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OVERLAPPED MULTILEVEL CODES

Background of the Invention
The present invention relates to multilevel coded modulation useful, for
example, in voiceband data transmission (¢.g., modem) applications.

5 As used herein, the term "multilevel coded modulation” refers to
arrangements in which input data is divided into two or more streams which are
individually encoded using respective redundancy codes. The coded outputs are then
used jointly to select channel symbols from a predetermined signal constellation for
transmission over a communication channel, such as a voiceband telephone channel.

10 The principal advantage of adopung a muitilevel coded modulation approach is that

it provides the system designer with increased flexibility in designing a coding
scheme which provides desired levels of error-rate performance, or “coding gain,"
while meeting various constraints on code complexity and decoding delay.
Nlustrative articles describing multilevel codes are: A. Ushirokawa et al, "Mulitilevel

15 Codes for High-Speed Voiceband Data Modem," Proc. of IEEE Globecom 1989,
pp. 1971-5; J. Wu et al, "Multi-Level Multidimensional Trellis Codes," International
Symposium of Information Theory, Abstracts of Papers, sponsored by IEEE
Information Theory Society, 1990, p. 110; and Pottie et al, "Multilevel Codes Based
on Partitioning," IEEE Transactions on Information Theory, Vol. 3§, No. 1, January,

20 1989. ' '

Summary of the Invention

In accordance with the present invention, I have discovered a new class
of codes which I refer to as overlapped multilevel codes. Such codes are |
characterized in that a portion of the data to be encoded is processed by a first

25 redundancy code of the multilevel structure, at least a portion of whose output
together with at least another portion of the data to be encoded is processed by a

“second redundancy code. Among the advantages of this approach are that it allows
one to introduce differential encoding in an advantageous way into a multilevel
coded modulation scheme. .

30 Brief Description of the Drawing |

FIG. 1 is a block diagram of the transmitter portion of a telephone
voiceband modem utilizing a multilevel coded modulation scheme;

FIG. 2 is a block diagram of the receiver portion of a telephone
voiceband modem capable of receiving and processing the data signals generated by

35 the transmitter of FIG. 1; REPLACED SHEETS SG '
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used jointly to select channel synbols froma predetermn ned signal
constellation for transm ssi on over a comuni cation channel, such as a
wplceband t el ephone channel . The principal advantage of adopting a
mul til evel coded nodul ati on approach is that it provides the system
designer with increased flexibility in de5|gzang a codlng schene whi ch
provi des desired |levels of error-rate perforfrance, "codi ng gai n, .
whil e neeting various constraints on code coaneX|ty and decodi ng del ay.
Illustrative arti cI es dem;bis@mtpfulen@ndummmmemnmmam g%l |
"Multilevel s; Hi gh- Speed Voi ceband Data Mbdem " Proc. of |EEE
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Abstracts of PapeasmingraffiGel ehberlbyfifself or as atonstmienoof d higheydinensiohality,
1990, P, 110 IR R kol colilfy oL, ocos Based | on T
January, 1989. SEWred shays havea fourslimensional constellation used injthe
oL T SR o i e 2 e Cloze o
6 shows the frame orgamzauon used for the Reed-Solomon
emuxhrofﬂm&nmmmnwrofFﬂS.L
10 FIG. 7 shows circuitry which implements a particular trellis code used

by the trellis encoder of the transmitter of FIG. 1;

FIGS. 8-10 show possible embodiments of the encoder of FIG. 1
implementing differential encoding approaches of the prior art;

~ FIG. 11 shows an embodiment for the encoder of FIG. 1 embodying the
15 principles of the present invention;

FIGS. 12 shows an embodiment for the decoder used in the receiver of
FIG. 2 which would be used in conjunction with the prior art encoder of FIG. 10; and

FIG. 13 shows an embodiment for the decoder of FIG. 2 embodying the
principles of the présent invention.

20 Detailed Description
. FIG. 1 is a block diagram of the transmitter portion of a telephone
voiceband modem utilizing a multilevel coded modulation scheme. In overall view,
binary data from a data source 101--such as a personal computer--is caused to be
represented by 2N-dimensional symbols taken from a predetermined 2N-
25 dimensional signal constellation, which symbols are modulated onto a carrier for
transmission over a voiceband telephone channel 150.

Autention is directed briefly to FIG. 3, which will be helpful in
understanding some of the terminology and concepts that are conventionally used in
this art. Bach of the aforementioned symbols is comprised of the concatenation of

30 N constituent two-dimensional (2D) "signal points,"N =1, 2, 3,.... Each such
signal point is a point in a predetermined 2D constellation--illustratively shown in
FIG. 3 as a so-called QAM constellation. (The number of signal points in the
2D constellation depends on the needs of the application.) A 2N-dimensional
symbeol is delivered to the transmission channel during N “signaling intervals” of

35 duration T, one signal point in each signaling interval. The assemblage of all the
different 2N-dimensional symbols used in any particular coded modulation scheme. .
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gener ated by takenHeorh fizstandtsecond @D fighal constellations in the first and second signaling
5 intervals of each 4D symbol interval, respectively. Hlustratively, the same
2D constellation is used for both signaling intervals. That 2D constellation, in
particular, is illustratively the 64-signal-point (64-point) QAM constellation shown
in FIG. 4. Additionally, all possible combinations of two 2D signal points are used
in this embodiment, so that the 4D constellation is comprised of 642 = 4096

10 4D symbols.

Returning now to FIG. 1, the stream of bits from source 101 is clocked
into scrambler 104 at an average rate of 10.8875 bits per 4D symbol interval. (The
significance of this rate will be made clear hereinbelow.) Scrambler 104 randomizes
the data in conventional fashion. The serial bt stream output of scrambler 104 is

15 applied to serial-to-parallel (S/P) converter 105, which provides 11-bit output words
on leads 108/109 for each 4D symbol interval. (As will be clear from the context,
various ones of the leads shown and described herein, such as lead 108 or lead 109,
will be understood as being, in actuality, a bundle of leads, each of which carries a
respective bit.) In particular, two of the bits are provided on lead 108 and the other

20 nine are provided on lead 109. As will be described in detail hereinbelow,

S/P converter 105 occasionally will provide only the two bits on lead 108 without
providing any bits on lead 109. :

The bits on leads 108/109 are applied to an encoder 11 compnsed of 4D,
64-state trellis encoder 112 and rate-158/160 Reed-Solomon (hereinafter RS)

25 encoder 114. In particular, the successive bit pairs on lead 108 are supplied to trellis
encoder 112, whose output on lead 113 comprises three bits. These three bits |
identify one of eight predetermined subsets of the 4096 4D symbols of the
4D constellation. The symbols are assigned to subsets in the following, standard
way: Each of the two 2D constituent constellations (FIG. 4) of the overall

30 4D constellation is partitioned into four 2D subsets--denoted a, b, ¢, and d. FIG. 3

~ shows by a reference letter which of the four 2D subsets each of the 2D points is
assigned to. The eight subsets of the overall 4D constellation are then arrived at as
shown in FIG. 5. In particular, 4D subset SO is comprised of each 4D symbol in
which the first and second constituent 2D signal points are both taken from either

35 2D subseta or 2D subset b. These combinations of signal points are denoted in
FIG. 5 by (a,a) and (b,b), each of which is referred to as a "4D type.” Each of the
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code used 4D symbol in which the first and second constituent 2D signal points are taken from

2D subsets a and d, respectively--the 4D type labeled (a,d)--or from 2D subsets b and
5 c, respectively--the 4D type labeled (b,c). Since there are 4096 4D symbols overall
~ and 8 subsets, each 4D subset contains 512 4D symbols.

Circuitry implementing the trellis code illustratively used in this
embodiment is shown in FIG. 7, wherein each box labeled "2T" is a delay element
which provides a delay of 2T seconds and each "+" denotes an exclusive-OR gate.

10 - In conventional trellis-coded modulation (TCM) schemes, the bits
provxded on lead 109 are so-called "uncoded" bits which are used to select for
transmission a particular symbol from the 4D subset identified by the bits on
lead 113. Thus in a conventional TCM scheme, each nine-bit word on lead 109
would be used to select one of the 27 = 5124D symbols of the identified 4D subsef.

15 However, the bits on lead 109 are not used to select a symbol directly. Rather, they
are first encoded by a second encoder and it is the output of that second encoder that
is used to select a particular symbol from the identified subset. The overall coding
scheme, then, is a "multilevel coded modulation” scheme in that there are mulitiple--
in this case, two--levels of input bits being encoded. Specifically, some of the bits

20 are trellis-encoded and the rest--the so-called "non-trellis-encoded" bits--are, in this
embodiment, Reed-Solomon (RS) encoded by RS encoder 114. The specific
combination of a trellis encoder and a RS encoder to implement a multilevel coded
modulation scheme is taught in my aforementioned co-pending U.S. patent
application.

25 RS encoder 114 is of a known type--illustratively, a conventional,
rate-k / k+2 systematic encoder over GF(2°) with k = 158. Reed Solomon coding
and decoding is described, for example, in Michelson et al, Error Control Techniques
for Digital Communication, Chapter 6, John Wiley and Sons, 1985. As such,
encoder 114 provides its outputs in RS frames. As shown in FIG. 6, each RS frame

30 is comprised of 160 (i.e., k+2) nine-bit RS words on lead 115. Since the RS code is
a so-called systematic code, the first k = 158 words of the frame are simply
158 successive input words from lead 109. These are referred to herein as the
"information-bearing words.” The last two words of the 160-word frame are so-
called "redundant words" generated in response to the values of the first 158 words

35 in accordance with the selected RS code. When the overall frame of 160 words is
first recovered in the receiver, the presence of these two redundant words therein
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intervals. It is during these two intervals that encoder 114 outputs the
aforementioned two redundant words. _
~ As previously described, three bits are supplied on lead 113 for each of
10 the 160 4D symbol intervals. Twelve bits are thus supplied on leads 113 and 115 for
each 4D symbol interval--three of the bits (lead 113) identifying a 4D subset and the
remaining nine of the bits (lead 115) selecting a particular symbol of that subset.
Those bits are provided to 4D, 64-QAM constellation mapper 120, which outputs
representations (e.g., the x and y coordinates) of the two constituent 2D signal points
15 of the selected 4D symbol. Those representations are applied to conventional
modulator 141, which applies to channel 150 a data-bearing passband signal
‘repmsenting those 2D signal points.
It can now be seen why it is that data source 101 is clocked so as to
supply its data at the average rate of 10.8875 bits per 4D symbol interval, as noted
20 above. Of the twelve bits needed to select a particular one of the 4096 4D symbols
of the constellation, one redundant bit is introduced by the trellis encoder and an
average of 0.1125 (= 9 bits x 2/160) bits, i.e., the bits of the two redundant words,
are introduced by the RS encoder. As a result, the data rate for source 101 needs to
be (12 - 1 - 0.1125) = 10.8875 bits per 4D symbol interval.
25 We turn, now, to the receiver of FIG. 2.

_ The receiver receives from channel 150 the passband data signal
generated by the transmitter of FIG. 1. The signal is first applied to
equalizer/demodulator circuitry 210 which, in conventional fashion, recovers a
sequence of signal points which it provides on lead 211 to decoder 22 and, more

30 particularly, to maximum-likelihood decoder 220 therein. Because of distortion and
other channel anomalies that ciréuitry 210 is not able to fully compensate for, the
signal points on lead 211 are somewhat displaced in 2D signal space from the
2D signal points that were transmitted. As its name implies, the function of
maximum-likelihood decoder 220 is a) to determine--based on a knowledge of the

35 trellis code used by trellis encoder 112--what the most likely sequence of transmitted
4D symbols actually was, and b) to provide on leads 221 and 222 eleven bits
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5 RS decoder 230 within decoder 22 operates on each received frame of 160 nine-bit
words on lead 222 to recover the 158 information-bearing nine-bit words therein. In
particular, as noted above, the decoder is capable of identifying and correcting any
error-corrupted single nine-bit word or two erased words provided by maximum-
likelihood decoder 220. The stream of 158 corrected information-bearing words is

10 supplied by RS decoder 230 on lead 232. The ¢leven bits on leads 221 and 232 are
thereafter converted to serial form by parallel-to-serial converter 270, descrambled
by descrambler 280, and applied to a data sink 290 which may be, for example, a
mainframe computer.

~ To this point, it has been assumed that no differential encoding is

15 performed within the transmission system. In actuality, however, this is of crucial
importance for many applications, including telephone voiceband data transmission.
As is about to be explained, however, the inclusion of differential encoding in a
multilevel coded modulation scheme cannot always be carried out in the
straightforward manner taught by the prior art.

20 To begin, it will be remembered that dxfferennal encodmg is needed in
voiceband data transmission and other systems in order to compensate for the fact
that so-called phase hits or other channel phenomena may cause the received signal
points, as represented at the output of equalizer/demodulator 210, to be phase-rotated
versions of the signal points that were transmitted. Since the constellations that are

25 typically used in practice exhibit phase symmetries, it would be possible for the
receiver circuitry to mistake a transmitted signal point for a different signal point of
the constellation without any indication that an error was made. For example, in the
2D constellation of FIG. 4, a point rotated by any muitiple of 90 degrees becomes
another point of the constellation (as opposed to falling within the "spaces” between

30 points). The constellation is thus said to have 90-degree phase symmetry. Similarly,
a constellation which exhibits this property only upon a 180-degree rotation is said
to have 180-degree phase symmetry. In order to compensate for such rotation, it is
well known to use so-called differential encoding in order to represent one or more
of the data bits to be transmitted not by particular symbols, but by the phase

35 difference between two successively transmitted symbols.



-B- is referred to as the "2N-di nensi onal constel | at o +n
the illustrative enbodinment of FIG 1, the value of N |s t
31 gnal constellation is a four-dinensional (4D) constel I m °38f

symbol s taken fromfirst and second 2D signal constellati

and second signaling intervals of each 4D sy ol i nterval
Il'lustratively, the sane 2D constellation i3/dsed for both SI gnal I ng
intervals. That 2D constellation, in particular, is illustratively the

64- si gnal - poi nt (64- poi nﬂ:)of@ek/fmaiiﬂ’emhﬁﬂtenwdmglwbe implérhéntedlin a'sjdtem whidhl vy,

ambodi nent. 658"?%?%% Q}B&?zgﬂ!??? 2Fph | Sl Sy W"H‘%w 4D

symbol s. cnémmugt qxhibit the propertythat Avalif sequence pbm
source 101 is clmm@l afemtaﬁdﬂ%ﬁﬁné&ﬁcaheﬁmnamgrt@a@hwsgnﬁﬁe@oﬁﬁ@ bits

per 4D symbol 5I néo%gt\éﬁanon,-ghg 90 degrees, becomes another valid sequence of subsets. (As noted
earlier, a “valid" sequence of subsets is one that is allowed by the treilis code to
actually occur.) Moreover, in the design of the differential encoder, one must
consider the effects that different partitionings may have on the rotation of a subset.
There are, in fact, three possible cases, referred to herein as "case 1," "case 2" and

10 "case 3." o
" In case 1, the symbols of a subset of the constellation always become

symbols of a different subset after rotation by an amount corresponding to any phase
symmetry of the constellation.

In case 2, the symbols of a subset of the consncllanon always become

15 symbols of the same subset after rotation by an amount correspondmg to any phase
symmetry of the constellation.

Case 3 is a combination of cases 1 and 2. That is, the symbols of a
subset of the constellation become a) symbols of a different subset after rotation by
amounts corresponding to at least one phase symmetry of the constellation, and |

20 b) symbols of the same subset after rotation by amounts corresponding to at least one
other phase symmetry of the constellation. Thus in the above-described 4D code,
subset SO becomes a) subset S4 for 90- or 270-degree rotations, and b) remains what
it was upon a 180-degree rotation.

Consider, now, how these requirements affect the implementation of a

25 muitilevel code.

If the symmetries and partitioning of the constellation are such that
case 1 obtains, it is appropriate to adopt a differential encoding approach such as
used in the prior art. Specifically, one differentially encodes one or more of the
trellis-encoded bits, but not any of the non-trellis-encoded bits. FIG. 8 shows an

30 embodiment of encoder 11 implementing such an arrangement. The non-trellis-
encoded bits are encoded only by a RS encoder 814, while the trellis-encoded bits
are differentially encoded by differential encoder 807 before being trellis-encoded by
trellis encoder 812. As is well-known by those skilled in the art, a differential
encoder typically operates on a subset--typically one or two--of the bits that are

35 applied in parallel to it, with the other bits simply being passed through the

- differential encoder unchanged.
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10 RS encoder 914. (Again, complementary decoding structure (not shown) would be
used to implement decoder 22 in the receiver.) It may also be noted in passing that
the way in which the differential decoder works means that the error correction
capability of the RS code will have to be increased in this case in order to achieve

. the same performance as would be achieved if the phase-rotation issue and the

15 differential decoder were not there.

Case 3 requires that both trellis-encoded and non-trellis-encoded bits be
differentially encoded. This presents a significant problem--a problem that is solved
in accordance with a feature of the invention. That problem may be understood as
follows:

20 As exemplified by FIG. 9, it is desirable, in general, that if any of the
RS-encoded bits are to be differentially encoded, that encoding should be performed
after the RS encoding in the transmitter. Complementarily, the differential decoding
should be performed in the receiver before the RS decoding. The reason for this is
that a conventional RS decoder is not, in general, capable of carrying out its function

25 properly if the non-trellis-encoded bits have been changed as the result of phase
rotations. By performing the differential decoding in the receiver prior to the
RS decoding, then, it is guaranteed that there will be no phase-rotation effects in the
RS decoder input bits (assuming an appropriate choice for the trellis encoder).

Although this approach will, indeed, be effective if only non-trellis-

30 encoded bits are differentially encoded--which, again, is the situation shown in
FIG. 9, corresponding to case 2--1 have realized that there is a subtle, but very
important, problem whenever the bits to be differentially encoded include not only
non-trellis-encoded bits, but also trellis-encoded bits, i.e., case 3. The reason is that
those bits must be processed interdependently in both the differential encoder and

35 the differential decoder. A structure of encoder 11 that one might think of using for
this case is shown in FIG. 10, wherein the RS-encoded bits generated by
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bits thereupon being extended to trellis encoder 1012. The compiementary structure
that would be used for decoder 22 is shown in FIG. 12 as comprising maximum-

5 likelihood decoder 1220, differential decoder 1207 and RS decoder 1230.

The encoder/decoder combination of FIGS. 10 and 12 will, indeed, be
effective as regards the compensation for phase rotations. What I have appreciated,
however, is that with this interdependent processing, errors made by the maximum-
likelihood decoder in the non-trellis-encoded bits before they are processed by the

10 RS decoder will cause errors in the trellis-encoded bits at the output of the
differential decoder. Thus the error-rate performance of the non-trellis-encoded bits
output on lead 1222 of maximum-likelihood decoder 1220 ,ie., atapointpriorto
their being RS decoded by RS decoder 1230, will determine the error-rate
performance of the trellis-encoded bits which, in turn, determines the overall error-

15 rate performance (coding gain). Remember that the reason that the RS encoding was
included in the overall coding scheme was to raise the error-rate performance of the
non-treilis-encoded bits to a level that is greater than that for the trellis-encoded bits
so that the latter can dominate the overall error-rate pet_formance. Now, however,
the error-rate performance of the trellis-encoded bits has been brought down to the

20 level of performance for the non-trellis-encoded bits that obtained in the first
instance, i.e., without using the RS code. The fact that the error-rate performance of
the non-trellis-encoded bits is thereafter improved by virtue of their being processed
by RS decoder 1230 is of no avail. Thus, no improvement in overall error-rate
performance is realized.

25 In accordance with the invention, this problem is overcome by
processing the bits in such a way that differentially encoded bits that are to be trellis

- encoded are derived from the output of the RS encoder. In this sense, the RS and
trellis codes are "overlapped,” hence my coining of the term “overlapped multilevel
codes."” Experimental tests have confirmed that the error-rate performance (coding

30 gain) for the overall overlapped multilevel code is, as a result, restored to the original

~ level provided by the trellis code. Thus looking specifically at FIG. 11, it is seen that
one of the bits on lead 108 that would normally be applied to differential
encoder 1107 prior to being applied to trellis encoder 1112 is instead applied to
RS encoder 1114 (on lead 1121) along with the non-trellis-encoded bits on lead 109.

35 We have here case 3 discussed above, in which the bits to be differentially encoded
are both trellis- and non-trellis-encoded bits. Thus the bit on lead 1121, after being



S4- ‘other 4D-subsets, Sl through S7, is also formed by combining 2D
subsets, as indicated in the FIG Thus as anot her exanple, 4D subset S3 is

corrprl sed of Th lace which the first and second constituent 2D
Signal points 2D subset's a and d, respectlvel y--the 4D type

| abel ed (ad)-- sets b and c, Qspect i vely--the 4D type | abel ed
(b,c). Since there are 4096 4D synbols over and 8 subsets, each 4D
subset contains 512 4D synbol s. rcuitry inplenmenting the

trellis code i IRS:encoded byencodertl Mnnstappbecbma'mml qngoderd\1A7 along|with on
wherein each b d&bs&&eoﬂks&c&&% t%htememrsdmmucdﬁa@mbl ay of

convent Pﬁﬁa?”?peé‘ci’dlg hiJa SuerRR pRRYiGRd gorieny 11 K0 el pacodss LLI2 408 Hih on

lead 109 are S%&Gdlbxe&bmmnmlbdbltmntlead/\mnh are used to select for

on l'ead 1135 Thig. i n-a Bt SEPRinehiaBlh.bf the SuEhie 6 pich T, ikl chab@fisite 3

109 woul d be used operating pammotess will bedifferent from-thosoassumed gboves Kor exasple,

I dentified 4D gpbi@hber of bits in each RS word is now 10, rather than 9. Moreover, a double-
rather than a single-error-correcting RS code is now needed because the differential
decoder output is formed by finding the "difference” between successive pairs of

10 ten-bit words applied to it. Thus a single erroneous word at the input of the
differential decoder causes two erroneous words at its output. In light of the
foregoing, then, an illustrative code for use in RS encoder 1114 is a rate-k / k+4
systematic encoder over GF(21%) with k = 156. Moreover, the operation of
RS encoder 1114 is synchronized with that of S/P converter 105 in such a way that a

15 nine-bit (two-bit) word is provided on lead 109 (108) for each of the first
156 successive 4D symbol intervals comprising a frame and no bits (one bit) are
provided in the remaining four 4D symbol intervals. It is during these four intervals
that encoder 114 outputs the aforementioned four redundant words. Furthermore,
because there are now four redundant words per frame rather than two, and ten bits

" 20 per RS word rather than nine, a simple calculation will show that the stream of bits
from source 101 should now be clocked into scrambler 104 at an average rate of
10.75 bits per 4D symbol interval.

" More generally speaking, an overlapped muttilevel code is one in wlnch
a portion of the data to be encoded is processed by a first redundancy code of the
25 multilevel structure. A portion of the output of this first encoder together with

| another portion of the data to be encoded is then processed by a second redundancy

code.

One may also describe the structure of FIG. 11, and the processing
performed thereby, by observing that a first portion of the input data (on leads 109
30 and 1121) is encoded using at least a first redundancy code (implemented by
- RS encoder 1114) and, in this embodiment, using differential encoding
(implemembd by differential encoder 1107) as well. A first encoded signal,
comprising the differential encoder output (on leads 1110 and 115) is thus provided.
At the same time, a second portion of the input data (on lead 1111) is encoded along
35 with a first portion of the first encoded signal (lead 1110) using a second redundancy
code (implemented by trellis encoder 1112) to provide a second encoded signal (on



However, the bits on lead 109 are not used to select a synbol directly.
Rather, they are first encoded by a second encoder and it is the output of
fhat second encoder that is used to select a particular synbol fromthe

I dentified subset. The overall codi ng schene, then, ThisSkeetHasB¢ep d coded
nodul ati on" schene in that there are multiple-- in thy | evel s
of input bits being encoded. Specifically,= Ebme of ‘th

trellis-encoded and the rest--the so-called "non-trellis- encoded bits-are,
in this enbodi nggy 113yeed- Sol onon (RS) encoded by RS encoder 114. The

specific conblnatlon of trellis encoder and a oder ,to i Ienent a
nul til evel coded nodul ag%ml %{ﬁéf‘ﬁcame m

co-pending U.S. shp%&ﬂﬂ@pm,|mnomn'elhs-encoded bits thdt u@yﬂﬂ:ﬁmm—of a
known type--illpsy; E’ MEJC*E'E %0&1 Sik% oder
over GF(2[err]) M 3 eedﬁ% ormn caéﬁ‘ling é{‘fgéﬁecoﬁg |t51567€6P
descri bed, f&r the twe mellisiencededkitsqavided by maximum-likslihpod decodeni320em f or

ol ook ot -
frame is corrBr | Mzmm&a‘ij &Bt ﬁ?@‘ﬂ]’“‘rﬂ‘ﬁ FM"W‘&QF 3@6%1@4538
the RS code i s RS-decoded by RS decoder 1330. One output bit of the latter, corresponding to the

bit on lead 1121, is supplied to lead 221. The remainder are supplied to lead 232.

10 The foregoing merely illustrates the principles of the present invention.
For example, the invention is illustrated herein in the context of a particular
multilevel coded modulation scheme comprised, specifically, of two levels of
coding. However, it may also be used in schemes in which there are three or more
levels of coding, in which case the overlapping taught by the invention might still be

15 limited to only two of the levels or might extend over more than two levels.
Moreover, the invention is not limited to use with any particular type of redundancy
codes—such as the trellis or RS codes of the illustrative embodiment--nor to any
particular constellations, etc. |

Moreover, although the disclosure hereof shows how overlapped

20 multilevel coding pursuant to the invention may be used to particular advantage in
multilevel coded modulation environments in which it is desired to include
differential encoding/decoding, those in the art may find reasons to use overlapped
multilevel codes in environments which do not require differential
encoding/decoding.

25 Additionally, it may be noted that, although the invention is illustrated
herein as being implemented with discrete functional building blocks, e.g., encoders,
mappers, etc., the functions of any one or more of those building blocks can be
carried out using one or more appropriately programmed processors, digital signal
procéssing (DSP) chips, etc. Thus although each of the various "means” recited in

30 the claims hereof may correspond, in some embodiments, to specific circuitry which
is specifically designed to perform the function of just that means, it will be
appreciated that such "means” may alternatively correspond, in other embodiments,
to the combination of processor-based circuitry with stored program instructions
which cause that circuitry to perform the function in question.



A so- caﬂ‘d‘sys*teﬁrt—l—e—egde the first k = 158 words of the frane are
sinply 15{;,5 %& s ive |nput words fromlead 109. These are referred to
herein as gh- bearing words." The |ast two words of the

160- wor d f aI | ed "redundant words" generated in response to
t he val ue 158 words in accor gl?nce with the selected RS code.
When t he overaII frarre of 160 words is first*Tecovered in the receiver, the

presence of these two redundant words therein
- b- It will thus be appreciated that those skilled in the art will be able to

devise numerous and various alternative arrangements which, although not explicitly
shown or described herein, embody the principles of the invention and are within its
spirit and scope.



frakes. possible the identification and correction of any single, erroneously
recov ed ones of the 160 words. This particular RS code

is thus SI ngl e-error-correcting RS code. The operation of
RS enco [!iﬂmmm!ﬂam nized with that of S/P converter 105 in such a way
t-hat a | si s+ provided on |l ead 109 for each of the first 158

successi ve .4D synbol intervals conprising al¥3fane and no bits are provided

in the remaining two 4D synbol intervals. It is during these two intervals
t hat encoder 11 xe) uts the aforenmentioned two redundant words.

As previously described, three bits arg supplied, on le 113 for each of
the 160 4D symbol mter‘ra*‘@“h%foiénmﬁ’gg %@%@%3&%’&%@&&3 c §2B o g
115 fgr eachd4Dhsyrrbol iefbading (in- mMenoo;aﬁm dflsmddnﬂzitmw(darlﬂwlllmg a
4D subset and t remgl ni ni
particul ar synb® %“?‘Hﬁtar@ﬂﬁg‘g‘l“&'ﬁ% gl EOa%P%ﬁ e%g eqﬁ%&"b&%
constell ati or§ nhlmdrlmmvmgmdmoalﬁmmmdnadém)atlons (e.g., the x and y
coordi nates) of the two éPBﬂfZﬁPb Hﬁqﬂ&m o of the sel ected 4D
synbol . Those representalions are app |i to conv ntlonal mfd;lll at or, 141
whi ch applies to channelengading asecondiportionef saik ong with
first portion of said first encoded signal using a second redundancy code (in 1112) to
provide a second eéncoded signal (on 113).

10 2. The invention of claim 1 comprising the further steps of
generating (in 120) a signal representing at least said second encoded

signal, and |
applying (in 141) said signal to a communication channel (150).

3. The invention of claim 2 wherein said generating step comprises the
15 stepof '
generating a sequence of channel symbols (in 120) selected from a

predetermined signal constellation (FIG. 4). '

4. A method for processing a data-bearing signal received from a

communication channel, said data-bearing signal being of a type generated by the

20 . steps of encoding (in 1114, 1107) a first portion of input data (on 109,1121) at least
using a first redundancy code (in 1114) to provide a first encoded signal (on 115,
1110) having at least a first portion (on 1110); encoding a second portion of said
input data (on 1111) along with said first portion of said first encoded signal using a
second redundancy code (in 1112) to provide a second encoded signal; and

25 generating said data-bearing signal (in 120, 141) in response to at least said second
encoded signal, said method CHARACTERIZED by the steps of

decoding (in 1320) said received signal in accordance with said second

redundancy code to recover said second portion of said input data and a signal
representing said first encoded signal, and '

30 decoding (in 1330) the recovered first encoded signal in accordance with
said first redundancy code to recover said first portion of said input data.

5. The invention of claim 4 wherein said second redundancy code is a
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Fepresenti ng those 2D signal points. It can now be seen why it
is that data source 101 is clocked so as to supply its data at the average
rate of l“lr 4D synbol interval, as noted above. O the twelve
bits n ’lm“ﬂw“mm[ particul ar one of the 4096 4D synbols of the
const el [+t icont ohe Yedundant bit is introd ed by the trellis encoder and
an average of 0.1125 (= 9 bits x 2/160) bit .e., the bits of the two

redundant words, are introduced by the RS encoder. As a result, the data
rate for sourcardﬂacmbedﬂwherﬁnthdﬁstoﬂsﬁdﬂecbdﬁi)swpsbﬁt@ﬁi&thr 4D
symbol i nt er valjjxelihood We turn, now, to the receiver of FIG 2.

The receiver recelves rrom (,ghannel 150 the passband data signal generated
by the transmtter of FIG 1. The signal |s flrst applied to

equal i zer/ denodul at or @ rxpyﬁmsﬂﬂaen dimpal fashion,
recovers a sequence of 5| na ich rOV|des o Iead 211 to
decoder 22 and, nore pa helgﬁyﬂt@b%?mg aidJapyt datant

t her ei n. Becﬁusleasoﬁsuigatﬁmttredumhncy codeao ptd\@dﬂ‘aaﬁrsﬁﬂmbd ﬁgnilflﬁimtglit%i ry

210 is not abl gt tgmh%é%g@% ate for, the signal points on |lead 211 are
somewhat d| spl ace IlgA 'space from t he
CTERIZED by means (1112) for encoding a second portion of
said input data along with said first, but not said second, portion of said first encoded

signal using a second redundancy code to provide a second encoded signal.

b 10 7. The invention of claim 6 further comprising
means (120) for generating a signal representing said second encoded
signal and said second portion of said first encoded signal, and
means (141) for applying said signal to a communication channel.

| 8. The invention of claim 7 wherein said generating means includes
15 means (120) for selecting a sequence of channel symbols froma .
predetermined signal constellation.

9. The invention of claim 6 wherein the first of said encoding means
includes
means (1114) for encoding said first portion of said input data using said
20 first redundancy code, and
means (1107) for differentially encodmg the resulting data, first and
second portions of the differentially encoded data being included in said first and
second portions of said first encoded signal, respectively.

10. The invention of claim 9 wherein said second redundancy code is a
25 trellis code. .
11. Apparatus for processing a data-bearing signal received from a
communication channel, said data-bearing signal being of a type generated by the
steps of encoding (in 1114) a first portion of input data (on 109, 1121) using a first
redundancy code (in 1114) to provide a first encoded signal (output of 1114);
30 differentially encoding (in 1107) said first encoded signal to provide a differentially

Sheet Has Been Replaced

T




2D signal points that were transmitted. As its name inplies, the function
of maximumTiKel1hood decoder 220 is a) to determ ne--based on a know edge

of -the by trellis encoder 112--what the nost |ikely
' sequencH!@!Jl“ la“lm 4D synbol s actually was, and b) to provide on |eads
221 and Leve!n | :

-6- corresponding to those-4D synbol s, i .é.ls,‘correspondi ng respectively to

the bits on |l eads 108 and 115 in the transm tter.
encoded signal having first and second portions (on 115, 1110); encoding (in 1112) a

second portion of said input data along with said first portion of said differentially
encoded signal using a second redundancy code to provide a second encoded signal;
and generating (in 120, 141)'said data-bearihg signal in response to said second
5 portion of said differentially encoded signal and second encoded signal, said
apparatus CHARACTERIZED by
means (1320) for decoding said received signal in accordance with said
second redundancy code to recover said second portion of said input data and said
differentially encoded signal, '
10 means (1307) for differentially decoding the recovered dlfferenually
encoded signal to recover said first encoded signal, and
means (1330) for decoding the recovered first encoded signal in
accordance with said first redundancy code to recover said first portion of said input
data. .

15 12. The invention of claim 11 wherein said second redundancy code is a
trellis code and wherein the first of said decoding means is a maximum likelihood
decoder.

13. The invention of claim 12 wherein said first redundancy code is a
Reed-Solomon code.
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The remai nder of the processing perfornmed in the receiver of FIG 2 is the
I nverse of processing perfornmed in the transmtter. Thus, in particular, RS
decoder 230 within decoder 22 operates on each received franme of 160 .

ni ne-bit words on |lead 222 to recover the 158 information-bearing nine-bit
words therein. In particular, as noted abqu t he decoder is capabl e of
identifying and correcting any error-corruptgd single nine-bit word or two
erased words provided by nmaxi num |ikelihood decoder 220. The stream of 158

corrected information-beari n@VERIVARRER MULTILEYEIRCQRESder 230 on | ead

232. The el even Lidesacpn | eads 221 and 232 are thereafter converted to
serial formby parattel-to-serial conve r. 270, desct.anbl ed by cranbl er
280, and applied to a daké“ gwaﬂ“ﬂt‘f sgheme gelli f&?ﬂﬂeé?maﬂﬁi) &f rane
go][r]put ert | portion of Tthe gdmlaﬂd:hetrtﬁs mﬁﬂuﬁmtiﬁsb@toitmn
ifferentia r wi t.hi Si

act ual i Ty, ot PRrcsoRe BE b grédEemfen Rty Bt ieally B 3bfls 3t S prederilined

i ncl udi ng tel epmgmlmnswbaml The remaiging input data is coded aisiniga ReadsSdlomon (RS)
e Mol oy 6Bl (19147 Ghoke! s el bl kG AR phiBulk bkl !

coded modul atlon sc erre canno carrie
the identified subset. In applications in which phase hits or other channel

phenomena may cause the received signal points to be phase-rotated versions of the

10 signal points that were transmitted, differential encoding (in 1107) is included in the
overall coded modulation scheme. In different embodiments, the differential
encoding/decoding and RS encoding/decoding are in different orders. In one such
embodiment, overlapped multilevel codes are used to preserve the advamages
afforded by taking a mululevel coding approach.

- —
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Gdew

strai ghtforward manner taught by the prior art. To begin, it

w ll be renmenbered that differential encoding.is needed in voiceband data
ty ansm ssion and other systens in order to conpensate for the fact that
so-cal l ed phase hits or other channel phenonena may cause the received
signal points, as represented at the output of equalizer/denodul ator 210,
to be phase-rotated versi g of the signal points that were transmtted.
Since the constellations that are typicallyzh.ed in practice exhibit phase
symmetries, it would be possible for the regfver circuitry to mistake a
transmitted signal point for a different sigFnpRoint of the constellation
W thout any indication that an error was e} For exanple, in the 2D
constellation of FIG 4, a point rot get—By—ahy—fH-t+p4 e of 90 degrees
becones anot her point of the constel fation (& opposed{to falling within

t he "spaces" between points). Thegro stell ati%n | b said to have

90- degree phase symmetry. SimlarYy, |[a const ich exhibits this
property only upon a 180-degree rotafi i i@(ﬂto haye 180-degree phase
symmetry. In order to conpensate for = | O itJis well known to use
so-called differential encoding in order to rgpresent one or nore of the
data bits to be transmtted not by particul arfsynbols, but by the phase
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di ff erence between two successively transnitted synbol s.

- T- In order for differential encoding to be inplenented in a
system which uses trellis-coded nodul ation, a particular criterion nust be
met. That criterion is that the selected trellis code nust exhibit the
property that a valid sequence of subsets, after rotation by an anount
corresponding to a phase symmetry of the £@nste||ation, e.g., 90 degrees,
beconmes anot her valid sequence of subsets. (As noted
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earlier, a "valid" sequence of subsets is one tHat is allowed by the
trellis code to actually occur . Thishe en Reglagef o o gn of the
di fferential encoder, one nust ci) “l hects t hat different

partitionings may have on the ro set. There are, in fact,
three possible cases, referred to herein as "case 1," "case 2" and "case

3." 3/8 Ih case 1, the synbols of a subset ,of the consre?‘ati on
al ways becone sy s of a dvfferent sufset after wotation by an-gnount
correspondi ng to any phase syMtry of tlhe const el ati on. In

case 2, the synboljs of a subset of the qonstel lati on al ways beconﬂ synbol s
of the sanme subset| after rotation by an janobunt correspondi ng to agy phase
symmetry of the c nstel."z:i;tion. _ Case 3 is a conbinatid¢n of
cases 1 and 2. That #£5,&he synb®ls o# g SMbset® of the constellatijon becone
a) synbols of a diff At sypset after rotation by anmounts corresgonding to
at | east one phase sgﬁry of the constlellation, and b) synbols q¢f the
sane subset after [otat&n by anbunt s® cqrspo™ing to at |east ofe other
phase symmetry of jthe cOistellation. Thys in the above-described 4D code,
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Subset SO becones a) subset S4 for 90- or 270-degree rotations, and b)
remai ns what it was upon a 180-degree rotation. Consi der, now,
how t hese requirenents affect the inplenentation of a nultilevel code.

[f the symmetries and partitioning of the constellation are such that case
1 obtains, it is appropriate to adopt a djgferential encodi ng approach such
as used in the prior art. Specifically, o differentially encodes one or
nore of the trellis-encoded bits, but not any of the non-trellis-encoded
bits. FIG 8 shows an enbodi nent of encoder 11 inplenmenting such an
arrangenment. The non-trellis- encoded bits are encoded only by a RS encoder
814, while the trellis-encoded bits are differentially encoded by
differential encoder 807 before being trellis-encoded by trellis encoder
812. As is well-known by those skilled in the art, a differential encoder
typically operates on a subset--typically one or two--of the bits that are
applied in parallel toit, with the other bits sinply being passed through

the differential encoderlﬁyqﬁangif.
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18- A conplenentary decodi ng structure (not shown) would be
used to inplenent decoder 22 in the receiver. If the
symetries and partitioning of the constellation are such that case 2
obtains, it is again appropriate to adopt a differential encoding approach
such as used in the prior art. Here one differentially encodes one or nore
of the non- trellis-encoded bits, but n any of the trellis-encoded bits.
FIG 9 shows an enbodi nent of encoder 11 inplenenting such an arrangenent.
The trellis-encoded

FIG. §
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bits "are encoded only by trellis encoder 912, while the non-trellis-encoded
bits are differentially encoded by differential encoder 907 after being
encoded by RS encoder 914. (Again, conplenentary decodi ng structure (not
shown) woul d be used to inplenment decoder 22 in the receiver.) It may al so
be noted in passing that the way in which the differential decoder works
means that the error correction capabilit§f8of the RS code will have to be
increased in this case in order to achieve the same performance as woul d be
achieved if the phase-rotation issue and the differential decoder were not
‘there. Case 3 requires that both trellis-encoded and
non-trellis-encoded bits be differentially encoded. This presents a
significant problem-a problemthat is solved in accordance with a feature
of the invention. That problem may be understood as foll ows:

As exenplified by FIG 9, it is desirable, in general, that if any of the
RS- encoded bits are to be differentially encoded, that encodi ng should be
performed after the RS encoding in the transmtter. Conplenentarily, the
differential ded8di(Bg sfbuld be perfornmed in the receiver before the RS
decodi ng. The reason for this is

2 | . - ;
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~ that a conventiahal RS decoder is not,

in general, capable of carrying out
Its function promhs$
the result of pha

tiHas B R eJrellls encoded bItS have been changed as
t he receiver pr|o ﬁ

ﬂmw y performng the differential decoding in
wi ||l be no phase-ro S in the

odlng t hen,
appropriate choice for the trellis encodg
approach will, indeed, be effective if onIy non-trellis-
differentiall .€C}Odq9' whi ch, again, is the situation showmn in FIG 9,
corresponding}? case ealized that there is a su e, but very
i nportant, probl emMmhenevier RSe ﬂlts to be differentially entoded inclyde

- Tass B g72 SO Trellis ode rtsl, i.e.l _
bi t st be pr oces?%O i nt er depleCONSTHLLATION
e

not only noqq%gi

case 3. The

it is guaranteed that there
decoder input bits (assum ng an
' Al t hough this
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-9- 'RS encoder 1014 are differentially encoded interdependently with the
trellis-encoded bits by differential encoder 1017, the resulting
differentially encoded trellis-encoded bits thereupon bei ng extended to
frellis encoder 1012. The conpl enentary structure that woul d be used for
decoder 22 is shown in FIG 12 as conprising maxi mum |ikelihood decoder
1220, differential decoder 1207 and RS d der 1230. The
encoder/ decoder conbination of FIGS. 10 and 12 will, indeed, be effective
as regards the conpensation for phase rotations. Wiat | have appreci ated,
however, is that with this interdependent processing, errors nade by the
maxi mum | i kel i hood decoder in the non- trellis-encoded bits before they are
processed by the

FIG. 12
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the inventl Orrlldxvticli]uaflygglgotleﬁnas{nsé tggp%ém?enl%du\}{dancy codes. The coded outputs are then
used jointly to select channel symbols from a predetermined signal constellation for
transmission over a communication channel, such as a voiceband telephone channel.
The principal advantage of adopting a multilevel coded modulation approach is that
it provides the system designer with increased flexibility in designing a coding
scheme which provides desired levels of error-rate performance, or "coding gain,"
while meeting various constraints on code complexity and decoding delay.
Ilustrative articles describing multilevel codes are: A. Ushirokawa et al, "Multilevel
Codes for High-Speed Voiceband Data Modem," Proc. of IEEE Globecom 1989,
pp. 1971-5; J. Wu et al, "Multi-Level Multidimensional Trellis Codes," International
Symposium of Information Theory, Abstracts of Papers, sponsored by IEEE
Information Theory Society, 1990, p. 110; and Pottie et al, "Multilevel Codes Based
on Partitioning," IEEE Transactions on Information Theory, Vol. 35, No. 1, January,
1989. | -
Summary of the Invention

- In accordance with the present invention, I have discovered a new class
of codes which I refer to as overlapped multilevel codes. Such codes are
characterized in that a portion of the data to be encoded is processed by a first
' redundancy code of the multilevel structure, at least a portion of whose output
together with at least another portion of the data to be encoded is processed by a
second redundancy code. Among the advantages of this approach are that it allows
one to introduce differential encoding in an advantageous way into a multilevel
coded modulation scheme. _
Brief Description of the Drawing
FIG. 1 is a block diagram of the transmitter portion of a telephone
voiceband modem uti!izing a multilevel coded modulation scheme;
FIG. 2 is a block diagram of the receiver portion of a telephone

voiceband modem capable of receiving and processing the data signals gcnerafed by
the Fransmxttcr of FIG. 1; RBPLA CEMENT SHEET
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. FIG. 5 shows how a four-dimensional constellation used in the
illustrative embodiment is partitioned into eight subsets;

FIG. 6 shows the frame organization used for the Reed-Solomon
encoder of the transmitter of FIG. 1;

FIG. 7 shows circuitry which implements a particular trellis code used
by the trellis encoder of the transmitter of FIG. 1;

FIGS. 8-10 show possible embodiments of the encoder of FIG. 1
implementing differential encoding approaches of the prior art;

FIG. 11 shows an embodiment for the encoder of FIG. 1 embodying the
principles of the present invention;

FIGS. 12 shows an embodiment for the decoder used in the receiver of
FIG. 2 which would be used in conjunction with the prior art encoder of FIG. 10; and

FIG. 13 shows an embodiment for the decoder of FIG. 2 embodying the
principles of the present invention.

Detailed Description '

FIG. 1 is a block diagram of the transmitter portion of a telephone
voiceband modem utilizing a multilevel coded modulation scheme. In overall view,
binary data from a data source 101--such as a personal computer--is caused to be
represented by 2N-dimensional symbols taken from a predetermined 2N-
dimensional signal constellation, which symbols are modulated onto a carrier for
transmission over a voiceband telephone channel 150.

Attention is directed briefly to FIG. 3, which will be helpful in
understanding some of the terminology and concepts that are conventionally used in
this art. Each of the aforementioned symbols is comprised of the concatenation of
N constituent two-dimensional (2D) “signal points,"N=1,2,3,... . Each such
signal point is a point in a predetermined 2D constellation--illustratively shown in
FIG. 3 as a so-called QAM constellation. (The number of signal points in the
2D constellation depends on the needs of the application.) A 2N-dimensional
symbol is delivered to the transmission channel during N "signaling intervals” of
duration T, one signal point in each signaling interval. The assemblage of all the
different 2N-dimensional symbols used in any particular coded modulation scheme
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particular, is illustratively the 64-signal-point (64-point) QAM constellation shown
in FIG. 4. Additionally, all possible combinations of two 2D signal points are used

in this embodiment, so that the 4D constellation is comprised of 642
4D symbols.

= 4096

1107

Returning now to FIG. 1, the stream of bits from source 101 is clocked
into scrambler 104 at an average rate of 10.8875 bits per 4D symbol interval. (The
significance of this rate will be made clear hereinbelow.) Scrambler 104 randomizes
the data in conventional fashion. The serial bit stream output of scrambler 104 is
applied to serial-to-parallel (S/P) converter 105, which provides 11-bit output words
on leads 108/109 for each 4D symbol interval. (As will be clear from the context,
various ones of the leads shown and described herein, such as lead 108 or lead 109,

will be understood as being, in actuality, a bundie of leads, each of which carries a

respective bit.) In particular, two of the bits are provided on lead 108 and the other
nine are provided on lead 109. As will be described in detail hereinbelow,
S/P converter 105 occasionally will provide only the two bits on lead 108 without

providing any bits on lead 109.

The bits on leads 108/109 are applied to an encoder 11 comprised of 4D,

64-state trellis encoder 112 and rate-158/160 Reed-Solomon (hereinafter RS)

" -encoder 114, In particular, the successive bit pairs on lead 108 are supplied to trellis
encoder 112, whose output on lead 113 comprises three bits. These three bits
identify one of eight predetermined subsets of the 4096 4D symbols of the
4D constellation. The symbols are assigned to subsets in the following, standard
way: Each of the two 2D constituent constellations (FIG. 4) of the overall

4D consteilation is partitioned into four 2D subsets--denoted a, b, ¢, and d. FIG. 3

shows by a reference letter which of the four 2D subsets each of the 2D points is
assigned to. The eight subsets of the overall 4D constellation are then arrived at as
shown in FIG. 5. In particular, 4D subset SO is comprised of each 4D symbol in
which the first and second constituent 2D signal points are both taken from either
2D subset a or 2D subset b. These combinations of signal points are denoted in
FIG. 5 by (a,a) and (b,b), each of which is referred to as a "4D type." Each of the
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redundancy embodiment is shown in FIG. 7, wherein each box labeled “2T" is a delay element
which provides a delay of 2T seconds and each "+" denotes an exclusive-OR gate.

In conventional trellis-coded modulation (TCM) schemes, the bits
provided on lead 109 are so-called "uncoded" bits which are used to select for
transmission a particular symbol from the 4D subset identified by the bits on
lead 113. Thus in a conventional TCM scheme, each nine-bit word on lead 109
would be used to select one of the 2° = 512 4D symbols of the identified 4D subset.
However, the bits on lead 109 are not used to select a symbol directly. Rather, they
are first encoded by a second encoder and it is the output of that second encoder that
is used to select a particular symbol from the identified subset. The overall coding
scheme, then, is a "multilevel coded modulation" scheme in that there are multiple--
in this case, two--levels of input bits being encoded. Specifically, some of the bits
are trellis-encoded and the rest--the so-called "non-trellis-encoded” bits--are, in this
embodiment, Reed-Solomon (RS) encoded by RS encoder 114. The specific
combination of a trellis encoder and a RS encoder to implement a multilevel coded
modulation scheme is tanght in my aforementioned co-pending U.S. patent
application. _

RS encoder 114 is of a known type--illustratively, a conventional,
rate-k / k+2 systematic encoder over GF(2) with k = 158. Reed Solomon coding
and decoding is described, for example, in Michelson et al, Error Control Techniques
for Digital Communication, Chapter 6, John Wiley and Sons, 1985. As such,
encoder 114 provides its outputs in RS frames. As shown in FIG. 6, each RS frame
is comprised of 160 (i.e., k+2) nine-bit RS words on lead 115. Since the RS code is
a so-called systematic code, the first k = 158 words of the frame are simply
158 successive input words from lead 109. These are referred to herein as the
“information-bearing words." The last two words of the 160-word frame are so-
called “redundant words" generated in response to the values of the first 158 words
in accordance with the selected RS code. When the overall frame of 160 words is
first recovered in the receiver, the presence of these two redundant words therein
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signal (on as asingle-error-correcting RS code. The operation of RS encoder 114 is
synchronized with that of S/P converter 105 in such a way that a nine-bit word is
provided on lead 109 for each of the first 158 successive 4D symbol intervals
comprising a frame and no bits are provided in the remaining two 4D symbol
intervals. It is during these two intervals that encoder 114 outputs the
aforementioned two redundant words.

As previously described, three bits are supplied on lead 113 for each of
the 160 4D symbol intervals. Twelve bits are thus supplied on leads 113 and 115 for
each 4D symbol interval--three of the bits (lead 113) identifying a 4D subset and the
remaining nine of the bits (lead 115) selecting a particular symbol of that subset.
Those bits are provided to 4D, 64-QAM constellation mapper 120, which outputs
representations (e.g., the x and y coordinates) of the two constituent 2D signal points
of the selected 4D symbol. Those representations are applied to conventional
modulator 141, which applies to channel 150 a data-bearing passband signal

'reprcsenting those 2D signal points.
It can now be seen why it is that data source 101 is clocked so as to

. supply its data at the average rate of 10.8875 bits per 4D symbol interval, as noted
above. Of the twelve bits needed to select a particular one of the 4096 4D symbols
of the constellation, one redundant bit is introduced by the treilis encoder and an
average of 0.1125 (=9 bits x 2/160) bits, i.e., the bits of the two redundant words,
are introduced by the RS encoder. As a result, the data rate for source 101 needs to
be (12 - 1 - 0.1125) = 10.8875 bits per 4D symbol interval.

We turn, now, to the receiver of FIG. 2.

The receiver receives from channel 150 the passband data signal
generated by the transmitter of FIG. 1. The signal is first applied to
equalizer/demodulator circuitry 210 which, in conventional fashion, recovers a
sequence of signal points which it provides on lead 211 to decoder 22 and, more
particularly, to maximum-likelihood decoder 220 therein. Because of distortion and
other channel anomalies that circ.uitry 210 is not able to fully compensate for, the
signal points on lead 211 are somewhat displaced in 2D signal space from the
2D signal points that were transmitted. As its name implies, the function of
maximum-likelihood decoder 220 is a) to determine--based on a knowledge of the
trellis code used by trellis encoder 112--what the most likely sequence of transmitted
4D symbols actually was, and b) to provide on leads 221 and 222 eleven bits
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RS decoder 230 within decoder 22 operates on

each received frame of 160 nine-bit

words on lead 222 to recover the 158 information-bearing nine-bit words therein. In
particular, as noted above, the decoder is capable of identifying and correcting any
error-corrupted single nine-bit word or two erased words provided by maximum-
likelihood decoder 220. The stream of 158 corrected information-bearing words is
supplied by RS decoder 230 on lead 232. The eleven bits on leads 221 and 232 are

thereafter converted to serial form by parallel-t
by descrambler 280, and applied to a data sink
mainframe computer.

To this point, it has been assumed

o-serial converter 270, descrambled
290 which may be, for example, a

that no differential encoding is

performed within the transmission system. In actuality, however, this is of crucial
importance for many applications, including telephone voiceband data transmission.
As is about to be explained, however, the inclusion of differential encoding in a
multilevel coded modulation scheme cannot always be carried out in the

straightforward manner taught by the prior art.

To begin, it will be remembered that differential encoding is needed in

voiceband data transmission and other systems

in order to compensate for the fact

that so-called phase hits or other channel phenomena may cause the received sigrial
points, as represented at the output of equalizer/demodulator 210, to be phase-rotated
versions of the signal points that were transmitted. Since the constellations that are

typically used in practice exhibit phase symme

tries, it would be possible for the

receiver circuitry to mistake a transmitted signal point for a different signal point of

the constellation without any indication that an error was made. For example, in the
2D constellation of FIG. 4, a point rotated by any multiple of 90 degrees becomes
another point of the constellation (as opposed to falling within the "spaces” between
points). The constellation is thus said to have 90-degree phase symmetry. Similarly,
a constellation which exhibits this property only upon a 180-degree rotation is said

to have 180-degree phase symmetry. In order to compensate for such rotation, it is
well known to use so-called differential encoding in order to represent one or more

of the data bits to be transmitted not by particu

lar symbols, but by the phase

difference between two successively transmitted symbols.
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consider the effects that different partitionings may have on the rotation of a subset.
There are, in fact, three pdssible cases, referred to herein as “case 1," “"case 2" and
“case 3."

In case 1, the symbols of a subset of the constellation always become
symbols of a different subset after rotation by an amount corresponding to any phase
symmetry of the constellation.

In case 2, the symbols of a subset of the constellation always become
symbols of the same subset after rotation by an amount corresponding to any phase
symmetry of the constellation.

Case 3 is a combination of cases 1 and 2. That is, the symbols of a
subset of the constellation become a) symbols of a different subset after rotation by
amounts corresponding to at least one phase symmetry of the constellation, and
b) symbols of the same subset after rotation by amounts corresponding to at least one
other phase symmetry of the constellation. Thus in the above-described 4D code,
subset SO becomes a) subset S4 for 90- or 270-degree rotations, and b) remains what
it was upon a 180-degree rotation.

Consider, now, how these requirements affect the implementation of a
multilevel code.

If the symmetries and partitioning of the constellation are such that
case 1 obtains, it is appropriate to adopt a differential encoding approach such as
used in the prior art. Specifically, one differentially encodes one or more of the
trellis-encoded bits, but not any of the non-trellis-encoded bits. FIG. 8 shows an
embodiment of encoder 11 implementing such an arrangement. The non-trellis-
encoded bits are encoded only by a RS encoder 814, while the trellis-encoded bits
are differentially encoded by differential encoder 807 before being trellis-encoded by
trellis encoder 812. As is well-known by those skilled in the art, a differential
encoder typically operates on a subset--typically one or two--of the bits that are
applied in parallel to it, with the other bits simply being passed through the
differential encoder unchanged.

h
it
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implement decoder 22 in the receiver.

If the symmetries and partitioning of the constellation are such that
case 2 obtains, it is again appropriate to adopt a differential encoding approach such
as used in the prior art. Here one differentially encodes one or more of the non-
trellis-encoded bits, but not any of the trellis-encoded bits. FIG. 9 shows an
embodiment of encoder 11 implementing such an arrangement. The trellis-encoded
bits are encoded only by trellis encoder 912, while the non-trellis-encoded bits are
differentially encoded by differential encoder 907 after being encoded by
RS encoder 914. (Again, complementary decoding structure (not shown) would be
used to implement decoder 22 in the receiver.) It may also be noted in passing that
the way in which the differential decoder works means that the error correction
capability of the RS code will have to be increased in this case in order to achieve
the same performance as would be achieved if the phase-rotation issue and the
differential decoder were not there.

Case 3 requires that both trellis-encoded and non-trellis-encoded bits be
differentially encoded. This presents a significant problem--a problem that is solved
in accordance with a feature of the invention. That problem may be understood as
follows:

As exemplified by FIG. 9, it is desirable, in general, that if any of the
RS-encoded bits are to be differentially encoded, that encoding should be performed
after the RS encoding in the transmitter. Complementarily, the differential decoding
should be performed in the receiver before the RS decoding. The reason for this is
that a conventional RS decoder is not, in general, capable of carrying out its function
properly if the non-trellis-encoded bits have been changed as the result of phase
rotations. By performing the differential decoding in the receiver prior to the
RS decoding, then, it is guaranteed that there will be no phase-rotation effects in the
RS decoder input bits (assuming an appropriate choice for the trellis encoder).

Although this approach will, indeed, be effective if only non-trellis-
encoded bits are differentially encoded--which, again, is the situation shown in
FIG. 9, corresponding to case 2--I have realized that there is a subtle, but very
important, problem whenever the bits to be differentially encoded include not only
non-trellis-encoded bits, but also trellis-encoded bits, i.e., case 3. The reason is that
those bits must be processed interdependently in both the differential encoder and
' the differential decoder. A structure of encoder 11 that one might think of using for
this case is shown in FIG. 10, wherein the RS-encoded bits generated by
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RS encoder 1014 are differentially encoded interdependently with the trellis-encoded
bits by differential encoder 1017, the resulting differentially encoded trellis-encoded
bits thereupon being extended to trellis encoder 1012. The complementary structure
that would be used for decoder 22 is shown in FIG. 12 as comprising maximum-
likelihood decoder 1220, differential decoder 1207 and RS decoder 1230.

The encoder/decoder combination of FIGS. 10 and 12 will, indeed, be
effective as regards the compensation for phase rotations. What I have appreciated,
however, is that with this interdependent processing, errors made by the maximum-
likelihood decoder in the non-trellis-encoded bits before they are processed by the
RS decoder will cause errors in the trellis-encoded bits at the output of the '
differential decoder. Thus the error-rate performance of the non-treilis-encoded bits
output on lead 1222 of maximum:-likelihood decoder 1220, i.e., at a point prior to
their being RS decoded by RS decoder 1230, will determine the error-rate
performance of the trellis-encoded bits which, in turn, determines the overall error-
rate performance (coding gain). Remember that the reason that the RS encoding was
included in the overall coding scheme was to raise the error-rate performance of the
non-trellis-encoded bits to a level that is greater than that for the trellis-encoded bits
so that the latter can dominate the overall error-rate performance. Now, however,
the error-rate performance of the trellis-encoded bits has been brought down to the
level of performance for the non-trellis-encoded bits that obtained in the first
instance, i.e., without using the RS code. The fact that the error-rate performance of
the non-trellis-encoded bits is thereafter improved by virtue of their being processed
by RS decoder 1230 is of no avail. Thus, no improvement in overalil error-rate
performance is realized.

In accordance with the invention, this problem is overcome by
processing the bits in such a way that differentially encoded bits that are to be trellis
encoded are derived from the output of the RS encoder. In this sense, the RS and
trellis codes are "overlapped," hence my coining of the term "overlapped multilevel
codes.” Experimental tests have confirmed that the error-rate performance (coding
gain) for the overall overlapped multilevel code is, as a result, restored to the original
level provided by the trellis code. Thus looking specifically at FIG. 11, it is seen that
one of the bits on lead 108 that would normally be applied to differential
encoder 1107 prior to being applied to trellis encoder 1112 is instead applied to
RS encoder 1114 (on lead 1121) along with the non-trellis-encoded bits on lead 109.
We have here case 3 discussed above, in which the bits to be differentially encoded
are both trellis- and non-trellis-encoded bits. Thus the bit on lead 1121, after being

Wiekhas D e eonna,
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using a first redundancy code to provide a fifs
encoded signal having at least a first portioh, and
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with said first portion of said first encoded signal

using a secqtsieﬂcedwsileﬁdbdspﬂm f dpfi¥d fiPdifferdttial encoder 1107 along with one
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gener ati ng @neodpddiit is deretpentprodded o badtllmmudhsembdcr 1112 along with
encoded si gnal oiidk AR BheddRE bhUnlesd 9T, 10 2 com

muni cation C 3. The invention of claim2
_ wher ei n said gener at Inthe implementation of the structure of FIG. 11, various characteristics

and operating parameters will be different from those assumed above. . For example,
the number of bits in each RS word is now 10, rather than 9. Moreover, a double-
rather than a singlé-error—coxrecting RS code is now needed because the differential
decoder output is formed by finding the "difference” between successive pairs of
ten-bit words applied to it. Thus a single erroneous word at the input of the
differential decoder causes two erroneous words at its output. In light of the
foregoing, then, an illustrative code for use in RS encoder 1114 is a rate-k / k+4
systematic encoder over GF(2 m) with k = 156. Moreover, the operation of
RS encoder 1114 is synchronized with that of S/P converter 105 in such a way that a
nine-bit (two-bit) word is provided on lead 109 (108) for each of the first
156 successive 4D symbol intervals comprising a frame and no bits (one bit) are
provided in the remaining four 4D symbol intervals. Itis during these four intervals
that encoder 114 outputs the aforementioned four redundant words. Furthermore,
because there are now four redundant words per frame rather than two, and ten bits
per RS word rather than nine, a simple calculation will show that the stream of bits
from source 101 should now be clocked.into scrambler 104 at an average rate of
10.75 bits per 4D symbol interval.

More generally speaking, an overlapped multilevel code is one in which
a portion of the data to be encoded is processed by a first redundancy code of the
multilevel structure. A portion of the output of this first encoder together with
another portion of the data to be encoded is then processed by a second redundancy
code.

One may also describe the structure of FIG. 11, and the processing
performed thereby, by observing that a first portion of the input data (on leads 109
and 1121) is encoded using at least a first redundancy code (implemented by
RS encoder 1114) and, in this embodiment, using differential encoding
(implemented by differential encoder 1107) as well. A first encoded signal,
comprising the differential encoder output (on leads 1110 and 115) is thus provided.
At the same time, a second portion of the input data (on lead 1111) is encoded along
with a first portion of the first encoded signal (lead 1110) using a second redundancy
code (implemented by trellis encoder 1112) to provide a second encoded signal (on
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lead 1322, one is provided to differential decoder 1307 while the other is supplied
directly onto lead 221. The output bits of differential decoder 1307 on lead 1308 are
RS-decoded by RS decoder 1330. One output bit of the latter, corresponding to the
bit on lead 1121, is supplied to lead 221. The remainder are supplied to lead 232.

The foregoing merely ill

ustrates the principles of the present invention.

For example, the invention is illustrated herein in the context of a particular

multilevel coded modulation scheme

comprised, specifically, of two levels of

coding. However, it may also be used in schemes in which there are three or more
levels of coding, in which case the overlapping taught by the invention might still be
limited to only two of the levels or might extend over more than two levels.
Moreover, the invention is not limited to use with any particular type of redundancy
codes-—-such as the trellis or RS codes of the illustrative embodiment--nor to any

particular constellations, etc.

Moreover, although the disclosure hereof shows how overlapped

multilevel coding pursuant to the inv

ention may be used to particular advantage.in

multilevel coded modulation environments in which it is desired to include
differential encoding/decoding, those in the art may find reasons to use overlapped
multilevel codes in environments which do not require differential

encoding/decoding.

Additionally, it may be noted that, although the invention is illustrated
herein as being implemented with discrete functional building blocks, e.g., encoders,
mappers, etc., the functions of any one or more of those building blocks can be
carried out using one or more appropriately programmed processors, digital signal
processing (DSP) chips, etc. Thus although each of the various "means" recited in
the claims hereof may correspond, in some embodiments, to specific circuitry which
is specifically designed to perform the function of just that means, it will be
appreciated that such "means” may alternatively correspond, in other embodiments,
to the combination of processor-based circuitry with stored program instructions
which cause that circuitry to perform the function in question.
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Claims: .
1. A method for encoding input data (on 108, 109) comprising the step of
encoding (in 1114, 1107) a first portion of said input data (on 109, 1121)

at least using a first redundancy code (in 1114) to provide a first encoded signal (on
115, 1110) having at least a first portion (on 1110), '

CHARACTERIZED by the further step of

encoding a second portion of said input data (on 1111) along with said
first portion of said first encoded signal using a second redundancy code (in 1112) to
provide a second encoded signal (on 113).

2. The invention of claim 1 comprising the further steps of
generating (in 120) a signal representing at least said second encoded
signal, and :
applying (in 141) said signal to a communication channel (150).

3. The invention of claim 2 wherein said generating step comprises the
step of '
generating a sequence of channel symbols (in 120) selected from a
predetermined signal constellation (FIG. 4). :

4. A method for processing a data-bearing signal received from a
communication channel, said data-bearing signal being of a type generated by the
steps of encoding (in 1114, 1107) a first portion of input data (on 109,1121) at least
using a first redundancy code (in 1114) to provide a first encoded signal (on 115,
1110) having at least a first portion (on 1110); encoding a second portion of said
input data (on 1111) along with said first portion of said first encoded signal using a
second redundancy code (in 1112) to provide a second encoded signal; and
generating said data-bearing signal (in 120, 141) in response to at least said second
encoded signal, said method CHARACTERIZED by the steps of

decoding (in 1320) said received signal in accordance with said second
redundancy code to recover said second portion of said input data and a signal
representing said first encoded signal, and

decoding (in 1330) the recovered first encoded signal in accordance with
said first redundancy code to recover said first portion of said input data.

5. The invention of claim 4 wherein said second redundancy code is a
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sai d second encod , and sel ecting afc aye Ejy g r m each
subj ect- m“ﬁ“ ce in response to shifl sec @g ti of said
first en " The invention of {l &k , §id first
redun- dancy code i s a Reed- Sol onon code. 14.1l. A net hod for pr_'oce55| ng a

dat a- bearing si gnal recei ved froma communi cat recei ved
dat a- bearing sigpal bei ng of ,a ty engr at e t he ste of .encoding a
first portion 9958 Jhgreip the &ﬁ&mgﬂf'$¥‘§? F‘é’&ﬂﬁ eI to
provide a fir dikelirmaiddedodingnal having at |least a first portion; encodi ng a

second portion of said input data along with said first portion of said

first encoded signal using a second redundancy
6. Apparatus for encoding input data comprising

means (1114, 1107) for encoding a first portion of said input data at
least using a first redundancy code to provide a first encoded signal having at least
first and second portions,

CHARACTERIZED by means (1112) for encoding a second portion of
said input data along with said first, but not said second, portion of said first encoded
signal using a second redundancy code to provide a second encoded signal. '

7. The invention of claim 6 further comprising
means (120) for generating a signal representing said second encoded
signal and said second portion of said first encoded signal, and
means (141) for applying said signal to a communication channel.

8. The invention of claim 7 wherein said generating means includes
means (120) for selecting a sequence of channel symbols from a
predetermined signal constellation.

9. The invention of claim 6 wherein the first of said encoding means
includes
means (1114) for encoding said first portion of said input data using said
first redundancy code, and
means (1107) for differentially encoding the resulting data, first and
second portions of the differentially encoded data being included in said first and
second portions of said first encoded signal, respectively.

10. The invention of claim 9 wherein said second redundancy code is a
trellis code. .

11. Apparatus for processing a data-bearing signal received from a
communication channel, said data-bearing signal being of a type generated by the
steps of encoding (in 1114) a first portion of input data (on 109, 1121) using a first

~ redundancy code (in 1114) to provide a first encoded signal (output of 1114);
differentially encoding (in 1107) said first encoded signal to provide a differentially

This Sheet Has Been R

W



code to provide a second encoded signal; and generat- ing said data-bearing
signal in at least said second encoded signal, said nmethod

conprising the faa; 'decodi ng sai d received data-bearing signal in
accor- m““ mﬁ[@“}m‘ d second redundancy code to re- cover said
second p \Jf wsdkd tnput data and a signal representing said first
encoded signal, and decodi ng t he recove ed signal representing said first
encoded signal in accordance with said first redun- dancy code to
recover said first portion of said | nput dat a. 12. The invention of
clai m 11 whetusoded signaldaying firsiandrseeond periges (o 145; 1 E10); encediag (nkl 1gher ei n
It 'hE IS_t ﬁp Sf dsh%sﬁgipaaioﬁasfqaimﬁm\&& dleagwirbahid TirsSpdition of Siid HiffePéntidllyi mumM
| kel hoo eencc%g'ecf' sql'gnal using a second redundancy code to provide a second encoded signal;
and generating (in 120, 141) said data-bearing signal in response to said second
portion of said differentially encoded signal and second encoded signal, said
apparatus CHARACTERIZED by
means (1320) for decoding said received signal in accordance with said
second redundancy code to recover said second portion of said input data and said
differentially encoded signal,
means (1307) for differentially decoding the recovered differentially
encoded signal to recover said first encoded signal, and
means (1330) for decoding the recovered first encoded signal in
accordance with said first redundancy code to recover said first portion of said input

data.

12. The invention of claim 11 wherein said second redundancy code is a
trellis code and wherein the first of said decoding means is a maximum likelihood
decoder. '

13. The invention of claim 12 wherein said first redundancy code is a
Reed-Solomon code. T :
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encoding a first portion of input data using a first redundancy code
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provi de a second encoded si gnal . 24. The invention of claim23 further

-eonprmmg————n‘ea‘rr5‘fo’r"’generah ng'a signal’ represeﬁtgppgcgﬂqgi\qa@fﬁgm &%40
Second enco means for applying sa:rgglncgng&a pd 9
com‘run‘l El‘ !ﬂl‘ 25. The invention W&%lv@d y&h r,elfn }

I $1C *udes E el

gener atli® neans for generatl n ey g: L “Chanhel, ™
symbol's sel ected froma predetermned sign g %‘,q;{?)n ““: h[ ger‘
Apparatus for encodi ng i nput data COfT'lel sing means faor eTi ﬁ]ng 9 ?ﬁ”?gt
portion of said input data at | east using first redundancy code to
provide a  first encoded signal having at | éaBifi £5t REAEIREcaENT... ..
portions, and I claim:

1. A method for encoding input data comprising the
steps of
encoding a first portion of said input data at least
using a first redundancy code to provide a first
encoded signal having at least a first portion, and
encoding a second portion of said input data along
with said first portion of said first encoded signal
using a second redundancy code to provide a sec-
ond encoded signal.
2. The invention of claim 1 comprising the further
steps of
generating a signal representing at least said second
encoded signal, and applying said signal to a com-
munication channel.
3. The invention of claim 2 wherein said generating
step comprises the step of
generating a sequence of channel symbols selected
from a predetermined signal constellation.
_ 4. A method for encoding input data comprising the
e steps of
REPLACEMENT SHEET encodmg a first pomon of said input data at least
using a first redundancy code to provide a first
2 UAUG 1997 encoded signal having at least first and second
- portions, and
encoding a second portion of said input data along
with said first, but not said second, portion of said
first encoded signal using a second redundancy
code to provide a second encoded signal.

5. The invention of claim 4 comprising the further
steps of
generating a signal representmg said second encoded
signal and said second portion of said first encoded
signal, and
applying said signal to a communication channel.
6. The invention of claim 5 wherein said generatmg
- gtep comprises the step of
selecting a sequence of chaanel symbols from a pre-
determined signal constellation.
7. The invention of claim 4 wherein the step of encod-
ing a first portion of said input data includes the steps of
encoding said first portion of said input data using
said first redundancy code, and
differentially encoding the data encoded using said
first redundancy code, first and second portions of




means for encoding a second portion of said input B g said
4i r st—but—mot—said—second, por- tion of said f]7gt—eheotes—srgndl

usi ng undancy code to provide a secpn :

si gnal j‘mmﬂﬂ@lgﬂ“ll ‘mﬂnt ion of claim26 further co for.
gener at IsNQc I'ghals representing said sec- ond gn S i sai d
second portion of said first e.nc_odlead Ssignal, an ans lying
said signal to a conmmunication channel . 28. T o0« 0%~ eHai m

27 wherein said generating neans includes means for selecting a sequence
of channel synbols fr a predetermn I gnal _co l.ati on. 29.
The inventi o% of clai ntB® ‘}Oﬁ%‘?‘&?ﬁﬁ%%ﬂﬁ‘g@?fg% %e_mg iiaked'f
said first and second portions of said first encoded
signal, respectively.

8. The invention of claim 7 wherein said second re-
dundancy code is a trellis code.

9. The invention of claim 8 wherein said signal con-
stellation is comprised of a plurality of subsets of chan-
nel symbols, and wherein said selecting step includes
the steps of

identifying a sequence of said subsets in response to

said second encoded signal, and

selecting a channel symbol from each subject of said

sequence in response to said second portion of said
first encoded signal.
10. The invention of claim 9 wherein said first redun-
dancy code is a Reed-Solomon code.
11. A method for processing a data-bearing signal
received from a communication channel, said received
data-bearing signal being of a type generated by the
steps of encoding a first portion of input data at least
using a first redundancy code to provide a first encoded
signal having at least a first portion; encoding a second
portion of said input data along with said first portion of
said first encoded signal using a second redundancy
code to provide a second encoded signal; and generat-
ing said data-bearing signal in response to at least said
second encoded signal, said method comprising the
steps of
decoding said received data-bearing signal in accor-
dance with said second redundancy code to re-
cover said second portion of said input data and a
signal representing said first encoded signal, and

decoding the recovered signal representing said first
encoded signal in accordance with said first redun-
dancy code to recover said first portion of said
input data. _

12. The invention of claim 11 wherein said second
redundancy code is a trellis code and wherein the step
of decoding said received data-bearing signal comprises
maximum likelihood decoding.

13. The invention of claim 12 wherein said first re-
dundancy code is a Reed-Solomon code.

14. A method for processing a data-bearing signal
received from a communication channel, said data-bear-
ing signal being of a type generated by the steps of
encoding a first portion of input data using a first redun-




encoding a first portion of said input data |ncludes

s3i| d f_r_g_t,_pm_u_gn—ef——s—ard I nput dat a us;;

means for

S f fersntlallydencodlgg '
o R s ] .i@maz

portions of ‘said

i nvention of claim?29 wherein said secon
code. 31. The invention of claim 28 wherel n
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along with said first portion of said differentially en-

coded signal using a second redundancy code to pro-
vide a second encoded signal; and generating said data-
bearing signal in response to said second portion of said
differentially encoded signal and second encoded sig-
nal, said method comprising the steps of
decoding said received data-bearing signal in accor-
dance with said second redundancy code to re-
cover said second portion of said input data and
said differentially encoded signal,
differentially decoding the recovered differentially
encoded signal to recover said first encoded signal,
and
decoding the recovered first encoded signal in accor-
dance with said first redundancy code to recover
said first portion of said input data.

15. The invention of claim 14 wherein said second

redundancy code is a trellis code and wherein the step
of decoding said received data-bearing signal comprises
maximum likelihood decoding.
16. The invention of claim 15 wherein said first re-
dundancy cade is a Reed-Solomon code.
17. A method compnsmg the steps of
encoding a first portion of input data at least usmg a
first redundancy code to provide a first encoded
signal having at least a first portion,
encoding a second poruon of said input data along
with said first portion of said first encoded signal
using a second redundancy code to provxde a sec-
ond eacoded signal
communicating over a communication channel a
data-bearing signal representing at least said second
encoded signal,
receiving said data-bearing signal from said channel,
decoding said received data-bearing signal in accor-
dance with said second redundancy code to re-
caover said second portion of said input data and a
signal representing said first encoded signal, and
decoding the recovered signal representing the first
encoded signal in accordance with said first redun-
dancy code to recover said first portion of said
input data.
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18. The invention of claim 17 wherein said second
redundancy code is a trellis code and wherein the step
of decoding said received data-bearing signal comprises
maximum likelihood decoding.

19. The invention of claim 18 wherein said first re-

- dundancy code is a Reed-Solomon code.

20. A method comprising the steps of

encoding a first portion of input data using a first
redundancy code to provide a first encoded signal,

differentially encoding said first encoded signal to
provide a differentially encoded signal having first
and second portions,

encoding a second portion of said input data along
with said first portion of said differentially encoded
signal using a second redundancy code to provide
a second encoded signal,

generating a data-bearing signal in response to said
second portion of said differentially encoded signal
and second encoded signal and applying said data-
bearing signal to a communication channel,

receiving said data-bearing signal from said channel,

decoding said received data-bearing signal in accor-
dance with said second redundancy code to re-
cover said second portion of said input data and
said differentially encoded signal,

differentially decoding the recovered differentially
encoded signal to recover said first encoded signal,

" and

decoding the recovered first encoded signal in accor-
dance with said first redundancy code to recover
said first partion of said input data.

21. The invention of claim 20 wherein said second

redundancy code is a trellis code and wherein the step
of dccodmg said received data-bearing s:gnal comprises
maximum likelihood decoding.

22. The invention of claim 21 wherein said first re-

dundancy code is a Reed-Solomon code.

23. Apparatus for encoding input data comprising

means for encoding a first portion of said input data at
least using a first redundaacy code to provide a
first encoded signal having at least a first portion,
and

means for encoding a second portion of said input
data along with said first portion of said first en-

coded signal using a second redundancy code to

Y esponse
1] symbol
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said second encoded signal, and
-means for applying said signal to a communication

channel.

25: The invention of claim 24 wherein said generating

means includes

means for generating a sequence of channel symbols
selected from a predetermined signal constellation.

26. Apparatus for encoding input data comprising

means for encoding a first portion of said input data at
least using a first redundancy code to provide a
first encoded signal having at least first and second

portions, and

means for encoding a second portion of said input
data along with said first, but not said second, por-
tion of said first encoded signal using a second
redundancy code to provide a second encoded

signal.

27. The invention of claim 26 further comprising
means for generating a signal representing said sec-
ond encoded signal and said second portion of said

first encoded signal, and

means for applying said signal to a communication

channel.

28. The invention of c!axm 27 wherein said generating

means includes

means for selecting a sequence of channel symbols
from a predetermined signal constellation.
29. The invention of claim 26 wherein the means for
encoding a first portion of said input data includes
means for encoding said first portion of said input
data using said first redundancy code, and
means for differentially encoding the data encoded
using said first redandancy code, first and second
portions of the differentially encoded data being
included in said first and second portions of said
first encoded signal, respectively.
30. The invention of claim 29 wherein said second
redundancy code is a trellis code.
31. The invention of claim 28 wherein said signal
_ constellation is comprised of a plurality of subsets of
channel symbols, and wherein said selecting means

includes
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means for identifying a sequence of said subsets in
response to said second encoded signal, and

means for selecting a channel symbol from each sub-
set of said sequence in response to said second
portion of said first encoded signal.

32. The invention of claim 31 wherein said first re-
dundancy code is a Reed-Solomon code.

33. Apparatus for processing a data-bearing signal
received from a communication channel, said data-bear-
ing signal being of a type generated by the steps of
encoding a first portion of input data using a first redun-
dancy code to provide 2 first encoded signal; differen-
tially encoding said ‘first encoded signal to provide a
differentially encoded signal having first and second
portions; encoding a second portion of said input data
along with said first portion of said differentially en-
coded signal using a second redundancy code to pro-
vide a second encoded signal; and generating said data-
bearing signal in response to said second portion of said
differentiaily encoded signal and second encoded sig-
nal, said apparatus comprising

means for decoding said received data-bearing signal

in accordance with said second redundancy code
to recover said second portion of said input data
and said differentially encoded signal,

means for differentially decoding the recovered dif-

ferentially encoded signal to recover said first en-
coded signal, and

means for decoding the recovered first encoded sig-

nal in accordance with said first redundancy code
to recover said first portion of said input data.

34. The invention of claim 33 wherein said second
redundancy code is a trellis code and wherein the means
for decoding said received data-bearing signal is a maxi-
mum likelihood decoder.

3S. The invention of claim 34 wherein said first re-
dundancy cade is a Reed-Solomon code.

re- dundancy code is a
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OVERLAPPED MULTILEVEL CODES

Abstract

A multilevel coded modulation scheme trellis encodes (in 1112) a
portion of the input data and the resulting encoded stream is used to identify a
particular one of a predetermined number of subsets of symbols of a predetermined
signal constellation. The remaining input data is coded using a Reed-Solomon (RS)
code (in 1114) whose output is used to select for transmission a particular symbol
from the identified subset. In applications in which phase hits or other channel
phenomena may cause the received signal points to be phase-rotated versions of the
signal points that were transmitted, differential encoding (in 1107) is included in the
overall coded modulation scheme. In different embodiments, the differential
encoding/decoding and RS encoding/decoding are in different orders. In one such
embodiment, overlapped multilevel codes are used to preserve the advantages
afforded by taking a multilevel coding approach.

FIGURE 11
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