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The present invention relates to multilevel coded modulation useful, for

example, in voiceband data transmission (e.g., modem) applications.

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.
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.

Hlustrative articles describing multilevel codes are: A. Ushirokawa et al,
“Muliilevel Codes for High-Speed Voiceband Data Modem,” Proc. of IEEE
Globecom 1989, pp. 1971-5; J. Wu et al, "Multi-Level Muitidimensional 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, pp. 87-98. The Pottie article, in particular, suggests in
a very general way that the redundancy codes--referred to in the article as the
"component codes”--can be selected from any of a number of known types, including
1) binary block and convolutional codes, 2) coset codes (including Ungerboeck and
lattice codes), 3) codes on GF(2™) (e.g., Reed-Solomon codes), 4) uncoded bits,

5) any single- or multilevel partition code, or 6) the concatenation of class 3 with any
other class. _ -
Summary of the Invention

In accordance with the present invention, I have discovered that a
multilevel coded modulation scheme using a particular combination of two of these
types of redundancy codes can be particularly advantageous. In particular, a first
portion of the input data referred to herein as the "trellis-encoded bits" is trellis
encoded, and the resulting encoded stream is used to identify for each of a
succession of symbol intervals a particular one of a predetermined number of subsets
of symbols of a predetermined constellation. The remaining_input data ;__'efexre_d to.
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- scheme as a whole, i.e., the overall coding gain, would be determined, or

"dominated," by the error-rate performance of the non-trellis-encoded bits. The code
implemented by the RS coder, however, is such as to increase the error-rate
performance for the non-trellis-encoded bits to a level which is at least as great as
that provided for the trellis-encoded bits, so that the error-rate performance for the
coding scheme as a whole is higher, it being as great as that which the trellis code
provides for the trellis-encoded bits. Advantageously, it turns out that very simple
high-rate RS codes can be used in order to achieve this.

I have found two particular multilevel coded modulation schemes to be
particularly advantageous. The first uses four-dimensional (4D) constellations,
partitioned into eight 4D subsets; a 4D, 64-state trellis code; and a single-error-
correcting RS code. The second uses two-dimensional (2D) constellations
partitioned into four 2D subsets; a 2D, 64-state trellis code; and a double-error-
correcting RS code. Either of these schemes may be used to particular advantage in
two applications of current interest. One is the transmission of data at about |
19.2 Kbps over dial-up telephone channels. The other is the transmission of data at
speeds up to the so-called T1 rate of 1.544 Mbps over the so-called telephone
subscriber local loop such as is described generally in U.S. Patent 4,924,492 issued
May9, 1990 toR. D. Gitlinetal. -

The invention provides quite a number of advantages. For example, the
RS code requires very little redundancy to achieve a desired level of overall error-
rate performance, or coding gain; the bandwidth efficiency (bits per symbol) can be
made to approach that of a system in which the non-trellis-encoded bits are not
coded at all; errors due to impulse noise of any magnitude can be corrected; the
transmission of data at various different bit rates is easily accommodated; and the
multilevel coded symbols selected for transmission can be interleaved in order to



portion of the input data referred to herein as the "trellis-encoded bits"
is-trellis encoded, and the resulting encoded streamis used to identify
for each of a succession of synbol intervals a particular one of a
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principles of the invention; '

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
the transmitter of FIG. 1; '

FIG. 3 is a chart helpful in understanding some conventional
terminology and concepts;

FIG. 4 shows a two-dimensional constellation that may be used in the
transmitter of FIG. 1 either by itself or as a constituent of a higher dimensionality,
e.g., four-dimensional constellation; . |

FIG. 5 shows how a four-dimensional constellation used in the
illustrative embodiment is partitioned into eight subsets;

FIG. 6 is a table comparing various coded modulation schemes,
including multilevel coded modulation schemes embodying the principles of the
present invention; _

" FIG. 7 shows the frame organization used for the Reed-Solomon
encoder of the transmitter of FIG. 1; _

FIG. 8 shows ciréuitry which implements a particular trellis code used
by the trellis encoder of the transmitter of FIG. 1. |
Detailed Description

FIG. 1 is a block diagram of the transmitter portion of a telephone
voiceband modem utilizing a multilevel coded modulation scheme embodying the
principles of the invention. 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 froma predetermined 2N-dimensional signal constellation, which
symbols are modulated onto a carrier for transmission over a voiceband telephone
channel 150. | o -

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 _coinprised 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 consteilation--illustratively shown in
FIG. 3 as a so-called QAM constellation. (The number of signal points in the




8.. .) based on a rectangular lattice. The constellation is partitioned
into 4N subsets. The nunber of states of the trellis code is selected based
on the desired error-rate performance for the trellis-encoded bits. The
ertor-rate performance of the non- trellis-encoded bits, were they not to
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" 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
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 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 bundle 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 stream of bits on leads 108/109 are applied to an encoder 11
comprised of 4D, 64-state treilis encoder 112 and rate-158/160 Reed-Solomon
(hereinafter RS) encoder 114. In particular, the stream of bits, comprising a
succession of 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 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



two applications of current interest. One is the transm ssion of data at
about 19.2 Kbps over dial-up tel ephone channels. The other is the
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over the so-called tel ephone subscriber | ocal |oop such as is described
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also formed by combining 2D subsets, as indicated in the FIG. Thus, as another
example, 4D subset S3 is comprised of each 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 c, respectively--the 4D type labeled
(b,c). Since there are 4096 4D symbols overall and eight subsets, each 4D subset
contains 512 4D symbols.
~ In prior art, 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.

In accordance with the invention, however, the stream of bits on
lead 109 is not used to select a symbol directly. Rather, those bits are first encoded
by RS encoder 114, and it is the output of RS encoder 114--which is still in the form
of nine-bit words--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 Reed-Solomon encoded.

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. 7, 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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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 passband data signal representing
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 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.

We tumn, 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 circuitry 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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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-to-serial converter 270, descrambled
by descrambler 280, and applied to a data sink 290 which may be, for example, a
~ mainframe computer. :
~ The advantages of the invention can be understood by considering the

following: _ -

A given trellis code, when used in a unilevel coded modulation scheme,
i.e., one in which the non-trellis-encoded bits are not encoded at all, provides
particular respective levels of error-rate performance for the trellis-encoded and
non-trellis-encoded bits. For many trellis codes of interest, the error-rate
performance of the non-trellis-encoded bits is worse than that for the trellis-encoded
bits. Thus, the error-rate performance of the coding'scheme as a whole, i.e., the
overall coding gain, is determined, or "dominated," by the error-rate performance of
the non-trellis-encoded bits. More particularly, the error-rate performance for the
non-trellis-encoded bits is here a function of the minimum Euclidean distance
between the symbols within a subset.

(As will be well appreciated by those skilled in the art, the error- tc
performance of the trellis-encoded bits is principally determined by the minimum
Euclidean distance between different valid sequences of 4D symbols selected
respectively from different valid sequences of 4D subsets, that distance being
referred to herein as the "trellis distance." (A "valid" sequence is one that is allowed
by the trellis code to actually occur.) By contrast, the error-rate performance of the

- non-trellis-encoded bits is principally determined by the smaller of a) the trellis
distance, or b) the minimum Euclidean distance between different valid sequences of
4D symbols selected respectively from the same valid sequence of 4D subsets,
referred to herein as the "non-trellis distance.")
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2N-di nensi onal synbol is delivered to the transm ssion channel during N
-"signaling intervals" of duration T, one signal point in each signaling
interval. The assenbl age of all the different 2N-di nensional synbols used
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between them is thereby increased, the increase typically being such that the overall
error-rate performance becomes dominated by the error-rate performance of the
trellis-encoded bits. The overall error-rate performance is thereby increased. There
is a big price to be paid for this, however. The increase in the number of subsets
requires the use of a trellis encoder that has an increased number of trellis states in
the finite-state machine that implements the code. The complexity of the
maximum-likelihood decoder is roughly proportional to the product of the number of
subsets and the number of trellis states. Thus, the complexity of the maximum-
likelihood decoder is increased dramatically. Indeed, it may be increased to the
point that a practical and/or cost-acceptable iinplementation of the coding scheme
may not be possible. | :
The present invention, by contrast, uses the above-described Reed-
Solomon encoding, rather than an increase in the number of subsets, as the
mechanism for increasing the error-rate performance of the non-treilis-encoded bits.
Indeed, low-complexity RS codes are available that can increase the non-trellis
distance to a level which is greater than the trellis distance, with the result that the
overall error-rate performance becomes dominated by the error-rate performance
provided by the trellis code to the trellis-encoded bits. The latter will then dominate,
thereby providing an increased level of error-rate performance for the coding scheme
as a whole. Assuming, in the first instance, that the same trellis code is used, the
complexity of the maximum-likelihood decoder, advantageously, stays the same.
Moreover, a single-error-correcting RS code, such as is used in the above-described
illustrative embodiment, is highly bandwidth efficient. In the above embodiment, for
example, the "overhead" caused by the RS code is only 0.1125 bits per 4D symbol,
as previously seen. _
Since the error-rate performance of the trellis-encoded bits now
dominates, one can, at this point, achieve an even greater level of overall error-rate
performance, if desired, by using a trellis code which, although having more states,
_does not require an increased number of subsets. The overall effect, then, is to raise
the overall error-rate performance while incurring a relatively modest increase in
maximum-likelihood decoder complexity. '



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
conbi nati ons of two 2D signal points are used in this enbodiment, so that
“the 4D constellation is conprised of 642 .§.4096 4D synbol s.
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of bits on | eergbr-ﬁ&&iem&mme appl ied to an encoder 11 conprised of 4D,

_64_ state trellis enco e n%x en dupr, Hodula gglsc eme ed- %esn&e principles of the
present invention. It uses the same constellation, the same partitioning and the same
trellis code as scheme III. Now, however, the non-trellis-encoded bits are encoded
using a single-error-correcting RS code, such as the rate-158/160 RS code described
above. The table indicates, as discussed above, that the dominant error factor is the
trellis-encoded bits. As symbolically represented by the arrow at the left of the table,
the overall error-rate performance of this scheme is better than that of scheme III.

The top entry of the table, modulation scheme I, also embodies the
principles of the invention, but now uses a more powerful trellis code. Specifically,
that code is a 4D, 64-state trellis code which, advantageously, is based on the same
eight-subset partitioning of the same 4D constellation. The overall error-rate |
performance is again improved by virtue of the increased error-rate performance
which this code provides for the trellis-encoded bits. Note that, in this case, the
trellis distance is still not as great as that of the non-trellis distance, so that the error-
rate performance of the trellis-encoded bits still dominates.

The trellis code used by treilis encoder 112 for scheme I is implemented
by the circuitry of FIG. 8. In that FIG., each of the elements labeled “2T" is a delay
element which delays its input by 2T seconds, i.e., the duration of a 4D symbol
interval. The elements labeled "+" are exclusive-OR gates. This is a "systematic™
code, so that two of the three output bits on lead 113 are simply the two input bits
from lead 108. The third output bit is generated by the circuitry shown in response
to the two input bits and delayed versions thereof. As noted above, the three output
bits on lead 113 identify one of the eight 4D subsets S0, S1, ... S7. In particular, the
decimal value of the binary word formed by the three output bits--with the upper,
middle and lowest bits being the most-, second-most and least- significant bits—
defines the subset. For example, the bit pattern 100 appearing on leads 113 identifies
subset S4, since binary 100 is equivalent to decimal 4.



‘(hereinafter RS) encoder 114. In particular, the streamof bits, conprising
a succession of bit pairs, on | ead 108 are supplied to trellis encoder 112,
‘whose out put on lead 113 conprises three bits. These three bits identify
one of eight predeterm ned subsets of the 4096 4D synbols of the 4D
constellation. The synbols are assigned t@Qsubsets in the follow ng,
standard way: Each of the two 2D constituent constellations (FIG 4) of the

o and d. R G5 shouet Jﬂ%ﬂﬁéﬁép@ﬁ@“ﬂ% b o R T O B Bt DB o
each of the 2Pogexample,ialthough particulanbit mtes, codgs: constetlations and pamuomngs are
5:5 I nm;)a'; P?caém?ﬂ i}fﬂ?ﬁ@@?ft@:ﬁﬁ% | se‘g’w? greg?:ﬁk?q%% %8?%| cht he
first and sec&hperely illustrative. For example, various different source bn rates can be
accommodated via the use of a) RS words of different size (number of bits) in
combination with b) various different constellation sizes, without, in general, the
need to change, for example, the encoding/decoding algorithms of the RS and trellis
codes nor the RS frame length. Moreover, it may be noted that a 2N-dimensional
constellation may be comprised of constituent constellations of any lower order, e.g.,
a 4D constellation may be comprised of four 1D constellations. Also, certain 2N-
dimensional constellations may be such as to not be resolvable into constituent,
lower-dimensional constellations. Moreover, although the invention is illustrated
herein in the context of a passband transmission arrangement, itcan also b_c used in
~ baseband arrangements.

Moreover, although particular applications in which the coded
modulation scheme of the present invention are dxsclosed, the invention is usable in
other applications as well.

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.

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.



constituent 2D signal points are both taken fromeither 2D subset a or 2D
subset b. These conbi nati ons of signal points are denoted in FIG 5 by (aa)
and (b, b), each of which is referred to as a "4D type." Each of the other
4D, subsets, S1 through S7, is also forned by conbi-ning 2D subsets, as
indicated in the FIG Thus, as another exapple, 4D subset S3 is conprised

oI NS are i gy om 2D Subsets & and d, 1 espect ?Cﬂlllllf ORLIREIRLEAR: -oc o

(ad)--or from Subsets b and c, respectlvel y--the 4D type IMabél et (b,c).
Since there are 4096 Md‘@ymmesammtascommsmght subsets, each 4D subset
contains 512 4D synbolgse ond cbgé U2, 19 venti onal

trellis-coded nodul ati on ?T% ﬂ{ r?s rovi@ped on | ead 109 are

so-cal | ed "uncoded" b.%ans\m,lhlﬁieﬁﬁi%awlyw@mmbmw%m f slatato
partlcul ar syg@idfirst and3éconfd fddundiins tencdaﬁg iréspeGtively.tand bits on | ead 113.

Thus in a conventional TCM sche ni ne- d | ead . 1 vvoul d be
used to sel ect one of TTAPRIREMEANS ﬁ%zﬁ%mﬁe WEY‘@&RM dibset .

| n accor dancepredetermined 'sngnmlmunsnellathmmmxresponsmm the loaqmsodf said encoders,ead 109
IS not used to sel ect W %éﬁd &L@“@r

encoded by RS encoder % an ISH% %S‘% anc# encoder a%lé %I chis
still in the ¢mmdmﬂ%3010mn@9¢0®na§8muw§d to select a particul ar

synbol fromthe identified subset. The overall coding schene, then, is a

"mul tilevel coded nodul ation" schene e L.
2. The invention of claim 1 wherein said signal constellation is

comprised of a plurality of subsets of channel symbols, wherein said mapping means
a) identifies a sequence of said subsets in response to the output of said trellis |
encoder, and b) selects a channel symbol from each subset of said sequence in
response to the output of said Reed-Solomon encoder.

3. The invention of claim 2 further comprising means (141) for
generating a passband signal representing the channel symbols provided by said
mapping means and for applying said passband signal to a transmission channel.

4. The invention of claim 2 wherein said mapping means and said trellis
encoder, in combination, provide a first particular level of error rate performance for
said first stream of data and wherein said mapping means, said trellis encoder and
said Reed-Solomon encoder, in combination, provide a second particular level of
error-rate performance for said second stream of data which is at least as great as
said first particular level of error rate performance.

§. Receiver apparatus for processing a received signal that was generated
by applying first and second data streams to a trellis encoder (112) and a Reed-
Solomon encoder (114), respectively, to provide first and second encoder output
streams, respectively, and by thereafter providing, in said generated signal, channel
symbols selected from a predetermined signal constellation in response to said first
and second encoder output streams, said receiver apparatus

CHARACTERIZED BY
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in that there are multiple--in this case, two--1I|evels of i"nti'ut bi-t-s—bei ng

encoded. Specifically, some of the bits are trelli j/m t he
rest--the so-called "non- trellis-encoded" bits-are/s W'MWH oded.
RS encoder 114 is of a known type--illustratively, a cénvents '8 at e- k/
k+2 systematic encoder over GF(29) with k 5 158. Reed Sol onon codi ng and

decoding is described, for exanple, in Mchelson et al, Error Control

‘Techni ques for Digital Conmunication, Chapter 6, John WIley and Sons, 1985.
As such, encoder 114 pma@O)t@ianmwmmMMcm;%mﬁwmm 7,

each RS frame fromaaidiretdiael ignal @9 sdid ficst dats sthrarian@ by sdid Kecondedcoder ougat
115. Since the RS code is a so-called systematic code, the first k = 158
words of the fFEAR are si nply. 158 successive input words fromlead 109.
These are referred to h&ReediSolomormdecoder @3@Randn- beari ng words." The | ast

two-words of the 160-wyld @?ﬁ ’ = F"rgg g‘;tR gﬁﬁ ted
in response to the val uegngo gﬁfﬁpga‘gl%?}v%rgvs |%§gg§c ance W ?ﬁg

sel ected RS cdasaidReed-Solemen deender to mreves saidgecond data steeamt. r st recovered in
the receiver, the presence of these two redundant words therein

6. A method CHARACTERIZED by the steps of
applying first and second streams of data to a trellis encoder (112) and a
Reed-Solomon encoder (114), respectively, and
generating (on 150), in response to the outputs of said encoders, an
output signal representing channel symbols selected from a predetermined signal
constellation.

7. The invention of claim 6 wherein said signal constellation is
comprised of a plurality of subsets of channel symbols, and wherein said generating
step includes the steps of :

identifying a sequence of said subsets in response to the output of said
trellis encoder, and '

selecting a channel symbol from each subset of said sequence in
response to the output of said Reed-Solomon encoder.

8. The invention of claim 7 wherein said generating step includes the
steps of | '
generating, as said output signal, a passband signal representing the
selected channel symbols, and _
applying said passband signal to a transmission channel.

9. The invention of claim 7 wherein the combination of said applying
and generating steps provides a first particular level of error rate performance for
said first stream of data and a second particular level of error-rate performance for
said second stream of data which is at least as great as said first particular level of
error rate performance.

10. The invention of claim 4 or 9 wherein said constellation is a 2N-

dimensional constellation based on a rectangular lattice, N being one of the
S e e
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-6- nmakes possible the identification and correction of any single,
erroneously recovered one or two erased ones of the 160 words. This
particular RS code is thus referred to as a singl e

code. The operation of RS encoder 114 is synchroni HW’"@"W’HMS/P
converter 105 in such a way that a nine.Qt. word is*provided os |ead 109
for each of the first 158 successive 4D synbol intervals conprising a frame
and no bits are V. in the remj nin 4D,synbol intervals. It is
during these“i‘ﬁ\!fg?gt% glsﬂ"ﬁa‘?”%ﬂ%“‘%&ﬁf’ﬁ%?é%e af orementi oned two
redundant words. As previously described, three bits are
supplied on | ead 113 o} . 4 e | ve bits
are thus supplied oni W@E&g %{qﬂfé? R%“ERE%NIIQ& W%I -three of
the bits (I e§elom¢3yenced¢nmp}¢mgnaa4mgtqﬂmmum8%&qhmugmdme of the
bits (lead 115) selecting a particular synbol of that subset. Those bits
are provided to 4D, ?4 M constel | at,i on mapper 120, .whj.ch oufputs
representations (e.g inyention @%é%&f%‘f“ﬂs#‘ﬁymﬁﬁ" tituent 2D
si gnal poi nt $mplements afour-dxmensmnal 64-state treilis encoder.

13. The invention of claim 5 or 10 wherein N is 1, and said Reed-
Solomon encoder implements a double-error-correcting Reed-Solomon code.

14. The invention of claim 8 or 13 wherein said trellis encoder
implements a two-dimensional, 64-state trellis encoder.

" This Sheet Has Been Reﬂ

AR




“of the selected 4D synbol. Those representations are applied to
conventional nodul ator 141, which applies to channel 150 a passband data
signal representing 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 synbol interval, as noted above. O the
twel ve bits needed to select a particul ar one of the 4096 4D synbols of the

o average of o MLATEEVE CABING UG RIECLIS.LOBRYMUDUE ATIERE®! 0"
redundant words, are introdudNDREED QLEOMONIEODES a result, the data

rate for sour&&% needs to be (12 - 1 - 0.1125) = 10.8875 bits per 4D

synbol inter now, to the receiver of FIG
The receiver recei vesAfPBHIEdeﬁﬁéqd mogdulatien %ﬁ@ﬁéﬁ&%ﬂd@@hhﬂ)g’eﬁmﬁ?ed

by the trans rbft:heinpai dith Qndlthe ?&m@g@aabddd%ueamss us’m:(m mb)tte identify a
equal i zer/dem)duﬂ@gor c%fr cui 2 ﬁ? f nb nt| 0 fﬂ];@}ggéj(ﬁ)n
recovers a scRpmH ag}ﬁﬁ‘ﬁ’%m"ﬂ NUAPET Pt Sposs n°I rpiiped
decoder 22 arsignalvonst¢llationc The rémaining inpati dnmis Icoﬂcd uiimg)ai M-«Sdk)mdQ(RS)
therein. Bec f e uitry
210 is not ab t(ﬂl %ﬁ)%h%éhp@ﬁf?é?lsg#&{ele?ﬂe Si gn p0| on Isgﬂcybgll are
somewhat di spfremdbe idendiied:subsett In ppplicationsintwiich phuedmlorpdiencbamnht wer e
transmtted. gignbinend Ay calidl thé feceived sighBIdifs & be phase-rotated versions of the
signal points that were transmitted, differential encoding 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. '
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maxi mum | i kel i hood decoder 220 is a) to determ ne-based on a know edge of
the'trellis code used by trellis encoder 112--what the nost |ikely sequence
of transmtted 4D synbols actually was, and b) to provide on | eads 221 and
222- el even bits — -7-
corresponding to those 4D synbols, i.e., ccEi}sponding respectively to the
bits on leads 108 and 115 in the transmtte& | o The remai nder of
the processing perforned in the receiver of TEFEL2 is the inverse of
processing perfornmed in the transmtter. Thos) in particul ar, RS decoder
230 within decoder 22 operates on ea f 160 nine-bit words
on |lead 222 to recover the 158 infor qgging ni ng-bit words therein.

tion-b

141

I n =
e }
(e
O
-
- S
c Dum—
N ==
— < < J
Qo 5 O.
- | wd Q.
SH=
©w L
O
(&)
w
o
r——————fm—————
| Q=
| cog H
| oz S xS
e — Ld -—
—dbd =+ _jo a5 I35 I
-7 W OS | - O }
NS 1 o 2 |
= =
| = w o S5 —_ I
'I.s.l "<-l.l..l =) [
wl
| o< oz = |
______ —_——
[+ @]
[ ]
-—
o~
[=>4
Lad
[T—
' & 5
)
- =
2 cnz
[ ]
()
o=
L
_ —
<~ =€
o — (=
Q (45
L
N =
i
o
S =
S '
- = i '
= ~ This Sheet Has Been Replaced
- -
— e Q2
™y - 2
- p— a0
(Ve ]




particular, as noted above, the decoder is capable of identifying and
correcting any error-corrupted single nine-bit word or two erased words
provi ded by maxi num |ikeli hood decoder 220. The stream of 158 corrected
information-bearing words is supplied by RS decoder 230 on | ead 232. The

el even bits on | eads 221 and 232 are thereafter converted to serial forn1by
paral l el -to-serial converter 270, descr scranbl er 280, and
applied to a data sink 290 which naggbe anplfe, a mai nfrane conputer
The advantages of the invention can®Re& od by considering the

f ol | ow ng: A given trellis sed in a unilevel coded
nodul ati on schene, i.e., one in which the nog-trellis-encoded bits are not
encoded at all, provides particular res e levels of error-rate
performance for the trellis-encoded and non-aét el li §-encoded bits. For many
trellis codes of interest, the error-rdte petdormajce of the
non-trellis-encoded bits is worse tBQ |t hat Sr the¢ trellis-encoded bits.
Thus, the error-rate performnce ofc?he codigly sch¢ne as a whole, i.e., the
overall coding gain, is determined, or ["dom@hted,| by the error-rate
performance of the non-trellis- encoded bits.tehbre particularly, the
error-rate performance for the non-trel bits is here a function
of the nini mum Eucl i dean di stance between th synbols within a subset.
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(As will be well appreciated by those skilled in the art, the error-rate
performance of the trellis-encoded bits is principally determ ned by the

m ni nrum Eucl i dean di stance between different valid sequences of 4D synbols
sel ected respectivefy from d| fferent valid sequences of 4D subsets+—that

di stance being referred to hékein as the§'trellis digtance." (A "v#lld"
sequence is one thaf is allomeﬁ\by the trlellis cod# to actually ocqur.) By
contrast, the errorfrate performgce of tlhe non-grellis-encoded bitls is -
principally determped by the smaller of [a) the trellis distance, 4qr b) the
m ni mrum Eucl i dean dj st an bet ween differlent valid sequences of 4D{synbol s
sel ected respective y:liranhe saee vagi d sequenge of 4D subsets, rjeferred
to herein as the " n<£r@+lls dlstance ") :
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If the overall error-rate performance is not adequate or acceptable for a
gi ven application, the prior art approach is to partition the constellation
into a greater nunber of subsets. Since there are then fewer synbols per
subset, the distance between themis thereby increased, the increase
typically being such that the overall error-rate performance becones

dom nated by the error-rate'perfornance of the trellis-encoded bits. The
overal | error-rate perfornmance is thereby increased. There is a big price
to be paid for this, however. The increase in the nunber of subsets
requires the use of a trellis encoder that has an increased nunber of
trellis states in the finite-state nachine that inplenents the code. The
conpl exity of the maxi mum i kel i hood decoder is roughly proportional to the
product of the nunber of subsets and the nunber of trellis states. Thus,
the conplexity of the maxigum |ikelihood decoder is increased

dramatically. Indeed, it (53 i4kreased to the point that a practi cal
and/ or cost-acceptabl e inplenmentation of the coding schene may not be
possi bl e. : The present invention, by.contrast, uses the

above-descri bed Reed- Sol onon encodi ng, raYher than an increase in the
nunber of subsets, as the nmechanismfor ingreasing the error-rate

per formance of the non-trellis-encoded bit§ | ndeed, | ow conplexity RS
codes are available that can increase the fon-trellis distance to a |evel

which is greater than the trellis distancel with the result that the
d b b d
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overall error-rate performance becones dom nated by the error-rate
performance provided by the trellis code to the trellis-encoded bits. The
l.atter will then dom nate, thereby providing an increased | evel of
error-rate performance for the coding scheme as a whole. Assum ng, in the
first instance, that the same trellis code is used, the conplexity of the
maxi mum | i kel i hood decoder, advantageously, stays the same. Moreover, a
single-error-correcting RS code, such as is used in the above-described
illustrative enbodinent, is highly bandwidth efficient. In the above
enbodi nent, for exanple, the "overhead" caused by the RS code is only
0.1125 bits per 4D synbol, as previously seen. Si nce the
error-rate performance of the trellis-encoded bits now dom nates, one can,
at this point, achieve an even greater |evel of overall error-rate
performance, if de5|r?? ng a trellis code which, although having
nore states, does not 1- kre n i ncreased nunber of subsets The overal
effect, then, is to raise the overall error-rate erformance while

incurring a relatively nodest increase in YMBQY i hood decoder
conplexity. 4D 64-0AM CONSTELLATION
30 S2 54 S S1 83 S5 97
2 B U /1 LN\

FIRST 4D TYPE (a,u) (o,b) (cc) (d)  (aie) (a,d) (c.b) (c.0)
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9- The foregoing is illustrated graphically in the table of
FIG 6. W take as a "baseline" the nodul ation schene Il shown in the
table. This schenme is based on the 4096-synbol, 4D constellation descri bed
above and partitioned into eight subsets as al so descri bed above. As shown
in the table, this schene uses a) a 4D, 16-state trellis code for the
trellis-encoded bits--illustratively the one disclosed in L. Wi, "Trellis
Coded Mbdul ation with Miltidinensional Constellations,” EEE Transactions on
| nformati on Theory, July, 1987, and b) no coding for the remaining,
non-trellis-encoded bits. For this schene, the non-trellis-encoded bits

dom nate the error-rate perfornmance. The next entry up,
nodul ati on schene |1, enbodies the principles of the present invention. It
uses the sane constellation,-fhe—sam? part+ontRg—aheqfhe same trellis
code as schene Il1. Now, hoyever, tlhe&on{trfRlig-&nhcodq¢d bits are encoded
using a single-error-correct nggRS co@8, g$ucBlas qu raffe- 158/ 160 RS code
descri bed xE || = = L
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above. The table indicates, as discussed above, that the dom nant error
factor is the trjellis-encoded bits. As synbolically represented by the
arrow at the lefft of the table, the overall error-rate performance of this
schene is bettef than that of schene II1. : The top entry of the
table, modulatign schene |, also embodies the principles of the invention,
but now uses a re pomerful trellis code. Specifically, that code is a 4D,
64-state trel "™ code which, advantageously, is based on the same

ei ght - subset partitioning of the sane 4D constell ation. The overal

error-rate perfor@ﬂf%; gain inproved by virtue .of the i ncr eased
error-rate perforfiancé ‘which this code provides for the trellis-encoded
bits. Note that, ip~th$—ease—the—t+reHis—distaree—+s—sti-ht—Retyas great
as that of the nor-tfellis3diltance, so that th eQrOf-Q%ﬂeeBer ormance of
the trellis-encoddd $ Ql] dom’nétds® ° q$gtr i § code used
by trellis encoder Wﬁ nBi'ﬂ-§r onp | g iJrLIpmnn E@FE&/ t pjiJEerisii ry of FIG

8. In that FIG, each of the elenents |abeled "2T" isa delay elLenent which
delays its input Qy 2T seconds, I.eV the duration of a 4DMynbol interval
The el ements | abelled "+" ' gﬁﬂﬁ; Thi s ematic"
code, so that two |of the ?Ersewumn f?g on | ead 112! %E{%UNEKN the two
input bits fromlgad 108. The thi put bit is genera B he
circuitry shown irn response to the t ?BE bits and del ayed vegsions

t hereof. As noted HBUVET'FHE‘FHT€€7£$R5 tsonTeao T3 |deﬂr'fy one of
the eight 4D subsets SO, Si,... . In particular, the
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formed by the three output bits--HPFHE Pae

deci rfal val ue t{i
upper, mddle gHg I ng the nost-, second-nost and | east-
significant biftsF defines sybset. For exanple, the bit-pattern 100

S subset S4, since binary 100 is equival ent
- 10-

the principles of the present invention.

The foregoi nglnere '

For exanpl e, Lﬂ%ul af bit rBes, codes, constellations and
partitionings MGIL € -
N, k, etc.) are us'g the %gﬂ(?g#mg@ﬁ)ﬁ@wm%l e,

various different. source bi ANRIREEDSOLOMONCADEScd via the use of a) RS

appearing on lle ds"m@UNd@%'

to deci mal 4.

wor ds of di M size (nunber of bits) in conbination with b) various
different c ation sizes, wthout, in general, the
A multilevel coded modulation scheme trellis encodes (in 112) a portion

of the input data, and the resulting encoded stream is used (in 120) 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 114) 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 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 mulitilevel coding approach.

FIGURE 1.
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need 't o change, for exanple, the encodi ng/ decoding al gorithnms of the RS and
trelliss codes nor the RS franme | ength. Mreover, it may be noted that a

2N- di ensi onal constel | ation may be conpri sed of constituent constellations
of any | ower prder friconstel l ati on may be conprised of four 1D
constelIationiﬂléﬁﬁaﬂﬁﬁﬁqkéﬁﬁ N- di nengi onal constellations nay be such as
to not be respl yapte T At O co stli tuent, | owars di nensi onal constell ations.

Mor eover, alt1o h‘%p%§ ion is illustr&pd herein in the context of a
passband trangnis r nge nt, it can &&Sp-ge used in baseband
arrangenents. Meteolver, althougw

oartlcular applications in
whi ch the code¢d nodul ati on schepe &0t i on are di sclosed,
the inventionTs usapre Th ot her appl catlongzas wel |
Additionally, it may be noted that®<a though Khe inveftion is illustrated
herein as being inplenented with discrete fuEtional building blocks, e.g.,
encoders, nmappers, etc., the functions of anggone or pore of those building
bl ocks can be carried out usi ng one o ety progranmed
processors, digital signal processing (DSP) etc. Thus al though each

of the various "neans" recited in therete . ef—gy correspond, in sone
enbodi nents, to specific C|rCU|try whi ch i eci ficalfly designed to
performthe function of just that % i glg be appreciated that such
"means” may alternatively correspond =y l_‘_‘gfr‘oodinsnts,
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t-0 the combi nation of processor-based circuitry with stored program
I nstructions which cause that circuitry to performthe function in

guestion. It will thus be appreciated that those skilled in the
art will be able to devise nunerous and various alternative arrangenents

whi ch, al though not explicitly shown or described herein, €
principles of the invention and are within its spirit and
11 . | claim 2 1. Transmtte
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nean§ for applying first and seco
said first and second redundancy

tively,

| ected froma predeterm ned signa
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n oder respec-

dUNJ ng channel synbal s se-
nsteIJatlon n response to the

to

g;‘l_:z”,
L d

nmappi ng

out puts of said encoders, said signal constellationf having a plurality of
subsets of chan- S nel | synbol s being
separ at ed {rom each oBher by a predet er m ned—ght st ance,
characterized in thatl said first and secdnd encodgrs are
atrellis encoder and a Reed- Sol™onon encéder, 4
respectively, and wherein: M o ®sai & mappi ng neans a)|l identifies
a sequence of said = supsets in response to the out put of
said trellis en- = =S e Cqdef, qthe sequence having g trellis
. —
di stance, and b) ~ sel eft s a channel synbol frcn1each
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sai d Reed- 5 Sol enon eengoder, sand t he
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di st ance.
means

nel
sai d passband signa
invention of claim1 wherein said mapping
trellis encoder, in conbination, provide
| evel of error rate performance for said
and wherei n said mappi ng neans,
Reed- Sol onon-encoder, in
particul ar |evel of error-
stream of data which

articular |evel of error
2. The invention of Qlain1LFaL€;eiﬁ4said
stellation is a 2N di nensi onal
"rectangul ar |attice, N being an integer.
of claim4 wherein there are 4N of

is at

!
A

said.trel }i
comnbi nati on
rate performan
| east as great
rate performanck
si gnal
constell ati on based on a

2. The invention of claim]l
for generating a passband signal
synbol s provided by said mappi ng neans and for
to a transm ssion chapnel.

con-

further conprising

representing the chan-
app! yi ng

3. The
neans and said
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6. The invention of claim5 wherein said Reed- Sol o- non
encoder inplenents a single-error-correcting Reed- Sol onon
code. 7. The invention of claim6 wherein said trellis en-

coder inplenments a four-dinmensional trellis encoder.

-12- 8. The invention of claim5 whereingsaid Reed- Sol
| npl ements a doubl e-error-correcting Reed- Sol onon- code.
of .claim8 wherein said trellis en- coder inplenents a tmf_dlquﬁbﬁnﬁ Le

trellis encoder.
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10. Receiver apparatus for processing a received signal
by applying first and second data streans to a trellis encoder and a

Reed- Sol onon encoder,

respectively,

out put streans, respectlvely,

generated signal, a sequence of chan-

and by thereafter providing,

t hat was generated

to provide first and second en- coder

nel synbol s havi ng eRﬁﬁgiﬁﬁﬁﬂﬁTESHﬁEE

and being selected froma predeterm ned 2N.di nensi onal
N bei ng an i nteger

tion based on a rectangul ar

di st ance, said channel

out put stream

synbol s
second encoder output streans
i ncl udi ng a maxi mum | i kel i hoog
received signal a) said first

6

FIG.
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constellation conprising a plurality of sub-
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sets of channel ! 1396
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a Reed- Sol onon decoder, and means for applying said recovered second
encoder" out put strean1to sai d Reed- Sol onon decoder to recover said
second data stream 11. A nethod conprising the st.eps of applying first
and second streans of data to a trellis encoder '
encoder, respec- tively, and generating, in rgs ~4¥g-!
of said encod- ers, an output signal representing channel syﬁB“1s
selected froma predeterm ned signal constellation, taunhsrg%
constellation conprising a plurality of subsets of__channel synbpl
separated by a predeter- . m ned distancé and wherei n sairdgene+satj ng
step I ncl udes thgﬂ?ngsé?f I dentifying a seq sai d subgets in
response to t he said trellis encoder, the sequence havi ng
atrellis distance, selecting a channel s mbol from each subset of

said 9 9 | 9 9 9
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sequence in
wherein the
di st gnce.”
generating

out put signaj},
synbol

channel
transm ssi on

_—

N O 0 o o

" characterized in that said first and second encoders

T NI S tput of said Reed- er.,..

e INCEN i|s ‘greater thanit he_}?pr éﬁ@t@ﬁ an%d-;.;‘
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1. Transmitter apparatus compnsmg
first and second redundancy encoders, -

" means for applying first and second streams of data to
said first and second redundancy encoders, respec-
tively,

mapping means for providing channel symbols se-
lected from a predetermined signal constellation in
response to the outputs of said encoders, said signal
constellation having a plurality of subsets of chan-
nel symbols, the channel symbols being separated
from ecach other by a predetermined distance,

~ are a trellis encoder and a Reed-Solomon encoder,
respectively, and wherein:
said mapping means a) identifies a sequence of said
subsets in response to the output of said trellis en-
coder, the sequence having a trellis distance, and b)
selects a channel symbol from each subset of said
- sequence in response to the output of said Reed-
Solomon encoder, and
~ the trellis distance is greater than the predetermined
distance.
2. The invention of claim 1 further comprising means
for generating a passband signal representing the chan-

‘nel symbols provided by said mapping means and for
- applying said passband signal to a transmission channel.

3. The invention of claim 1 wherein said mapping
means and said trellis encoder, in combination, provide
a first particular level of error rate performance for said
first stream of data and wherein said mapping means,

* said trellis encoder and said Reed-Solomon.encoder, in

combination, provide a second particular level of error-
rate performance for said second stream of data which
is at least as great as said first particular level of error
rate performance.

4. The invention of claim 1 wherein said signal con-

_stellation is 2 2N-dimensional constellation based ona
rectangular lattice, N being an integer.

S. The invention of claim 4 wherein there are 4-N of
said subsets.

6. The invention of clalm § wherein said Reed-Solo-
mon encoder implements a single-error-correcting

- Reed-Solomon code. -

7. The invention of claim 6 wherein said trellis en-
coder implements a four-dimensional trellis encoder.
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13. The inventi
appl yi ng and gen
error rate perfo
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particul ar | evel -r

dat a whi ¢ s at | east ad dreat jas-said first part [ cuI ar | evel

error rate perfofnance. 4. The invention of claim1l1l wherein sal-d
si gnal congtellation.is.a-2N di nensional constellati on based on

a rectangular latti o Tht BRAficH of BIAAES § wherein stid Recd Bifol nvent | on of

I nvention of clai Egﬁ}x ggglﬁ%% ot égilsg'r%’ﬁr%%%n er inplenents

a single-error-cor ??ee Sol omon code, 17. The
i nvention of claim 1% rdayenter oft 8 Hcremép,@o&@,l Iis A8t enent s a

f our - di mensi onal teeder @mlnmmatwo-dlmcns@sal trellis easadenn of claim 15

wherein said Reed. 10. ReSeivenvapmaratai for nptanessing a received
~doubl e-error-corr esighaipthat was generated by applying first and second

data streams to a trellis encoder and a Reed-Solomon
encoder, respectively, to provide first and second en-
coder output streams, respectively, and by thereafter
providing, in said generated signal, a sequence of chan-
nel symbols having a trellis distance and being selected
from a predetermined 2N-dimensional signal constella-
tion based on a rectangular fattice, N being an integer,
said signal constellation comprising a plurality of sub-
sets of channel symbols separated by a predetermined
distance, which is less than said trellis distance, said
channel symbolis being selected in response to said first
and second encoder output streams, said receiver appa-
‘ratus comprising
means including a maximum likelihood decoder for
recovering from said received signal a) said first’
data stream and b) said second encoder output
stream,
2 Reed-Solomon decoder, and
means for applying said recovered second encoder
output stream to said Reed-Solomon decoder to
recover said second data stream.
11. A method comprising the steps of
applying first and second streams of data to a trellis
encoder and a Reed-Solomon encoder, respec-
tively, and
generating, in response to the outputs of said encod-
ers, an output signal representing channel symbols
selected from a predetermined signal constellation,
said signal constellation comprising a plurality of
subsets of channel symbols separated by a predeter-
mined distance, and wherein said generating step
includes the steps of:
xdentxfymg a sequence of said subscts in response to
the output of said trellis encoder, the sequence
having a trellis distance, and -
selecting a channel symbol from each subset of said
sequence in response to the output of said Reed-
Solomon encoder, wherein the trellis distance is
greater than the predetermined distance.



Reed- Sol onon code... ... 19. The invention of claim 18 wherein said

trellis _

e

TREPI?ACE‘WENQ%ET two- di mensi onal t+eblis encoder.
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12 The invention of claim 11 wherein said generating
step includes the steps of
generating, as said output signal, a passband signal
representing the selected channel symbols, and
applying said passband signal to a transmission chan-
nel.

' 13. The mvcntxon of claim 11 wherein the combma-
tion of said applying and generating steps provides a
first particular level of error rate performaace for said
first stream of data and a second particular level of
error-rate performance for said second stream of data
which is at least as great as said ﬁrst particular level of
error rate performance.

14. The invention of claim 11 wherein said signal
constellation is a 2N-dimensional constellation based on

- a rectangular lattice, N being an integer.

15. The invention of claim 14 wherein there are 4N of
said subsets. -

16. The invention of claim 15 wherein said Reed-
Solomon encoder implements a single-error-correcting
Reed-Solomon code. -

17. The invention of claim 16 wherein said trellis
encoder impiements a four-dimensional trellis encoder.

18. The invention of claim 15 wherein said Reed-
Solomon encoder implements a double-error-correcting
Reed-Solomon code.

19. The invention of claim 18 wherein said trellis
encoder implements a two-dimensional trellis encoder.
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MULTILEVEL CODING USING TRELLIS-CODED MODULATION
AND REED-SOLOMON CODES

-1-

- Background of the Invention

The present invention relates to multilevel coded moduladon useful, for
example, in voiceband data ransmission (e.g., modem) applications.

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 joindy to select channel symbols from a predetermined signal constellaton for
ransmission 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.

Olustradive articles describing multilevel codes are: A. Ustdrokawa et al,
"Multlevel Codes for High-Speed Voiceband Data Modem," Proc. of [EEE
Globecom 1989, pp. 1971-5; J. Wu et al, "Multi-Level Mulddimensional Trellis
Codes,” International Symposium of Information Theory, Abstracts of Papers.
sponsored by IEEE Information Theory Society, 1990, p. 110; and Porde et al, -
"Muldlevel Codes Based on Partitioning,” IEEE Transactions on Information Theory
Vol. 35, No. 1, January, 1989, pp. 87-98. [The Pottie article, in particular, su |

a very general way that the redundancy codes--referred to in the artieleds the
“"component codes”--can be selected from any of a n of known types, including
1) binary block and convolutGonal code oset codes (including Ungerboeck and

lattice codes), 3) codes on (e.8., Reed-Solomon codes), 4) uncoded bits, _
5) any single- ce-riltilevel partition code, or 6) the concatenation of class 3 with anyJ |

- Summary of the Invention | |
' - In accordance with the present invention, [ have discovered that a
multilevel_ coded modulation scheme using a particular combination of two of these
types of redundancy codes can be particularly advantageous. In particular, a first
- portion of the input data referred to herein as the "wellis-encoded bits” is wellis
encoded, and the resulting encoded stream is used to identify for each of a
succession of symbol intervals a particular one of a predetermined number of subsets
_ of symbols of a predetermined constellation. The remaining input data referred to



