets a, b, ¢, and d are
“007, 117, “10” and “01”, respectively, and the same again for Y1, YOp+;.

For example, referring to FIG. 3, if the values of bits X2, X1, X0, are 0107,
then 4D subset 2 is the one that is 1dentified. If at that time the value of X3,1s 17, the
output bits Y1,.+;Y0,+; have values of “11” thereby identitying the 2D subset b and
the output bits Y1,Y0, have values of “00” thereby 1dentifying the 2D subset a. The

4D symbol ultimately to be transmitted thus comprises a 2D signal point from subset
a and a 2D signal point from subset b.
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7
The particular 2D signal points of those subsets are selected by the second-

level code as implemented by second-level encoder 101. For each of k successive 2D
signaling intervals (1llustratively k=12), one input bit is provided on lead 407 and one
input bit 1s provided on lead 408 to respective single-parity-check encoders 4022 and
4024 which together comprise double-parity-check encoder 101. Those bits appear
unchanged as second-level encoder output bits Y3, and Y2, respectively. Continuing
the above example, these bits are used to select one of the four 2D signal points of the
identified subset a for the n" signaling interval and one of the four 2D signal points of
the identified subset b for the (n+1)* signaling interval. In the next succeeding, (k +
1)*, signaling interval, bits Y3, and Y2, get their values from encoders 4022 and
4024 respectively. In particular, the value of bit Y3, (Y2,) is the even parity value of
the twelve previous bits on lead 407 (408). Moreover, because only k bits are
provided to encoders 4022 and 4024 over (k + 1) signaling intervals, the average

number of input bits per signaling interval provided on lead 407 and on lead 408,
respectively, 1s k/(k + 1) which, 1n this example, as shown in FIG. 4, 1s 12/13. The
same operations are then carried out by double-parity-checking encoder 101 for the
next group of (k + 1) intervals, and so on.

2D 16-QAM constellation mapper 105 uses the bits provided by the second-
and the first-level encoders to output representations (e.g., X and y coordinates) of the
two constituent 2D signal points of the selected 4D symbol to be transmitted, the
signal point for the n" signaling interval being P,. In particular, constellation mapper
105 1s augmented by element 401 shown schematically as a switch. During signaling
interval n, element 401 applies input bits Y1,Y0, determined by 2D-subset-pair
selector 405 from lead 4014 and the second-level encoder provides bits Y3,and Y2,
as described above. During signaling interval n+1, element 401 applies input bits
Y1,4+1Y0,+ from lead 4012 and the second-level encoder provides bits Y3, and
Y2.+;. Thus, over the two signaling intervals—the n" and (n+1)*"—a total of eight
bits are provided to constellation mapper 406: Y3,.+1, Y2n+1, Y35, and Y2, from the
second-level code and Y 1,4, YO.+1, Y1, and YO, from the first-level code. The
values of bits Y341 Y2.+1 Y 1o+ YO, 4 are used to select the first of the constituent 2D
signal points of the selected 4D symbol, P,. The values of bits Y3,Y2,Y1,YO0, are
used to select the second of the constituent 2D signal points of P,. For example, if the
bit pattern for Y3,Y2,Y1,YO, or for Y341 Y2p41 Y1541 Y0psy 18 00117, the 2D signal
point in the upper-right hand comer of the first quadrant of the constellation of FIG. 2
1s selected.

A TCM scheme is said to exhibit a certain level of time diversity, the value of
which is equal to the mimimum number of signal point positions in any two valid

sequences of signal points at which the points are different. For example, a scheme
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8
exhibits a time diversity of “2” if any valid sequence of signal points differs from

every other valid sequence in at least 2 signal point positions. As a resuit of this time
diversity, as long as at most one signal point of a sequence 1s lost—perhaps due to
fading in a cellular environment—it is always possible to recover the transmitted
information and thereby improve overall error performance, as 1llustrated by example
hereinbelow.

The first-level code used in the present illustrative embodiment does not, in
and of itself, provide the overall code with time diversity M > 1. On the one hand, 1t
can be said of that first-level code that any valid sequence of signal point subsets
differs from every other valid sequence of signal point subsets in at least 2 subset
positions. Thus, if every subset of the constellation was comprised of only one signal
point, the overall code would exhibit a time diversity of 2 because each valid
sequence of subsets corresponds to only one valid sequence of signal points.

However, here each signal point subset contains tour signal points--not just
one. As a result, the first-level code alone—even 1f it ensures that any valid sequence
of signal point subsets differs from every other valid sequence of signal point subsets
in at least two subset positions—is not enough to ensure that the overall code exhibits
a time diversity of 2. This is because, unless steps are taken to preclude 1t, two
sequences of signal points selected from the same sequence of signal point subsets can
differ in only one signal point position.

I have realized that by choosing certain second-level codes, the overall code
may be made to exhibit the desired level of time diversity. For example, as described
in detail hereinbelow, the double-parity-check code in the illustrative embodiment
described above ensures that the overall code exhibits a time diversity of 2, given that,
as is indeed the case, the first-level code is such that any valid sequence of signal
point subsets differs from every other valid sequence of subsets 1n at least 2 subset
positions. In particular, the double-parity-check code is such that if two sequences ot
k (=12) signal points differ from each other in only one signal point position, the
parity bits appended to each sequence will necessarily differ so that the resulting
sequences of k + 1 (=13) signal points will differ in two signal point positions.
Advantageously, the “cost” for achieving this increase in time diversity is quite small-
-a loss in bandwidth efficiency of 2/(k+1) bits/signal point and a only a modest
increase in the complexity of the decoder relative to a unilevel TCM scheme which 1s
the same as that shown in FIG. 4 but without the second-level code.

The concept of time diversity may be further understood by considering FIG.
5, which illustrates a simple example for k = 2. Using the notation of x; to denote X;
as the signal point within signal point subset x whose bit pattern Y3, Y2,1s equal to
the decimal equivalent of i. FIG. 5 shows a set of three-signal-point sequences

PCT/US98/11615
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(corresponding to two data bits and one parity bit) taken from a particular one

sequence of subsets a, b, and c--that sequence being abc. Each subset has four signal
points, i.e., i=0,1,2,3. Note that every sequence of signal points differs from any other
sequence in at least two signal point positions. Assume by way of example that the
5  sequence a,b;c; was transmitted but that due to, for example, a deep fade, the middle
signal point by is lost and only a,_c; is received by the receiver. Assuming that the
correct subset sequence abc has already been determined correctly through the
decoding process for the first-level code, as described below, one can then ventying
that the receiver, having knowledge of the valid signal point sequences for that subset
10 sequence (as shown in FIG. 5), can determine unambiguously that the lost signal point
must have been b;, given that the sequence begins with a; and terminates with c.
However, if even one pair of three-signal-point sequences were to differ from another
in only one signal point position, there would be no such guarantee and, indeed, a
code having such a set of valid sequences would be said to having time diversity
15 M=l.
FIG. 7 depicts an embodiment of decoder 153, which 1s illustratively a two-
stage decoder comprised of a first-stage eight-state Viterbi decoder 1531 for decoding
those bits which had been encoded with the first-level 4D trellis code, and a second-

stage four-state Viterbi decoder 1533 for decoding those bits which had been encoded
20  with the second-level double-parity-check code.

Specifically, for each received channel-impaired signal point AP'H , the first-
stage decoder 1531 forms, in a well-known manner, a delayed decision on the bits

Y1 ,and YO, as to the identity of the signal point subset from which an earher
received signal point P___ was taken, where D is the decoding delay occuring within

25  decoder 1531. The second-stage decoder 1533 is then used to further decide the
remaining bits Y3, and Y2. . In particular, decoder 1533 receives decoder 1531°s
signal point subset estimate Y1, , YO0, ,. Atthe same time, decoder 1533 receives the
delayed channel-impaired signal point P,_ provided by delay element 1532. Given
an identification of the signal point subset, decoder 1533 can then process the received

30  signal point to determine which signal point within that subset was transmitted and
thus to recover bits Y3 _yand Y2 .

The operation of Viterbi decoder 1533 1s best explained by recognizing that
the double-parity-check code can be represented as a four-state encoder having four
states, “00”, “01”, “10”, “11” denoted for convenience as “0” through “3”. The

35  current state reflects the current double parity, as each input bit ot a sequence of k
input bits for each encoder (values for bits Y3,Y2,) is recetved. That 1s, the current
state reflects (a) the parity of the input bits previously received by encoder 4022
(values of the Y3, bits) and (b) the parity of the input bits previously received by
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encoder 4024 (values of the Y2 bits). For example, state ““01”° means that the parity of

the input bits previously received by encoder 4022 at that point in time 1s “0” and the
parity of the input bits previously received by encoder 4024 at that point in time is
“17.

As input bits associated with signaling intervals other than every (k + 1)*
signaling interval are received, the encoders provide them as values for Y3 and Y2
and transition to a next state. For example, if the current state of encoder 101 1s “1”
and the input biats received are “10”, the encoder advances to a next state “3” and
provides values of “1”” and “0”, respectively, for bits Y3 and Y2. At the (k + 1)
signaling interval, the current double parity as indicated by the current state of the
encoder (leftmost column 1n FIG. 8), 1s then provided as an output, returning the
encoder to state 0. The process then repeats for the next (k + 1) signaling intervals.

The representation of the double-parity-check code shown in FIG. 8 can
alternatively be shown as a trellis diagram--specifically the trellis diagram of FIG. 10.
The fact that each current state 1s connected by a branch of the trellis diagram to each
other state reflects the fact that the double-parity-check code can transition from any
one of its four states to any other one of its four states at any time. Each branch 1s
labeled by the particular pair of values of bits Y3,Y2,, associated with the transition
between the current and next states, per FIG. 8. Each branch 1s thus also associated
with the signal point that was selected in response to those bit values 1n the
transmitter. The overall code, extending over (k + 1) signaling intervals, can thus be
represented by the trellis of FIG. 11. The code always begins 1n state 0, as indicated
above, traverses ( k - 1) concatenations of the FIG. 10 trelhs, and always terminates in
state 0, as also indicated above.

Given such a trellis representation, decoder 1533 can advantageously be
implemented as a conventional Viterbi decoder. As shown in FIG. 9, as each signal
point E_D is recelved, its distance m;to the jIh , 1=0,1,2,3, of the signal points of the
subset that was identified by decoder 1531 1s measured. The distance m; serves as the
branch metric for the four branches of the trellis diagram associated with the jIh signal
point. The branch metrics are added to the path metrics accumulated for each state 1n
conventional fashion. The path with the smallest path metric leading 1nto each state is
retained at each stage of the decoding and the others are discarded. After the (k + 1)"
signal point has been received, the transmitted signal points of the 1dentified subsets
are determined by tracing back along the retained path leading into end state 0.

That this decoding process enables the decoder to exploit the fact that the code
has time diversity M=2 can be understood as follows: Assume there is a deep fade at
one of the signal point positions. The branch metrics for all branches at that point in
the trellis will all be the same. (In a QAM environment the fact that the carrier has

PCT/US98/11615
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faded effectively causes the receiver to regard all signal points as being at the ongin;

in a PSK environment the faded signal point, since it is at the origin will be
equidistant from all signal points, since the latter lie on a circle.) The surviving paths
into each of the four decoder states at point in the trellis immediately after the fade
will all emanate from the particular state which had the smallest accumulated path
metric prior to the fade and they will all have the same accumulated path metric since
the branch metrics are all the same. Thus each of the four possible bit patterns
represented by the faded signal point are retained in one of the four surviving paths.
Moreover, it can be shown that because the code has time diversity M=2, then the
transmitted sequence of signal points will differ from all other valid sequences 1n at
least one signal point position going forward in the trellis from just after the fade. One
can thereupon trace back along the final surviving path, beginning at the final state 0,
to a particular one of the four states immediately following the fade and thence back
to the starting state O of the trellis. The decoder thus provide its best estimate of the
entire transmitted sequence, including the taded signal.

The foregoing merely illustrates the invention. For example, different codes,
bit rates, constellations, and partitioning may be used. In particular, the use of a 16-
QAM constellation requires a rather precise estimation of the strength and carner
phase of the received signal. Thus, for example, constellation mapper 105 1n FIG. 4
may utilize the 16-PSK constellation of FIG. 12 instead of the 16-QAM constellation
of FIG. 2, all other aspects of the coding being as already described. In addition, the
stream of points of the 16-PSK constellation may be transmitted in a differential form
pursuant to conventional 16-DPSK modulation. _

Interleaver 106 effectively provides wide separation in time over the channel
between successive signal points at the output of constellation mapper 105.
Interleaver 106 is “matched” to the code, meaning, as is well known, that to the extent
possible, signal points at positions which effectuate the time diversity ot the code
should be as far apart as possible when traversing the channel. Interleaver 106
operates pursuant to the general teachings of my U.S. Patent No. 5,056,112, titled
“Interleaving in Coded Modulation for Mobile Radio” and in Lee-Fang Wei, “Coded
M-DPSK with Built-In Time Diversity for Fading Channels,” IEEE Trans. Inform.
Theory, vol. IT-39, pp. 1820-1839, Nov. 1993. In particular, let each group of 260
signal points at the output of constellation mapper 105 be numbered from 0 to 259.

Within interleaver 106, these signal points are read into an interleaving matrix
comprising 20 rows and 13 columns following the scheme shown in FIG. 13. That 1s,
the O signal point is read into the location at row 0, column 0; the 1* signal point is
read into the location at row 0, column 3; and so on. After all 260 signal points have

been read into the interleaver in this way, they are read out column-by-column from
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top to bottom 1n each column. Thus the interleaver output sequence comprises the

signal points numbered 0, 130, 26, .... 247. 5, 135, etc.

Moreover, i1t will be appreciated by those skilled in the art that the block
diagrams herein represent conceptual views of illustrative circuitry embodying the
principies of the invention. The functions of the various elements shown in the FIGS.
would, 1n preferred embodiments, be implemented by one or more programmed

processors, digital signal processing (DSP) chips, or the like rather than individual
hardware elements.

In the claims hereof any element expressed as a means for performing a
specified function 1s intended to encompass any way of performing that function
inciuding, for example, a) a combination of circuit elements which performs that
function or b) software 1n any form (including, therefore, firmware, microcode or the

like) combined with appropriate circuitry for executing that software to perform the
function. The invention defined by such claims resides in the fact that the

functionalities provided by the various recited means are combined and brought
together in the manner which the claims call for. Applicant thus regards any means
which can provide those functionalities as equivalent as those shown herein.

It will be appreciated by those skilled in the art that they will be able to devise
various arrangements which, although not explicitly shown or described herein,

embody the principles of the invention and thus are within its spirit and scope.
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Claims

. A method for use in a multilevel coded modulation arrangement
comprising the steps of

encoding a first portion of a stream of input data using a first code,
encoding a second portion of said stream of input data using a second code,

generating sequences of signal points selected from a predetermined
signaling constellation in response to the encoded first and second portions,
said first code identifying sequences of signal point subsets, and

applying said sequences of signal points to a channel,

characterized in that

said first code is such that every different pair of identified sequences
of signal point subsets differs in at least M subset positions, where M is a
desired level of time diversity, and

said second code is such as to ensure that every different pair of valid
sequences of signal points taken from the same sequence of signal difters 1n at
least M signal point positions thereby providing an over all multilevel code of
said desired level of time diversity and thereby does not cause an increase in
the minimum distance between different ones of the sequences of signal points
of said over all multilevel code.

2. The method of claim 1 wherein said first code provides more than
one output bit per generated signal point.

3.  The method of claim | wherein said first code is an
N-dimensional trellis code with N>2.

4. The method of claim 1 wherein said second code 1s a parity check
code.

5.  The method as defined in claim 2 wherein said first code is an
N-dimensional trellis code with N>2.

6. The method as defined in claim 2 wherein said second code is a
parity check code.

7.  The method as defined in claim | wherein said desired level of
time diversity 1s M>1.

8. The method as defined in claim 7 wherein said desired level of
time diversity is M=2.

9. The method as defined in claim 7 wherein said first code is an

N-dimensional trellis code with N>2.,
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10. The method as defined in claim 7 wherein said second code is a

double parity check code.
11. The method as defined in claim 9 where N=4 and wherein said

second code is a double parity check code.
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