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The pre}/e i nvention rélates to.-the transmission of digital data.
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5 It is generally acknowledged that some form of digital

transmission will be required for the next generation of television
technology, conventionally referred to as high definition television, or
HDTYV. This requirement is due mostly to the fact that much more
powerful video compression schemes can be implemented with digital signal

10 processing than with analog signal processing. However, there has been
some concern about getting committed to an all-digital transmission system
because of the potential sensitivity of digital transmission to small variations
in signal-to-noise ratio, or SNR, at the various receiving locations.

This phenomenon--sometimes referred to as the "threshold

15 effect"--can be illustrated by considering the case of two television receivers
that are respectively located at 50 and 63 miles from a television broadeast
station. Since the power of the broadcast signal varies roughly as the
inverse square of the distance, it is easily verified that the difference in the
amount of signal power received by the television receivers is about 2 dB.

20 Assume, now, that a digital transmission scheme is used and that
transmission to the recéiver that is 50 miles distant exhibits a bit-error rate
of 10~ 8, If the 2 dB of additional signal loss for the other TV set translates
into a 2 dB decrease of the SNR at the input of the receiver, then this
receiver will operate with a bit-error rate of about 10~ 1. With these kinds

25 of bit-error rates, the TV set that is 50 miles away would have a very good
reception, whereas reception for the other TV set would probably be very
poor. This kind of quick degradation in performance over short distances is
generally not considered acceptable by the broadcasting industry. (By
comparison, the degradation in performance for presently used analog TV

30 transmission schemes is much more graceful.)

There is thus required a digital transmission scheme adaptable
for use in television applications which overcomes this problem. Solutions
used in other digital transmission environments--such as the use of a)
regenerative repeaters in cable-based transmission systems or b) fall-back

35 data rates or conditioned telephone lines in voiceband data applications--are

clearly inapplicable to the free-space broadecast environment of television.
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Thi s phenonenon--sonetines referred to as the "threshold effect"--can be
Illustrated by considering the case of two television receivers that are
respectively located at 50 and 63 miles froma tel evision broadcast
station. Since the power of the broadcgst signal varies roughly as the
inverse square of the distance, it is"éasily verified that the difference

i n the anmount of signal power received by the television receivers is about
2 dB. Assune, now, Ahfaivamtdig@idsalechﬁamserfbs $>ivernoemilngnmei shontmanimgd of hat
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probably bg.ygion signal to be represented by two or more data streams while, in the
channel mapping step, the mapping is such that the data elements of the
various data streams have differing probabilities of being erroneously
detected at the receiver. Illustratively, a first one of the aforementioned
10 data streams carries components of the overall television signal which are
regarded as the most important--for example, the audio, the framing
information, and the vital portions of the video information--and that data
stream is mapped such that its data elements have the lowest probability of
error. A second one of the data streams carries components of the overall
15 television signal which are regarded as less important than those of the first
data stream and that data stream is mapped such that its data elements
have a probability of error that is not as low as those of the first data
stream. In general, it is possible to represent the overall television signal
with any number of data streams, each carrying components of varying
20 importance and each having a respective probability of error. This
approach allows a graceful degradation in reception quality at the TV set
location because, as the bit error rate at the receiver begins to increase with
increasing distance from the broadcast transmitter, it will be the bits that
represent proportionately less of the TV signal information that will be the
25 first to be be affected. |
Summary of the Invention

In accordance with the present invention, I have devised a
scheme which implements the above-described overall concept of providing
different levels of error protection for different classes of data elements

30 generated by the source encoding step--but which provides enhanced noise
immunity via the use of coded modulation, such as trellis-coded modulation.

In preferred embodiments of the invention, in particular, the
symbols in a predetermined 2N-dimensional channel symbol constellation,
N > 1, are divided into groups, each of which is referred to herein as a

35 "supersymbol.” During each of a succession of symbol intervals, a

predetermined number of the most important data elements are channel
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poor. This kind of quick degradation in performance over short distances is
general ly not considered acceptable by the broadcasting industry. (By
conpari son, the degradation in performance for presently used analog TV
transm ssion. schenes is much nore graceful.) There is thus required a
digital transm ssion schene adaptable‘$0r use in television applications

whi ch overcones this problem Solutions used in other digital transm ssion
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symbol from the identified supersymbol.

5 The approach as thus far described is similar in a general way to
conventional coded modulation schemes in that the latter also divide the
channel symbols into groups, typically referred to as "subsets." However,
the prior art subsets are formed under the constraint that the minimum
Euclidean distance (hereinafter referred to as the "minimum distance")

10 between the symbols in a subset is greater than the minimum distance
between the symbols in the constellation as a whole. In accordance with the
present invention, however, the minimum distance between the symbols of a
supersymbol is the same as the minimum distance between the symbols in
the constellation as a whole. It is this distance property which allows for

15 greater amount of noise immunity for the most important data elements
than for the other data elements, that immunity being optimized by
keeping the minimum distance between supersymbols as large as possible--
usually greater than the minimum distance of the constellation.

Specifically, once the supersymbols are defined, it is possible to design codes

20 for the most important data elements based on the distances between the
supersymbols, i.e., as though each supersymbol were a conventional symbol
in a conventional constellation. This being so, a particular degree of noise
immunity can be achieved for the most important data elements that is
greater than what can be achieved for the other data elements.

25 Indeed, a tradeoff is involved in that those other data elements
suffer a coding loss, i.e., a somewhat lessened noise immunity. Importantly,
however, the coding gain that can be achieved for the most important data
elements is greater than that which can be achieved using conventional
coded modulation schemes.

30 Brief Description of the Drawing

In the drawing,
FIG. 1 is a block diagram of a transmitter embodying the
principles of the invention;
FIG. 2 is a block diagram of a receiver for transmitted signals
35 transmitted by the transmitter of FIG. 1;
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-2 - An advant ageous techni que for overcom ng the shortcom' ngs of standard
digital transm ssion for over-the-air broadcasting of digital TV

si gnal s--devel oped by enpl oyees of the assignee hereof--conprises a
particul ar type of source coding step followed by a particular type of
channel mappi ng step. Mre specificaIT§f t he source coding step causes the
television signal to be represented by two or nore data streans while, in

the channel mappi NPIGt 8plepi¢te A'Pfpt A6t signaliedhstbiddtiddre data el ements of the
vari ous data o Feaghongus hlforins BrebatLl LER RSl ety
dat a streammsasttered Klppnents of the overall television signal which are
regar ded as the MblG) ERSELAN i BB Syl U IISTLES, o,
5 FIG. 4;
FIG. 6 shows a type of trellis encoder that can be used in the
transmitter of FIG. 1;
FIG. 7 is a table comparing the performance of the various
illustrative embodiments of the invention disclosed herein;
10 FIG. 8 depicts an alternative signal constellation that can be
used in the transmitter of FIG. 1;
FIGS. 9-11, when taken together, show another type of trellis
encoder that can be used in the transmitter of FIG. 1;
FIG. 12 depicts yet another signal constellation that can be used
15 in the transmitter of FIG. 1;
FIG. 13 shows another type of trellis encoder than can be used in
the transmitter of FIG. 1;
FIG. 14 depicts yet another signal constellation that can be used
in the transmitter of FIG. 1; and
20 FIG. 15 shows how a bit interleaver can be added to one of the
channel encoders in the transmitter of FIG. 1 to provide enhanced impulse
noise immunity.
Detailed Description

Before proceeding with a description of the illustrative

25 embodiments, it should be noted that the various digital signaling concepts
described herein--with the exception, of course, of the inventive concept
itself--are all well known in, for example, the digital radio and voiceband
data transmission (modem) arts and thus need not be described in detail
herein. These include such concepts as multidimensional signaling using

30 2N-dimensional channel symbol constellations, where N is some integer;
trellis coding; scrambling; passband shaping; equalization; Viterbi, or
maximum-likelihood, decoding; etc. These concepts are described in such
U.S. patents as U.S. 3,810,021, issued May 7, 1974 to L. Kalet et al.; U.S.
4,015,222, issued March 29, 1977 to J. Werner; U.S. 4,170,764, issued

35 October g, 1979 to J. Salz et al.; U.S. 4,247,940, issued January 27, 1981 to
K. H. Mueller et al.; U.S. 4,304,962, issued December 8, 1981 to R. D.
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streamis mapped such that its data el ements have the | owest probability of
error. A second one of the data streans carries conponents of the overal
tel evision signal which are regarded as |less inportant than those of the
first data streamand that data streamis mapped such that its data

el enents have a probability of error tAat is not as |low as those of the
first data stream 1In general, it is possible to represent the overal
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i nformé&tion that witnibg ndve toiFI&. It viteo signaf smotedOl generates an
analog video signal representing picture information or "intelligence"” which
signal is passed on to source encoder 104. The latter generates a digital
signal in which at least one subset of the data elements represents a portion
of the information, or intelligence, that is more important than the portion
10 of the information, or intelligence, represented by the rest of the data
elements. Illustratively, each data element is a data bit, with m-+k
information bits being generated for each of a succession of symbol
intervals. The symbol intervals are comprised of N signalling intervals,
where 2N is the number of dimensions of the constellation (as described
15 below). The signaling intervals have duration of T seconds and,
accordingly, the symbol intervals each have a duration of NT seconds. In
embodiments using two-dimensional constellations, i.e., N = 1, then of
course the signaling intervals and the symbol intervals are the same.
Of the aforementioned m+k information bits, the bits within the
20 stream of m bits per symbol interval, appearing on lead 105, are more
important than the bits within the stream of k bits per symbol interval,
appearing on lead 106. Two examples of how one might generate a
television signal of this type are given hereinbelow.
The bits on leads 105 and 106 are independently scrambled in
25 seramblers 110 and 111, which respectively output m and k parallel bits on
leads 112 and 113. (Scrambling is customarily carried out on a serial bit
stream. Thus although not explicitly shown in FIG. 1, scramblers 110 and
111 may be assumed to perform a parallel-to-serial conversion on their
respective input bits prior to scrambling and a serial-to-parallel conversion
30 at their outputs.) In accordance with the invention, as described more fully
hereinbelow, the respective groups of bits on leads 112 and 113 are extended
to channel encoders--illustratively trellis encoders--114 and 115 which
generate, for each symbol interval, respective expanded groups of the
expanded r and p bits on leads 121 and 122, where r > m and p > k. The
35 values of those bits jointly identify a particular channel symbol of a
predetermined constellation of channel symbols (such as the constellation of
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Sunmmary of the Invention In accordance with the present invention, | have

devi sed a schene which inplenents the above-descri bed overall

concept of

providing different | evels of error protection for different classes of
data el enents generated by the source encodi ng step--but which provides
enhanced noi se inmmunity via the use of6eoded nodul ati on, such as

trells-coded nodul ation. In preferred enbodi nents of the invention, in

part 1 cul ! Q%ﬁsa/e@gﬂtéd iR P SRR ERNAT é&hﬂgggﬁﬁg%r&ﬁ%@%fsy"*)O'

constell oups
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of logic elements. Conventional passband shaping and television modulation

5 are then performed by passband shaper 141 and television modulator 151,

respectively. The resultant analog signal is then broadcast via antenna 152

over a communication channel, in this case a free-space channel.

In order to understand the theoretical underpinnings of the

invention, it will be useful at this point to digress to a consideration of

10 FIG. 3. The latter depicts a standard two-dimensional data transmission

constellation of the type conventionally used in digital radio and voiceband

data transmission systems. In this standard scheme--conventionally referred

to as quadrature-amplitude modulation (QAM)--data words each comprised

of four information bits are each mapped into one of 16 possible two-

15 dimensional channel symbols. Each channel symbol has an in-phase, or I,

coordinate on the horizontal axis and has a quadrature-phase, or Q,

coordinate on the vertical axis. Note that, on each axis, the channel symbol

coordinates are & 1 or & 3 so that the distance between each symbol and

each of the symbols that are horizontally or vertically adjacent to it is the

20 same for all symbols--that distance being "2". As a result of this uniform

spacing, essentially the ‘same amount of noise immunity is provided for all

four information bits.

As is well known, it is possible to provide improved noise

immunity without sacrificing bandwidth efficiency (information bits per

25 signaling interval) using a coded modulation approach in which an

"expanded” two-dimensional constellation having more than (in this

example) 16 symbols is used in conjunction with a trellis or other channel

code. For example, my above-cited '490 patent discloses the use of a 32-

symbol, two-dimensional constellation together with an 8-state trellis code.

30 That coded modulation scheme achieves approximately 4 dB of enhanced

noise immunity over the uncoded case of FIG. 3, while still providing for the

transmission of four information bits per signaling interval. Here, too,

however, essentially the same amount of noise immunity is provided for all

four information bits.
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-3 --encoded, and the resulting channel coded data elenments identify a
particul ar one of the supersynbols. The remai ning data el enents which nmay
al so be channel encoded, are used to select for transm ssion a particular
synbol fromthe identified supersynbol . _ The approach as thus far described
Is simlar in a general way to convent ¥onal coded nodul ation schenes in
that the latter also divide the channel synbols into groups, typically
referred to as "subssicdrdaiisveitdy thd heveditionr, thetkfoms abikedhembalyyethdinder

e Const R Pl 6T DL S580 B0, ORIl o o0 10
t he m ni nproddiigadiffereet Veoels oherrsy piootestion tchdiffarast eldssds ahbis. a
whol e[ err lo"pecifically, I have discovered that it is possible to achieve a level of error
5 protection for a class of "most important" bits which is substantially greater
than what can be achieved with the aforementioned conventional coded
modulation approach. Indeed, the transmitter of FIG. 1 embodies the
inventive concept, as will now be described in further detail.

The constellation used in the transmitter of FIG. 1 is

10 illustratively the two-dimensional 64-symbol constellation shown in FIG. 4
(each symbol is represented as a dot in the figure). In accordance with the
invention, the symbols in the signal constellation are divided into groups
which I refer to as "supersymbols." Specifically, the constellation of FIG. 4
is divided into 27 = 2% = 8 supersymbols. Four of the supersymbols,

15 labeled 000, 011, 100 and 111, are each comprised of eight contiguous
channel symbols assigned to that supersymbol. The other four
supersymbols, labeled 001, 010, 101 and 110, are each comprised of two
non-contiguous groups, each comprised of four contiguous channel symbols.
(The use of such two-group supersymbols allows the overall constellation to

20 have, for example, better signal-to-noise ratio, lower peak-to-average power
ratio and better symmetry than would otherwise be possible.)

In this example, m = k = 2. That is, 50% of the bits are in the
class of most important bits. Each of encoders 114 and 115 adds one
redundant bit, so that r = p = 3. The r = 3 bits on lead 121 identify one

25 of the eight supersymbols and the p = 3 symbols on lead 122 select a
particular one of the eight channel symbols within the identified
supersymbol. In accordance with an important aspect of the invention, the
minimum distance between the symbols of a supersymbol--that distance
being denoted ds--is the same as the minimum distance between the

30 symbols in the constellation as a whole. Indeed, it can be verified by
observation that this criterion is satisfied in FIG. 4. Given this
characteristic, increased noise immunity for the most important bits can be
provided via appropriate selection of a) the codes implemented by
encoders 114 and 115 and b) the ratio d; /do--where d; is the minimum

35 distance between the supersymbols. (The parameter d, is given by the
minimum of the distances between all the pairs of supersymbols. In turn,
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presentinvention, however, the m nimum di stance between the synbols of a
supersynbol is the sanme as the m ni num di stance between the synbols in the
constellation as a whole. It is this distance property which allows for
greater amount of noise inmunity for the nost inportant data el enments than
for the other data elenents, that imugiity being optimzed by keeping the
m ni mum di st ance between supersynbols as | arge as possible usually greater
t han the gt]llnl pum di gt ance of the c nst el | a pecif.ically, once the
super symb distancfPEHEGED pRY PRI, %‘f‘lﬂr@”l“ e’§| gﬁ ‘Bb‘Hé%u’Fdi/ St st

| rrpor t ant bdat@erehmnnﬂ)ob@sedemﬁ tfan)zdr of saupesyhioleandtdry sypmpbokyfrbol s,

e., ‘Lﬁ oug% e)?ch super symbol were a conventional synbol in a
convent e} ké Mstellation. This bei ng so, a particular degree of noise

i munity can be achpenifichliygra tdkedmsidulation sedmeata mdwebentasthated s
greater tﬂﬁ‘nth‘@hﬁtosgﬂﬂpgﬂaﬁ? miﬁvﬁdtﬂoquht e Qfglﬂ?rsu%%}%ﬁi)&g%g'eight
conventional symbols in a conventional constellation. (It is true that in a
conventional constellation a symbol cannot be divided into halves, as is the
case for supersymbols 001, 010, 101 and 110. However, for the purpose of
coding design, one may treat each of the halved supersymbols as being
10 located in only one of its two positions.) To design such a coded modulation
scheme, the eight supersymbols are partitioned, as is conventional, into a
predetermined number of subsets and an appropriate code is used to encode
some of the most important input bits to generate a stream of coded output
bits which define a sequence of subsets. The remaining most important
15 input bits are then used to select a supersymbol from each identified subset.
In this particular example, each subset contains only a single supersymbol,
i.e., there are eight subsets, and all most important input bits--i.e, the two
bits on lead 112--are encoded. Thus the identification of a particular subset
also identifies a particular supersymbol. It is from this particular
20 supersymbol that the symbol that is ultimately to be transmitted wiil be
selected as a function of the other, or less important, bits.

Importantly, it will be appreciated that this approach achieves--
by virtue of the partitioning and code selected--a particular degree of noise
immunity for the most important data elements that is greater than what

25 can be achieved for the less important data elements and, indeed, is greater
than what can be achieved with conventional coded modulation, all other
things being equal.

As noted above, the less important bits, on lead 113, are then
used to select a particular symbol from the identified supersymbol for

30 transmission. In preferred embodiments, this selection also involves the use
of coded modulation wherein at least some of the less important bits are
encoded to identify a particular subset of symbols within a supersymbol
and, if the subset contains more than one symbol, any remaining bits are
used to select a particular one of those symbols. (The arrangement of the

35 symbols within a supersymbol should, of course, be chosen jointly with
encoder 115 to maximize its coding gain.) Again in this example, there are
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| ndeed, a tradeoff is involved in that those other data elenments suffer a
coding loss, i.e., a sonewhat |essened noise imunity. Inportantly.
however, the coding gain that can be achieved for the nost inportant data
elements is greater than that which can be achieved using conventi onal
coded nodul ati on schenmes. Brief Description of the Drawing In the draw ng,
FIG 1 is a block diagramof a transmtter enbodying the invention; FIG 2

|52 0 ock Bl SOhAT O SFult2ie Wi Rlin o L BRTASL 1 2L IR Sy:hbAISH tLed by the
subset, and both of the less important bits on lead 113 are encoded. Thus
the three coded bits on lead 122 identify, at one and the same time, both a
subset and a specific symbol from the earlier identified supersymbol.

5 A particular illustrative embodiment for both encoders 114 and
115 is shown in FIG. 6. (In this FIG., the boxes labelled "T" are T-second
delay elements, the circles labelled "+" are exclusive-or gates, and the two-
input gates are AND gates, one of which has one of its inputs inverted.) As
noted above, the 3-bit output of encoder 114 identifies a particular

10 supersymbol. Specifically, the bit values "110" output by encoder 114 on its
three output leads (reading from top to bottom in FIG. 6) identifies the
supersymbol labeled 110 in FIG. 4, and so forth for each of the seven other
possible bit patterns. Additionally, the 3-bit output of encoder 115 selects a
particular symbol within the identified supersymbol. In particular, the

15 assignment of bit values to particular channel symbols within the
supersymbols is shown in FIG. 5 for the upper right quadrant of the FIG. 4
constellation. The bit assignment scheme for the other three quadrants are
arrived at by simply rotating FIG. 5. Thus, for example, the bit values
"001" output by encoder 115 on its three output leads (reading from top to

20 bottom) identifies the channel symbol labeled 001 in the identified
supersymbol--there being one such symbol in each supersymbol.

Given the use of the particular trellis code implemented by the
encoder of FIG. 8, various operational parameter tradeoffs can be achieved
by varying the values of d; and d,. Two possibilities for the constellation

95 of FIG. 4 are shown in the table of FIG. 7. In particular, with d, /do, = 2.5,
a coding gain of 5.7 dB (measured, relative to an uncoded 16-QAM scheme
such as shown in FIG. 3--which has the same bandwidth efficiency as the
current example--at a block error rate of 10~ 3 for a block size of 1,000 bits)
is achieved for the most important bits at a cost of a coding gain of -2.8 dB

30 (i.e., a coding loss) for the less important bits. Alternatively, with
d,/dy = 3.5, a coding gain of 6.6 dB is achieved for the more important
bits at a cost of a coding gain of -4.6 dB for the less important bits. The
peak-to-average power ratio is about “2" (as it is for all the examples
described herein), which is comparable to that achieved with conventional

35 uncoded modulation.

This Sheet Has Been Replaced




- 4- FIG 3 depicts a prior art signal constellation; FIG 4 depicts a
signal constellation illustratively used by the transmtter of FIG 1; FIG
5 shows a bit assignment schenme for the constellation of FIG4;, FIG 6
shows a type of trellis encoder that can be used in the transmtter of FIG
1; FIG 7 is a table conparing the per¥brmance of the various illustrative
enbodl ments of the invention disclosed herein; FIG 8 depicts an

alternative signal TgpmsgahdlsbQhetlealiveABr PeGUSeehi Aohhe biaRsm ter of

FIG 1,

10

15

20

30

35

signal is received by antenna 201, is subjected to conventional television
front-end processing including, for example, demodulation in processing
unit 211, and is converted to digital form by A/D converter 212. The signal
is then equalized by passband channel equalizer 221 and passed on parallel
rails 222 and 223 to channel decoders 231 and 232. Each of the channel
decoders is, illustratively, a maximum likelihood decoder, such as a Viterbi
decoder. Specifically, the function of channel decoder 231 is to identify the
most likely sequence of supersymbols, while the function of channel
decoder 232 is to identify the most likely sequence of symbols, given that
sequence of supersymbols. Thus, decoder 231 has stored within it
information about the code used by channel encoder 114, while decoder 232
has stored within it information about the code used by channel

encoder 115. Additionally, between the two of them these two decoders
have stored within them information about the constellation being used and
the manner in which the symbols are assigned to their respective
supersymbols.

In channel decoder 231, the first step of decoding is to find the
supersymbol or half supersymbol in each subset that is closest to the
received symbol--such as the point denoted "A" in FIGS. 4 and 5. In this
case, it will be remembered, there is only one supersymbol per subset.
Channel decoder 231 assumes a specific single location in the signal space
for each supersymbol or half supersymbol. Three such locations, denoted
with a dashed "x", are shown in FIG. 4. The other locations are placed
similarly. The distance between that supersymbol or half supersymbol and
the received symbol is then determined. (The distance between the received
symbol and a supersymbol or half supersymbol is the distance between the
former and the previously defined location of the latter.) After this,
decoding proceeds to find the most likely sequence of transmitted
supersymbols in just the same way that a Viterbi decoder operates in a
conventional coded modulation system to find the most likely sequence of
conventional symbols.

The operation of channel decoder 232 will be explained with
reference to FIG. 5. The first step is to rotate the received symbol by an
integral multiple of 90 degrees so that the resulting symbol is always in, say,
the so-called first quadrant, which is the quadrant depicted in FIG. 5. It is
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FI GS. 9-11, when taken together, show another type of trellis encoder that
can be used in the transmtter of FIG 1; FIG 12 depicts yet another
signal constellation that can be used in the transmtter of FIG 1; FIG 13
shows anot her type of trellis encoder than can be used in the transmtter
of FIG 1; FIG 14 depicts yet anotherllsi gnal constellation that can be
used in the transmtter of FIG 1; and FIG 15 shows how a bit interl eaver

can be adged &é% élﬁwthfé?h&hﬁ{bn%ta%lfgf'ﬁ'b%l wfmer {d ANSIF b 9@0 FIG 1 to

provi de en ance se noi se I nmunit Descri ption Before
proceedi Rj o4& of bh‘tl s¥r ayRdrant dralveseol unessymbplpel01 and 101, ‘Alfter this,

for each subset of symbols of the supersymbol or two supersymbol halves (in
this decoding procedure, these two supersymbol halves are treated as if they
5 belonged to the same supersymbol), the symbol that is closest to the rotated
symbol is identified and the distances between them are calculated. This
information is then used by channel decoder 232 to identify--for the purpose
of recovering the less important bits--the most likely sequence of
transmitted symbols. Alternatively stated, this determination of the most

10 likely sequence of transmitted symbols is used only for purposes of
extracting the less important bits. The more important bits are recovered
from channel decoder 231 as described above.

An alternative way of realizing decoder 232 is to wait for
decoder 231 to form its decision as to the identity of each supersymbol and

15 then use this information in the recovery of the less important bits. (No
rotation would be required in this case.) Such an approach has the
potential advantage of allowing one to use a more complex code for the less
important bits--and thereby achieve greater noise iminunity for them--but
at a cost of increased receiver processing delay.

20 Decoding in the case where multi-dimensional symbols are
used--such as the four-dimensional examples described below--is carried out
in a similar manner, as will be appreciated by those skilled in the art.

The bits output by decoders 231 and 232 are descrambled by
descramblers 241 and 242, which respectively perform the inverse function

25 of scramblers 110 and 111 in the transmitter. A video signal formatted so as
to be displayable by, for example, a CRT display is then generated from the
descrambler outputs by source decoder 253, thereby recovering the original
video information, or intelligence. That signal is then applied to CRT
display 260.

30 Numerous variations of the invention are possible. Consider, for
example, the two-dimensional constellation of FIG. 8, which is comprised of
four supersymbols each being comprised, in turn, of eight symbols. This
constellation could be used in a system having m = 1, k = 2--l.e., the
bandwidth efficiency is-three information bits per signaling interval and the

35 most important bits constitute 33.3% of the total--and in which each

channel encoder introduces one redundant bit, i.e., r =2 and p = 3.

This Sheet Has Been Replaced

T IIl




enbodi nents, it should be noted that the various digital signaling concepts
descri bed herein--with the exception, of course, of the inventive concept
itself--are all well known in, for exanple, the digital radio and voi ceband
data transm ssion (noden) arts and thus need not be described in detai
herein. These include such concepts asl18ultidi nensional signaling using
2N-di nensi onal channel synbol constellations, where N is sone integer;

trellis ¢ z \/ terbi
s rum | R ego i S RincPaR AL, SRR o ABNALL A Simel o7 1 O
U.S. pat empssf&klauos cag quseérs theshasis ahy fqur~dbm4n$lgnal cade whiakk al .; U. S

4, 015, 222 SHad Nprﬁfbr%%t o]ngmzt LionABf teldaP. 4,170,764, issued
Qct ober B 5 3. l fis Bor 15g d%e{n 940, issued January 27, 1981

to K. H. I\/Uel Fir t gﬁpéﬂ l,ca@ysthm 332 l%epsx%aé oastliationels cgnstrugied YR D,
5 concatenating the constellation of FIG. 8 with itself so that each four-
dimensional symbol is comprised of a first point selected from the two-
dimensional constellation concatenated with a second such point. (We
herein use the word "point” to refer to an element of the two-dimensional
constellation of FIG. 8, thereby differentiating it from the overall coded

10 entity, which we consistently refer to herein as a "symbol,” no matter what
its dimensionality. We will use the term “superpoint” in a similar way.)
For this four-dimensional case, m = 3, k = 5 information bits are input to
channel encoders 114 and 115, respectively, for each symbol interval of
duration 2T. This provides an average of four information bits per signaling

15 interval {(or eight information bits per symbol interval). The more
important bits in this case constitute 3/(3+5) = 3/8 = 37.5% of the
information bits.

FIG. 9 shows the structure of channel encoders 114 and 115 for
this four-dimensional embodiment. Encoder 114 adds a single redundant

920 bit to its 3-bit input to provide a pair of 2-bit outputs which respectively
identify first and second superpoints from FIG. 8. The first point of the
four-dimensional symbol to be transmitted is to be selected from the first
such superpoint and the second point of the four-dimensional symbol to be
transmitted is to be selected from the second such superpoint.

25 The less important bits are used to provide such selection.
Specifically, encoder 115 adds a single redundant bit to the 5-bit input on
lead 113 to provide two 3-bit outputs which, as just noted, respectively
select specific points from the first and second superpoints identified by
encoder 114.

30 Specific circuitry for carrying out the actual encoding within
channel encoders 114 and 115 is shown in FIG. 10, the bit converter of
which operates in accordance with the table of FIG. 11.

The relative performances achieved for this embodiment with
various values of d /dy are shown in FIG. 7. Note that if one is willing to

35 have the most important bits constitute a lower percentage of the total--
37.5% in this embodiment compared to 50% for the first cmbodiment--a
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Fracassi et al.; U S. 4,457,004, issued June 26, 1984 to A Cersho et al.;
U.S. 4,489,418, issued Decermber 18, 1984 to J. E. Mazo; U S. 4,520,490,

i ssued May 28, 1985 to L. Wei; and U. S. 4,597,090, issued June 24, 1986 to
G. D. Forney, Jr.--all of which are hereby incorporated by reference.
Turning now to FIG 1, video signal sogce 101 generates an anal og video
signal representing picture information or "intelligence" which signal is

passed on to sourge encoder ,104. .The, Latt er nerates a digital signal in
whi ch at §T&&k8r ngﬁﬁgéf%fbet%‘gnﬁ‘é‘i%k% séﬁ‘r‘@n?‘gs'r epresents a portion of the

i nformation, or i déutthgerheradthestic of roded impdulnsion schamesaspdroni on of
L1 Yo" R 8yt W 8RSt SERABRERLEaY Y Bl
that it allows for the use of coded modulation schemes which are expected
5 to provide greater immunity against impulse noise for the most important
bits than other constellations, such as that shown in FIG. 4 and FIG. 12
(the latter being described below). The reason is that the positions of the
various superpoints relative to one another can be defined based solely on
angular, as opposed to amplitude, information.

10 A further protection against impulse noise for the most
important bits in coded modulation schemes based on constellations of the
type of FIG. 8 can be achieved by rearranging the bits that are output by
channel encoder 114 so that bits that are generated in proximity to one
another by the encoder are separated from one another as much as possible,

15 given that the system delay constraints are met. To this end, channel
encoder 114 may include a bit interleaver, which performs such
rearrangment, as shown in FIG. 15. (In the receiver, a complementary de-
interleaver will, of course, be used--before channel decoder 231.) On the one
hand, it can be shown that for coded modulation schemes in which the

20 Euclidean distance between valid sequences of supersymbols is the same
(with the possible exception of a scaling factor) as the Hamming distance
betweeen the sequences of bits associated with those sequences of
supersymbols--which is the case for the coded modulation scheme just
described--such rearrangement of the bits does not degrade the performance

25 of the code against additive white Gaussian noise. On the other hand,
however, such rearrangement provides an enhanced immunity against
impulse noise. This is a result of the bursty nature of impulse noise.
(Enhanced impulse noise immunity can also be achieved for coded
modulation schemes which do not meet the above criteria--such as the

30 various other schemes disclosed herein--by rearranging the two-dimensional
signal points before transmitting them. This approach is somewhat less
effective, however, than when the bits are rearranged.)

As another alternative, consider, for example, the two-
dimensional constellation of FIG. 12, which is comprised of cight

35 supersymbols each being comprised, in turn, of four symbols. This

constellation could be used in a two-dimensional signaling scheme having
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i nformation bits being generated for each of a succession of synbol
intervals. The synbol intervals are conprised of N signalling intervals,
where 2N is the nunber of dinensions of the constellation (as described
bel ow). The signaling intervals have duration of T seconds and,
accordingly, the synbol intervals eachjjpave a duration of NT seconds. In
enbodi nents using two-di nensional constellations, i.e., N= 1, then of
course the signaling jntervals and the.synbo] intervals are the sane. O
the af or e%ﬁi%o%eﬁ rke rtl;‘% i‘”dg“bie&é",‘g‘!‘ﬁ’elsb‘ihtrgew MRtOReOKE PEEM of m
bits per s:\_gmﬁnhgiigt@wahnda,mpaﬁlbimmmthﬁa@itb%nsﬁm@tm.e% @p@htant than
t hin e str |

(1 bIt S LT, ANE FLEGAE' ot Bl Bt SYTEOL, Lover Vel apbest nq on | ac
type are gi=¢eéhaheépeinBelAwbelbre, howsvarnin eadis thOmcasaselide amdwiddhpendent |y
Scr anblSEdefffEiency, this same constellation can be used as the basis of a four-

dimensional code. Here we would have m = 5 and k = 3 for an average of

four information bits per signaling interval. The more important bits in this

case constitute 5/8 = 82.5% of the information bits. It will be appreciated

that this embodiment is similar to that previously described except that the

10 channel encoders for the most- and less-important bits are exchanged.

Finally, it may be noted from FIG. 7 that the increased percentage of most

important bits brings with it a decreased coding gain for those bits.

It is also important to note that the constellations used to
implement the invention need not have orthogonally aligned points, as is

15 the case for all of the constellations described thus far. For example, the
constellation of FIG. 14 has radially-aligned points. There are eight
supersymbols each of which is comprised of eight symbols. This
constellation can thus support a two-dimensional coded modulation scheme
with m = 2, k = 2. Each of the supersymbols can be identified based solely

20 on angular information. Therefore, this constellation, like that of FIG. 8,
allows for the use of coded modulation schemes which are expected to
provide greater immunity against impulse noise for the more important bits
than other constellations.

The foregoing merely illustrates the principles of the invention.

25 For example, it is assumed in FIG. 1 that only one broadcast signal
polarization is used. However, it is possible to double the bandwidth
efficiency of the scheme by using a second set of coding circuitry to encode
a second source-coded data stream in parallel with the first and to transmit
the resulting coded modulated signal using a second polarization.

30 Alternatively, a single data coding rail can be employed but its speed can be
doubled by transmitting alternate signal points on the two polarizations.

It should be noted that, although in all the examples shown
herein, the less important bits are always coded, this is not necessary. That
is, uncoded bits can be used to select a symbol from the identified

35 supersymbol. It should also be noted that, although in all of the examples

shown herein, the minimum distance d, between superpoints is always
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scranbl ers 110 and 111, which respectively output mand k.parallel bits on
| eads 112 and 113. (Scranbling is custonmarily carried out on a serial bit
stream Thus al though not explicitly shown in FIG 1, scranblers 110 and
111 may be assuned to performa parallel-to-serial conversion on their
respective input bits prior to scranbllbrg and a serial -to-parallel

](c:oln?/erﬁi on a';) ]their out puts.) As descri bed nore
t
ext ended & 6 enu AR bRRRER Aot Bofl ot pEiP IS ERde Relail 1 0

whi ch gerﬁ‘@ram@m}ﬁler deaein bg/ntmal indeindlIG. r&asbe&hqu\}é adsphedededtbaps of the

expanded }:ﬁngg p; 2 he
val ues o%ﬁt{ 3 ltglbjfﬂtl %hQ%angﬁl dent ?qﬁrééép{x%'g‘frgrc'iasﬁ%% Pgtaonlf)ﬂ}%m%

pr edet er Wﬁ@@c@mm@ftﬁdt tmumenémmemofswb@nt@d( sdermary tclrﬂés%sofhfs@l@‘lm ation
of 5 elements as desired can, in fact, be accommodated by dividing the class of

less important bits into two or more subclasses and applying the principles
of the invention to the coding of those subclasses in straightforward fashion.
Moreover, although all the examples shown herein code either three or four
information bits at a time, the invention is not in any way limited to these.

10 In the examples shown herein, encoders 114 and 115 are always
of the same dimensionality. However, this is not necessary. For example, a
two-dimensional code could be used for the more important data elements
to identify a sequence of superpoints of a predetermined two-dimensional
constellation. A four-dimensional code could then be used for the less

15 important data elements to select points from sequential pairs of
superpoints from that sequence. Conversely, a four-dimensional code could
be used for the more important data elements and a two-dimensional code
for the less important data elements.

In the examples shown herein, encoders 114 and 115 always

20 implement 8-state trellis codes. However, this is not necessary. Codes
having other than 8 states are equally usable. Moreover, other types of
codes, such as block codes, can be used instead of trellis codes.

In some applications, it may be desired to provide for the
possibility of phase rotations in the received signal caused by channel

25 disturbance. In such applications, differential encoding circuitry may be
included within channel encoder 114 to take care of this problem.

In addition, the invention is illustrated herein in the context of a
digital video transmission system. However, it is equally applicable to other
types of digital transmission systems. Moreover, although particular

30 constellations are shown herein, numerous other constellations, which may
be of any desired dimensionality, can be used.

It may also be noted that although the invention is illustrated
herein as being implemented with discrete functional building blocks, e.g.,
source coders, scramblers, etc., the functions of any one or more of those

35 building blocks can be carried out using one or more appropriate
programmed processors, digital signal processing (DSP) chips. ete. Thus
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FIG 4 as described in detail hereinbelow. Conplex plane coordinates of
the identified channel synbol are output by constellation mapper 131,
illustratively realized as a | ookup table or as a straightforward

conmbi nation of |ogic elenments. Conventional passband shaping and tel evision
nodul ati on are then perfornmed by passh#nd shaper 141 and tel evision

nodul at or 151, respectively. The resultant analog signal is then broadcast
via anten Qver inithetdl RS e- space
channel . %ﬁhg%ll&eaf of kg Vs (%é)"n'} g?@?‘? éréltﬁe X§Ils|Cnn| ﬁgéﬁ ;{ t he

i nvent i oncoriréspairld, 1b@ousaeémlb0dtmemﬂS$ tpepetificsiniugirgsehicd ia S@@né’iC@BYatl on of
FG 3 Theald %{;ﬁ%?{%ﬁ% B rdl ANRGE,; lgge%qmgﬁl : Qe il Yead grRpEEs! On

constel | 0 e conventi ona use o and
voi cebandthat such “means’ may alternatively correspond in other embodxments, to

5 the combination of processor-based circuitry combined 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

10 the invention and are within its spirit and scope.
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data tra ] SS| stens. In this standard schene--conventionally referred
toJﬂIlIHﬁBﬁMI@jnﬂ%l | tude nodul ation (QAM --data words each conprised of

f ours 4 [ s are each mapped into one of 16 possible two-

di.mensi onal channel synbols. Each channel synbol has an in-phase, or I,
coordi nate on the horizontal axis and Was a quadrature-phase, or Q
coordinate on the vertical axis. Note that, on each axis, the channel

synbol co flgpﬂlgt es are 1 or 3 so that the distance between each synbol
and each o e synbols that are horizontally or vertically adjacent to it
is the sane for ali Aym#idlod--that distance being "2". As a result of this

uni f or m spaci ng, e@mA@PﬂERfZLEBWh@@é’% off n0| se immunity is provided
no

for all four information p055|bleto provi de
i nproved noi se i nrRRfodyngpiiist gresr of dats ﬁ&%ﬁév%o&%eéﬁfe’l eiigsicy

(i nfor et Lot RdSgRRID of data elements,
identifying one of a plurality of supersymbols of a predetermined
channel symbol constellation in response to the first expanded group of data
elements, each supersymbol being comprised of a respective plurality of
symbols of the constellation,
10 selecting an individual one of the symbols of the identified
supersymbol at least in response to a second group of data elementé, and
applying to a communication channel a signal representing the
selected symbol,
the minimum distance between at least ones of the symbols of at
15 least one of the supersymbols being the same as the minimum distance
betweeen the symbols of the constellation as a whole.

2. The invention of claim 1
CHARACTERIZED IN THAT
the selecting step includes the steps of
20 encoding said second group of data elements to generate a
second expanded group of data elements, and
selecting said individual symbol in response to the second
expanded group of data elements.

3. The invention of claim 1
25 CHARACTERIZED IN THAT
said encoding step includes the step of trellis coding said first
group of data elements.

4. The invention of claim 1
CHARACTERIZED BY
30 the further step of generating said data elements by source
coding input information in such a way that said first group of data
elements represents a portion of said information that is more important

than the portion of said information represented by said second group of

This Sheet Has Been Replaced

TR




signaling interval) using a coded nodul ati on approach in which an
e>m,,mﬁﬂu"m E nsi onal constellation having nore than (in this exanple)

16 Il Mm. n conjunction with a trellis or other channel code. For

exarfpl &, hy "abdve+cited ' 490 patent discloses the use of a 32- synbol,

t wo- di nensi onal constellation togetherl8th an 8-state trellis code. That

coded nodul ati on schene achi eves approxi mately 4 dB of enhanced noi se

I munity QXLez{e% Mocoded case of FIG 3, while still providing for the

transm ssion of tour information bits per signaling interval. Here, too,
however, essentially the sanme amount of noise inmmunity is provided for all

four information §i tBhe invention of claim 4
CHARACTERIZED IN THAT

said information is television information.

5 8. The invention of claim 1
CHARACTERIZED BY
the further step of rearranging the first expanded group of data
elements prior to said identifying step.

7. The invention of claim 1
10 CHARACTERIZED IN THAT
at least one of said supersymbols is comprised of at least two
non-contiguous groups of symbols.

8. A method for use in a receiver which receives intelligence

communicated to said receiver by a transmitter, said transmitter being

15 adapted to channel code successive groups of m+k data bits associated with
respective symbol intervals via the steps, performed for each said interval,
of a) encoding m of the bits of one of the groups using a first predetermined
code to generate an expanded group of r bits, r > m; b) identifying a
particular one of 27 supersymbols of a predetermined channel symbol

20 constellation as a function of the values of said r bits, each of said
supersymbols being comprised of a plurality of symbols of said constellation
assigned thereto and the minimum distance between the symbols of each
supersymbol being the same as the minimum distance between the symbols
of the constellation as a whole; ¢} generating a signal representing a selected

25 one of the channel symbols of the identified one supersymbol, the selection
being performed as a function of the values of the other k bits of said one
group; and d) communicating said signal to said receiver over a
communication channel;

said method CHARACTERIZED BY the steps of
30 receiving said signal from said channel, and
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The - known noi se inmmnity and bandw dth efficiency advantages of coded
nodul ation are achieved whil e providing different |evels of error

promml’m' m ent cl asses of bits. Specifically, | have discovered
t ha ” Hs !to achieve a level of error protection for a class of
"nost |?rpdrta'nt s which is substadfi-ally greater than what can be

achieved with the aforenenti oned conventional coded nodul ati on approach.

I ndeed, the transipédwiridy sfﬂ%télllgémdi’rgﬁl ﬁlt@rédé%@télgﬁal(}@ﬂi@iept as W ||
now be described in, further detail. The ons el Iag.t in the

d
transni t tEEEOVATING Being parried ok *rrbfffs\P@We eTtorehin SHA. synbol
const el | atecgivres ABWAL sBidHifst ;ﬂreeemhuaydmue; sbds@uosaeaemnetablmxom agad in the

figure). The s rrbol tell ded ;
L ceelpsea i OB R ARSI T O
4 5 supersymbols

9. The invention of claim 8
CHARACTERIZED IN THAT
the signal generating step in the transmitter includes the steps of
a) encoding the other k bits of said one of the groups using a second
10 predetermined code to generate a second expanded group of p bits, p > k;
and b) selecting said individual symbol in response to the second expanded
group of data bits,
and FURTHER CHARACTERIZED IN THAT
said recovering step is carried out further in response to
15 information stored in said receiver about said second predetermined code.

10. The invention of claim 9
CHARACTERIZED IN THAT
said intelligence is television information.

11. The invention of claim 10
20 CHARACTERIZED IN THAT
said recovering step includes the step of decoding the received
signal to recover said successive groups of data bits using maximum
likelihood decoding.

12. Apparatus operative during each of a successsion of symbol
. 95 intervals for channel coding respective groups of m+k data bits, said
apparatus
CHARACTERIZED BY
means for encoding m of the bits of one of the groups to generate
"an expanded group of r bits, r > m,
30 . means for identifying a particular one of 2" supersymbols of a
predetermined channel symbol constellation as a function of the values of

said r bits, each of said supersymbols being comprised of a plurality of
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s di 3123 = 8 supersynbols. Four of the supersynbols, |abeled
000 (m!‘ﬂ ﬁ)“lﬁ H are each conprised of eight contiguous channel

gne o+t hat supersynbol. The ot her four supersynbols, |abeled
001 010, 101 and 110, are each conprised of two non-conti guous groups,

each conprised of four contiguous char@el synbols. (The use of such
t wo- group supersynbols allows the overall constellation to have, for

exanpl e, Sr%ﬁo%o Sgﬂﬂ% ﬁﬁeﬁ'&;l?jﬁ %%ﬁ | ower peak-to-average power ratio
ot'he

and bett &} Symet ry an wWo rwise be possible.) In this exanple, m=
k = 2. That is, 5@9@aﬁs fonezeperating e signalitepeesantingra peeetedmnsy ehhe bits.

Each of %%%F §y1%%6lsaaﬂ%ﬂelfde%@gﬁa@8ﬁe éeﬂmsiamoxbme se¥éetiditbefng= P = 3. The

r = 3 bits on lead 12 ent | one of e el e ols and the p = 3
syrrbol s cerfersped 29 askungtionof Y%lap%lp She obker Iﬁi 5 @ﬁ? nar%wr@mgynbm S
wi thi nsthe identifhedninimum dxstance between the symbols of each supersymbol

being the same as the minimum distance between the symbols of the

constellation as a whole.

13. The invention of claim 12
CHARACTERIZED IN THAT
10 said data bits represent television information.

14. The invention of claim 13
FURTHER CHARACTERIZED BY
means for generating sald data bits by source coding input
information in such a way that said m bits represent a portion of said
15 information that is more important than the portion of said information

represented by said k bits.

15. The invention of claim 14
CHARACTERIZED IN THAT

said generating means includes
20 means for encoding the other k bits of said one of the groups to

generate an expanded group of p bits, p > k, and
means for selecting said individual symbol in response to said

expanded group of p bits.

16. The invention of claim 15
25 CHARACTERIZED IN THAT
said m-bit and k-bit encoding means include means for trellis

coding said m and k bits, respectively.

17.- The invention of claim 15
CHARACTERIZED IN THAT
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super synbol . The m ni num di stance between the synbols of a

super sy “ﬂllmll ‘ml ﬂmge being denoted [err]-is the sane as the m ni num
di st anc ols in the constellation as a whole. Indeed, it
can be vérified By dbservation that this criterion is satisfied in FIG 4.

G ven this characteristic, increased R@lse inmmnity for the nost inportant
bits can be provided via appropri ate selection of a) the codes inplenented

by encoders 114 and ]lg'ast sbr% %ﬂfs?%ﬂs%n[b%rlgli § gox%f);lrsl;d o} awigasm ni mum

di st ance between t R supe Aranet
m ni num oftvwmnoxﬂ-icsnatgm@sswomqf symbolse pairs of supersynbols. In tur n

18. The invention of claim 16
FURTHER CHARACTERIZED BY
5 ‘means for rearranging said expanded group of r bits prior to said
identifying step.

19. An arrangement for use in a receiver which receives
intelligence communicated to said receiver by a transmitter, said
transmitter including apparatus for a) encoding a first stream of the data

10 elements using a first predetermined code to generate a first expanded
stream of data elements; b) identifying a sequence of supersymbols of a
predetermined channel symbol constellation in response to the first
expanded stream of data elements, the minimum distance between at least
ones of the symbols of at least one of the supersymbols being the same as

15 the minimum distance betweeen the symbols of the constellation as a whole;
¢) encoding a second stream of data elements using a second predetermined
code to generate a second expanded stream of data elements; d) selecting an
individual one of the symbols of each supersymbol of said sequence at least
as a function of the second expanded stream of data elements; and d) means

20 for applying to a communication channel a signal representing the selected

symbols,
said arrangement CHARACTERIZED BY
means for receiving the signal from the communication channel,
and
25 means for carrying out a maximum likelihood decoding operation

on the received signal to recover said first stream of data elements and for
carrying out a second maximum likelihood decoding operation on the
received signal to recover said second stream of data elements.

20. The invention of claim 19
30 CHARACTERIZED IN THA'T

said first and second codes arc trellis codes.

21. The invention of claim 19
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-8 -"the di stance between any pair of supersynbols is the m ninum di stance

bet weenlmuusﬂumu“"m"mﬁ of the pai r of supersynbols and any symbol of the
ot her.) I oded nodul ati on schenme can now be constructed for
t he nost |npor t ant blts as though the eight supersynbols were eight
conventional synbols in a conventionat 28onstellation. (It is true that in a
conventional constellation a synbol cannot be divided into halves, as is

t he case for super@H@gb@g@@ﬁjzgtpnqlﬁquﬂd 110. However, for the purpose
of coding design, one may treat, each of the hal ved supersynbols as being

| ocated in only onéaléflnltﬁlélg?wéﬁ po€levigas ipforgatian.gn such a coded

nodul ati on schene, the eight supersynbols are partitioned, as is
conventional, into a predeterm ned nunber of subsets and an appropriate
code is used to encode
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sone of the nobst inportant input bits to generate a stream of coded out put
bits which define a sequence of subsets. The remai ning nost inportant i nput
bits are then used to sel ect a supersynbol fromeach identified subset. In
this particular exanple, each subset coptains only a single supersynbol,
i.e., there are eight subsets, and al 1 23vst inportant input bits--i.e, the
two bits on lead 112--are encoded. Thus the identification of a particular
subset al ODPED MOD VLA 10N WITHENBQIAL ERRORBROTECGRION Ul ar
supersyrrbol that ;the synbol that is ultimately to be transmtted wll be
sel ect ed &3PEBAELction of the other, or less inportant, bits. Inportantly,
it will be appreci ﬂi@iﬂaltéi@ﬁaltshﬁﬁclﬁﬂ@d@imhe@mhlieeism sxghylsy'ard sieb jektddhe

FAMEEC KT M T AT P M AT ALY
for the | QSISrelsant:Hambpdaﬁ@ahbnmaSeMQunndéeUe 1mf’9rg1|a$wnetro be
communicated than the rest of the data elements. This is followed by a
constellation mapping step which is carried out in such a way that those
data elements have a lower probability of being erroneously detected at the
receiver than the others. The constellation mapping step uses coded
10 modulation in order to provide enhanced noise immunity for the "most

important” data element class.
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t han*what can be achi eved with conventional coded nodul ati.on, all other
things being equal. As noted above, the less inportant bits, on |lead 113,
are then used to select a particular synmbol fromthe identified supersynbol
for transmssion. In preferred enbodi nents, this selection also involves
the use of coded nodul ation wherein at f#pst sone of the |ess inportant
bits are encoded to identify a particular subset of synbols within a
supersynbol and, if the subset contains nore than one synbol, any remaining
bits are used to select a particular one of thase genent
of the synhpls within a supersynbol should, of &ourse, be ch&sen jointly

wi th encodg&r 1&5 to maximze its coding gain.) Again in thgsgexanple,|there
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ei ght subsets of synbols within each super
'subset, and both of the less inportant bit
the three coded bits on lead 122 identify,
subset and a specific synmbol fromthe eg&%

synmbol, i.e., one synbol per

s on |l ead 113 are encoded. Thus
at one and the sane tine, both a
ier identified supersynbol. A

particul ar {Ftrzi:at've enbodi ment for h encoders 114 and 115 is shown
in FIG 6. ( i s Bl G, ghe boxes lahglled T3 areqT-second del gy
el enents, the circles labelled "+" are excl usilve-or gates, and the two-
i nput gates are AND gates, one of which has one of its inputs inverted.) As
not ed above, the 3-bit output of encoder 114 ijdentifies a particul ar
supersynbol . Specifically, the bit values "11Q" output by encoder 114 on
its three output leads (reading fromtop to bgttomin FIG 6) identifies
t he supersynbol |abeled 110 in FIG 4, and so|forth for each of the seven
ot her
. . + 1 . .
-3 -1 1 3
. ° L —1 ) .
® [ t -3 . .
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.possible bit patterns. Additionally, the 3-bit output of encoder 115

selects a particular synbol within the identified supersynbol. In
particul ar, the assignnent of bit values to particular channel synbols
Wi thin the supersynbols is shown in FI for the upper right quadrant of

the FIG 4 constellation. The bit assig nt schenme for the other three
quadrant s zil;%@riv d at, by sinply rotating FIG 5. Thus, for exanple, the
bit values™ '"* oul put ‘)y encoder 115 on its three output |eads (reading
fromtop to bottom) identifies the channel synbol |abeled 001 in the
identified supersynbol --{there being one such synbol in each supersynbol.

G ven the use of the parfticular trellis code inplenmented by the encoder of
FIG 6, various operational parame®®r tradeoffs can be achieved by varying
the values of [err] and [err}]. Two ppssibilities for the constellation of
FIG 4 are shown in the tablée gf K 7. In particular, with [err] = 2.5.
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a coding gain of 5.7 dB (neasured, relative to an uncoded 16- QAM schene
such as shown in FIG 3--which has the sane bandwi dth efficiency as the
current exanple--at a block error rate of [err] for a block size of 1,000
bits) is achieved for the nobst inportant Qits at a cost of a coding gain of
-2.8 dB (i.e., a coding loss) for the Iéé I nportant bits. Alternatively,
with [err]= 3.5, a coding gain of 6.6 dB is achieved for the nore inportant
bits at a cost of a coding gain of -4.6 dB for the less inportant bits. The
peak-t o-average power ratio ps—about——2r—(3s—it—s—For—all—the exanpl es
described herein), which is tonparall e o tlhat |achf eved w t h jconventi onal
uncoded nodul ati on.

| w|— | g
N | D e

N =N
3 | — | r
{ i I

CODING GAIN
FOR LESS IMPORTAN
BITS (dB)
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ENCODERS
FIGURE 6
FIGURE 6
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FIGURE 13
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"- 10- Turning now to the receiver of FIG 2, the anal og broadcast signal is
received by antenna 201, is subjected to conventional television front-end
processing including, for exanple, denodulation in processing unit 211, and
is.converted to digital formby A/D congzgter 212. The signal is then
equal i zed by passband channel equalizer 1 and passed on parallel rails
222 and 223 tqpﬁﬁéﬁpelébecoders 231 and 232. Each of the channel decoders

is, illustratively, a maximum |ikeli hood decoder, such as a Viterb
decoder. Specifically, the function of channel decoder 231 is to identify
the nost |ikely sequence of supers s} while t function of channel
decoder 232 is to identify the t~trkelly seqguerice-af synbol s, given that
sequence of supersynbols. Thuse dgcodgr {231 grasgstered within it
i nformati on about the code u%ed by chan¢eq an¢ﬂbm01Q4, whi | e decoder 232
o e L) L)
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has ‘stored within it information about the code used by channel encoder
115. Additionally, between the two of themthese two decoders have stored
wi thin theminformation about the constellation being used and the manner

i n.which the synbols are assigned to thgié respective supersynbols. In
channel decoder 231, the first step of é oding is to find the supersynbol
or half supersynbol in each subset that Is closest to the received
synbol - -such as the ?pl(; de in FIGS. 4 and 5. In this case, it
will be remenbered, reis onIy one super synbol per subset. Channel
decoder 231 assunes a specific single location in the signal sgggmgfor each

supersynbol or half supersymbol. Three such locations. de ogedg t%
dashed ~BNS are prace q%fntlarly
The di stance between t hat supersynbol or half supersynbol |and
> PATTERN
BIT
»| CONVERTER
: o
7 21 + 27 > anali™h!
PATTERN
FIG. 11
INPUT BIT PATTERN FIRST QUTPUT SECOND OUTPUT
OF BIT CONVERTER BIT PATTERN BIT PATTERN
0000 00 00
0001 00 01
0010 00 11
0011 00 10
0100 01 01
0101 01 11
0110 01 10
0111 01 00
1000 11 11
1001 11 10
1010 11 00
1011 11 01
1100 10 10
1101 10 00
1110 10 01
1111 10 11
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t he -t ecei ved synbol
synbol

I's then determ ned.
and a supersynbo

or half supersynbol

(The di stance bet ween the received
I's the distance between the

former and the previously defined | ocation of the latter.) After this,

decodi ng proceeds to find the nost |ikel

supersynbol s in just the same way that a%Qf

conventi onal
conventi onal

f%gation systemto
| s.

explained with reference to FIG 5. The

e operation of channel

equence of transmtted

terbi decoder operates in a
find the nost |ikely sequence of
decoder 232 will be

fjrst step is to rotate the
recei ved synbol by an integral nﬂ ; pl e of 90 degﬁees so that the resulting
synbol is always in, say, the so- dan ed f {st AU rant, which is the
guadrant depicted in FIG 5. It is® @ j}] 10 ”
010-———— AL 000
N e o1ll o o
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then determ ned whether the rotated synbol is closer to supersynbol 000, or
one of the first-quadrant halves of supersynbols 001 and 101. After this.
for each subset of synbols of the supersynbol or two supersynbol halves (in
this decodi ng procedure, these two super$ nbol hal ves are treated as if

t hey bel onged to the sane supersynbol), e synbol that is closest to the
rotated synbBIJ {5 idgndfified and the distances between themare cal cul at ed.
This information is then used by channel decoder 232 to identify--for the
pur pose of recovering the less inportant bits--the nost |ikely sequence of
transmtted synbols. Alternatively stated, this determ nation of the nost

| i kely sequence of transmtted synbols istused only for purposes of
extracting the less inportant bits. The re inportant bits are recovered
from channel decoder 231 as described ahe
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: TV AT Ly S f Lr & B R
An al t é/nati ve .vay: of é"a"l i Zi ng ~decoder 280 is to vva t for decoder 23"1' e AL
formit@ decision:as-t a7t he: ldenmty of each supersy oI ‘and t hen "uée-t hi s‘
i nformation. in: the recovery.of -the less inportant :bi (‘No - ‘rotati o woul d* ”-
be required. in this. case.).. Such an appr opch has the otentlal advanfage af~: -

al |l owing one to use a nmore conpl ex ¢ode for the less inportant bits--and

oo ver RSN ASP LSRN e di b an SRk ERbERCIIERC

syrrb_ol 3 ar qgugkgroﬁnamﬁshé Haveadtonli mensi onal exanpl es descri bed bel ow-is
carried out 1n a simlar er s wll, be reci at ed. pse.skilled in
Che art e bits oo il Sventian belaeeie B fanghisiay of AR3G ke

descr anbl erpar2idhlarhyl t Rd 2ransniission ed phigitaly dhta mbnélormrtehmtsmémewhuhct i on
of scranblers 110 aggildd, d0nd Mok hbAls{Pel! Glat Ond it 3t 4flalaf or matted so

as

transmission will be required for the next generation of television
technology, conventionally referred to as high definition television, or
HDTYV. This requirement is due mostly to the fact that much more
powerful video compression schemes can be implemented with digital signal
processing than with analog signal processing. However, there has been
some concern about getting committed to an all-digital transmission system
because of the pbtential sensitivity of digital transmission to small variations
in signal-to-noise ratio, or SNR, at the various receiving locations.

This phenomenon--sometimes referred to as the "threshold
effect”--can be illustrated by considering the case of two television receivers
that are respectively located at 50 and 63 miles from a television broadcast
station. Since the power of the broadcast signal varies roughly as the
inverse square of the distance, it is easily verified that the difference in the
amount of signal power received by the television receivers is about 2 dB.
Assume, now, that a digital transmission scheme is used and that
transmission to the recéiver that is 50 miles distant exhibits a bit-error rate
of 10~ 8. If the 2 dB of additional signal loss for the other TV set translates
into a 2 dB decrease of the SNR at the input of the receiver, then this
receiver will operate with a bit-error rate of about 10~ 4, With these kinds
of bit-error rates, the TV set that is 50 miles away would have a very good
reception, whereas reception for the other TV set would probably be very
poor. This kind of quick degradation in performance over short distances is
generally not considered acceptable by the broadcasting industry. (By
comparison, the degradation in performance for presently used analog TV
transmission schemes is much more graceful.)

There is thus required a digital transmission scheme adaptable
for use in television applications which overcomes this problem. Solutions
used in other digital transmission environments--such as the use of a)
regenerative repeaters in cable-based transmission systems or b) fall-back
data rates or conditioned telephone lines in voiceband data applications--are

clearly inapplicable to the free-space broadcast environment of television.
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to be displayable by, for exanple, a CRT display is then generated fromthe
descranbl er outputs by source decoder 253, thereby recovering the original
video information, or intelligence. That signal is then applied to CRT

di spl ay 260. Nunerous variations of thegnvention are possible. Consider,
for exanple, the two-di nensional constellation of FIG 8, which is

conpri sed of four supersynbols each being_ conprised, in turn, of eight
symbol s. This const &1 &@Y%taggéﬂll%t%@%g‘é‘ﬂf‘?rno‘éF"g‘}%lf%]tg%#ﬂﬁcm@is, g‘E =
2--i.e., thg,bandviniih atiishesion fos dvBF-6Relalfl Brdmlichsiinpiof digieal TvVynal i ng
interval and the rm‘Ze:l, | grtant bits [cg}?r’\étltute 3.3% of the total--and in
whi ch each srefie %’%E YisTRPodEeee AFRERAFARFHEOLTIOMPES®S ¢ = 2 and p =

3. REPLACENHEMic9HERYpe of source coding step followed by a particular type of
channel mapping step. More specifically, the source coding step causes the
television signal to be represented by two or more data streams while, in the
channel mapping step, the mapping is such that the data elements of the
various data streams have differing probabilities of being erroneously
detected at the receiver. Illustratively, a first one of the aforementioned
data streams carries components of the overall television signal which are
regarded as the most important--for example, the audio, the framing
information, and the vital portions of the video information--and that data
stream is mapped such that its data elements have the lowest probability of
error. A second one of the data streams carries components of the overall
television signal which are regarded as less important than those of the first
data stream and that data stream is mapped such that its data elements
have a probability of error that is not as low as those of the first data
stream. In general, it is possible to represent the overall television signal
with any number of data streams, each carrying components of varying
importance and each having a respective probability of error. This
approach allows a graceful degradation in reception quality at the TV set
location because, as the bit error rate at the receiver begins to increase with
increasing distance from the broadcast transmitter, it will be the bits that
represent proportionately less of the TV signal information that will be the
first to be be affected.

Summary of the Invention

In accordance with the present invention, I have devised a
scheme which implements the above-described overall concept of providing
different levels of error protection for different classes of data elements
generated by the source encoding step--but which provides enhanced noise
immunity via the use of coded modulation, such as trellis-coded modulation.

In preferred embodiments of the invention, in particular, the
symbols in a predetermined 2N-dimensional channel symbol constellation,
N > 1, are divided into groups, each of which is referred to herein as a
"supersymbol." During each of a succession of symbol intervals, a
predetermined number of the most important data elements are channel
'REPLACEMENT SHEET]
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- 1205 I;lg\ﬁgglggehkwcgdrder to increase the bandw dth efficiency, this same
const e used as the basis of a four-di nensional code which
suppcl mﬂmﬂf mation bits per signaling interval. Specifically, the
four - nstellation is constgucted by concatenating the

constellation of FIG 8 with itself so that each four- dinensional synbol

Is conprised of a first point selected fyr t he two- dj pensi onal
const el | at ¢rnpdedneadeiet '@GUW’%&CBa%’é%lo‘?ﬂﬁieg[}iﬁap%FﬁFms( ‘%Enﬁgyé’f n use the

word " poi ng ot Qs £E8E of ShaRupkTRibolsfl THE rémemihFrdass eleheensthett ati on of
FIG 8, thereby different atl(()r:\(ge t fromthe v%‘ral coded.entital.v\hichwe
consi st ent MpYr s beiHadesrAC da argmgppusefﬁg d8E $EAnSHHsyion a pdrticular

symbol from the identified supersymbol.

The approach as thus far described is similar in a general way to
conventional coded modulation schemes in that the latter also divide the
channel symbols into groups, typically referred to as "subsets." However,
the prior art subsets are formed under the constraint that the minimum
Euclidean distance (hereinafter referred to as the "minimum distance™)
between the symbols in a subset is greater than the minimum distance
between the symbols in the constellation as a whole. In accordance with the
present invention, however, the minimum distance between the symbols of a
supersymbol is the same as the minimum distance between the symbols in
the constellation as a whole. It is this distance property which allows for
greater amount of noise immunity for the most important data elements
than for the other data elements, that immunity being optimized by
keeping the minimum distance between supersymbols as large as possible--
usually greater than the minimum distance of the constellation.

Specifically, once the supersymbols are defined, it is possible to design codes
for the most important data elements based on the distances between the
supersymbols, i.e., as though each supersymbol were a conventional symbol
in a conventional constellation. This being so, a particular degree of noise
immunity can be achieved for the most important data elements that is
greater than what can be achieved for the other data elements.

Indeed, a tradeoff is involved in that those other data elements
suffer a coding loss, i.e., a somewhat lessened noise immunity. Importantly,
however, the coding gain that can be achieved for the most important data
elements is greater than that which can be achieved using conventional
coded modulation schemes.

Brief Description of the Drawing

In the drawing,
FIG. 1 is a block diagram of a transmitter embodying the

principles of the invention;
FIG. 2 is a block diagram of a receiver for transmitted signals

transmitted by the transmitter of FIG. 1;
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its dinmensionality. We will use the term"superpoint” in a simlar way.)
For this four-dinmensional case, m= 3, k = 5 information bits are input to
channel encoders 114 and 115, respectively, for each synbol interval of
duration 2T. This provides an average ofy four information bits per
signaling interval (or eight information bits per symbol interval). The
nore inportant bits in this case constitute 3/(3+3) = 3/8 = 37.5%of the
information bits. FF&.$§ danieks & pelosarusisnebcorstelalin®l encoders 114 and

115 for this four-dppgngi Qakiseiigdhestste ENGOd elluskikivdldsusadsiypghe
redundant bit to its 3-bit inSut t%o provsi gle a pail# of lZ-git out}nputs whi ch

respecti veltyanaa@irﬁﬁqrqu F1Gsts and second superpoints fromFIG 8. The first

point of the four-driENsiws $¥MHOAsidinde $dRnsOTdrt #d dcnstldposel ect ed
fromthe first §uch super poi nt and the second point of the four-dinensional

synbol to BdG. 4;
FIG. 6 shows a type of trellis encoder that can be used in the

transmitter of FIG. 1;

FIG. 7 is a table comparing the performance of the various
illustrative embodiments of the invention disclosed herein;

FIG. 8 depicts an alternative signal constellation that can be
used in the transmitter of FIG. 1;

FIGS. 9-11, when taken together, show another type of trellis
encoder that can be used in the transmitter of FIG. 1;

FIG. 12 depicts yet another signal constellation that can be used
in the transmitter of FIG. 1;

FIG. 13 shows ancther type of trellis encoder than can be used in
the transmitter of FIG. 1;

FIG. 14 depicts yet another signal constellation that can be used
in the transmitter of FIG. 1; and

FIG. 15 shows how a bit interleaver can be added to one of the
channel encoders in the transmitter of FIG. 1 to provide enhanced impulse
noise immunity.
Detailed Description

Before proceeding with a description of the illustrative
embodiments, it should be noted that the various digital signaling concepts
described herein--with the exception, of course, of the inventive concept
itself--are all well known in, for example, the digital radio and voiceband
data transmission (modem) arts and thus need not be described in detail
herein. These include such concepts as multidimensional signaling using
9N-dimensional channel symbol constellations, where N is some integer;
trellis coding; serambling; passband shaping; equalization; Viterbi, or
maximum-likelihood, decoding; etc. These concepts are described in such
U.S. patents as U.S. 3,810,021, issued May 7, 1974 to L. Kalet et al.; U.S.
4,015,222, issued March 29, 1977 to J. Werner; U.S. 4,170,764, issued
October 9, 1979 to J. Salz et al.; U.S. 4,247,940, issued January 27, 1981 to
K. H. Mueller et al.; U.S. 4,304,962, issued December 8, 1981 to R.D.
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transditl ad Aesn RG1R& Sel ected fromthe second such superpoint. The |ess

I NMpo t used to provide such selection. Specifically, encoder
115 % UH h@ﬂ%ﬂiﬁdundant bit to the 5-bit input on lead 113 to provide

t wo ich, as just noted, 3r_espect ively sel ect specific points

fromthe first and second superpoints identified by encoder 114. Specific

circuitry for carrying out the actual encoding w thin channel encoders 114
and 115 i sFshcassi ¢thalpl 6:S.149457,0@4 bissuesbhues 261 1984 thideGenghpated.;ithS.

accor dance sk Besh el fth G, bsd TBEL 2] bl 4EURET{ 890106 St cved
nbodi neht W th I"'ues of iz

for this e various val ue err] are shown in FIG_7. Note
that if onMays28i1985n9 koWeivandHéSadst97:08%% iesaisd Bines2okHE6 tute Iy | over

per cent agergindnerrt-odiabt whidh 2% herddy Rrpedis® by fgeraced to 50% for the
first en‘nodlrrent--aT ] . .
urning now to FIG. 1, video signal source 101 generates an

analog video signal representing picture information or "intelligence” which
signal is passed on to source encoder 104. The latter generates a digital
signal in which at least one subset of the data elements represents a portion
of the information, or intelligence, that is more important than the portion

_. of the information, or intelligence, represented by the rest of the data
elements. Illustratively, each data element is a data bit, with m+k
information bits being generated for each of a succession of symbol
intervals. The symbol intervals are comprised of N signalling intervals,
where 2N is the number of dimensions of the constellation (as described
below). The signaling intervals have duration of T seconds and,
accordingly, the symbol intervals each have a duration of NT seconds. In
embodiments using two-dimensional constellations, i.e., N = 1, then of
course the signaling intervals and the symbol intervals are the same.

Of the aforementioned m+k information bits, the bits within the
stream of m bits per symbol interval, appearing on lead 105, are more
important than the bits within the stream of k bits per symbol interval,
appearing on lead 106. Two examples of how one might generate a
television signal of this type are given hereinbelow.

The bits on leads 105 and 106 are independently scrambled in
scramblers 110 and 111, which respectively output m and k parallel bits on
leads 112 and 113. (Scrambling is customarily carried out on a serial bit
stream. Thus although not explicitly shown in FIG. 1, scramblers 110 and
111 may be assumed to perform a parallel-to-serial conversion on their
respective input bits prior to scrambling and a serial-to-parallel conversion
at their outputs.) In accordance with the invention, as described more fully
hereinbelow, the respective groups of bits on leads 112 and 113 are extended
to channel encoders--illustratively trellis encoders--114 and 115 which
generate, for each symbol interval, respective expanded groups of the
expanded r and p bits on leads 121 and 122, where r > m and p > k. The
values of those bits jointly identify a particular channel symbol of a
predetermined constellation of channel symbols (such as the constellation of
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- 13 - greater coding gain can be achieved for such bits. A further
characteristic of coded nodul ati on schenes based on FIG 8--which is

i ndependent of the dinmensionality of the overall code--is that it allows
for the use of coded nodul ati on schenmes which are expected to provide
greater imunity agai nst inpul se noise "t the nost I nportant bits than

ot her constellations, such as that shown in FIG 4 and FIG 12 (the latter
bei ng descFilkedt bsatlesm)‘xbeﬁhm detagloheriein idlaw ).t Komppleiktplens cobrdinetesanfi ous

SuPer PO 1! S UBLLNEA (RaREl ANALRCLCANRE WPLLARdEASE haghsl Yo anul ar.

as opposed
111ustra.t1vely realized as a lookup table or as a straightforward combination

of logic elements. Conventional passband shaping and television modulation
are then performed by passband shaper 141 and television modulator 151,
respectively. The resultant analog signal is then broadcast via antenna 152
over a communication channel, in this case a free-space channel.

In order to understand the theoretical underpinnings of the
invention, it will be useful at this point to digress to a consideration of
FIG. 3. The latter depicts a standard two-dimensional data transmission
constellation of the type conventionally used in digital radio and voiceband
data transmission systems. In this standard scheme--conventionally referred
to as quadrature-amplitude modulation (QAM)--data words each comprised
of four information bits are each mapped into one of 16 possible two-
dimensional channel symbols. Each channel symbol has an in-phase, or I,
coordinate on the horizontal axis and has a quadrature-phase, or Q,
coordinate on the vertical axis. Note that, on each axis, the channel symbol
coordinates are & 1 or £ 3 so that the distance between each symbol and
each of the symbols that are horizontally or vertically adjacent to it is the
same for all symbols--that distance being “2". As a result of this uniform
spacing, essentially the ‘same amount of noise immunity is provided for all
four information bits.

As is well known, it is possible to provide improved noise
immunity without sacrificing bandwidth efficiency (information bits per
signaling interval) using a coded modulation approach in which an
"expanded" two-dimensional constellation having more than (in this
example) 16 symbols is used in conjunction with a trellis or other channel
code. For example, my above-cited '490 patent discloses the use of a 32-
symbol, two-dimensional constellation together with an 8-state trellis code.
That coded modulation scheme achieves approximately 4 dB of enhanced
noise immunity over the uncoded case of FIG. 3, while still providing for the
transmission of four information bits per signaling interval. Here, too,
however, essentially the same amount of noise immunity is provided for all

four information bits.




chenmes based on constellations of the type of FIG 8 can
be a rrangl ng the bits that are output by channel encoder 114
so t are generated in pr ox;zmty to one anot her by the encoder
are separated from one another as nuch as possible, given that the system
del ay constraints are nmet. To this end, channel encoder 114 may include a
bit interleaver, whincircpedimtenwitdutiie rmamﬁmﬂgﬁbnt noxen SRISAHMAUR|tE ands (| n
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than what can be achieved with the aforementioned conventional coded
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modulation approach. Indeed, the transmitter of FIG. 1 embodies the
inventive concept, as will now be described in further detail.

The constellation used in the transmitter of FIG. 1 is
illustratively the two-dimensional 64-symbol constellation shown in FIG. 4
(each symbol is represented as a dot in the figure). In accordance with the
invention, the symbols in the signal constellation are divided into groups
which I refer to as "supersymbols." Specifically, the constellation of FIG. 4
is divided into 27 = 2% = 8 supersymbols. Four of the supersymbols,
labeled 000, 011, 100 and 111, are each comprised of eight contiguous
channel symbols assigned to that supersymbol. The other four
supersymbols, labeled 001, 010, 101 and 110, are each comprised of two
non-contiguous groups, each comprised of four contiguous channel symbols.
(The use of such two-group supersymbols allows the overall constellation to
have, for example, better signal-to-noise ratio, lower peak-to-average power
ratio and better symmetry than would otherwise be possible.)

In this example, m = k = 2. That is, 50% of the bits are in the
class of most important bits. Each of encoders 114 and 115 adds one
redundant bit, so that r = p = 3. The r = 3 bits on lead 121 identify one
of the eight supersymbols and the p = 3 symbols on lead 122 select a
particular one of the eight channel symbols within the identified
supersymbol. In accordance with an important aspect of the invention, the
minimum distance between the symbols of a supersymbol--that distance
being denoted dy--is the same as the minimum distance between the
symbols in the constellation as a whole. Indeed, it can be verified by
observation that this criterion is satisfied in FIG. 4. Given this
characteristic, increased noise immunity for the most important bits can be
provided via appropriate selection of a) the codes implemented by
encoders 114 and 115 and b) the ratio d /d;--where d; is the minimum
distance between the supersymbols. (The parameter d; is given by the

minimum of the distances between all the pairs of supersymbols. In turn,
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supersynbol s--which is the case for the coded nodul ati on schene j ust

descri bed--such rearrangenent of the bits does not degrade the performance
of the code against additive white Gaussian noise. On the other hand,
however, such rearrangenent provi des an enhanced i nmunity agai nst inpul se
noise. This is a result of the bursty mad ore of | mpul se noi se. (Enhanced

| mpul se noise inmmunity can al so be achi eved for coded nodul ati on schenes

whi ch do nafhen@Staridecbaahees zﬁfyi psirrloa-suspu n@olt he tyam@mu@ﬁ ralesftaﬁe@enes

di scl osed er ein--b reaé ng ﬁ nmensi on $ | eqt}ef ore
transmtti mpHFIEEm 2pHTIEm 8@? § %BFHé' at U EEsEm P %'? \?'Qy 5‘51\]%‘3 t han
when t he bithe c&rhen)earranged ) As another alternative, consider, for

exanpl e, the two- didren drl sed

of "ol ght super syrbor eI B Fgeed PR alsaon te et s hnolDhE Yol Thi s
for the most important blts as though the eight supersymbols were eight
conventional symbols in a conventional constellation. (It is true that in a
conventional constellation a symbol cannot be divided into halves, as is the
case for supersymbols 001, 010, 101 and 110. However, for the purpose of
coding design, one may treat each of the halved supersymbols as being
located in only one of its two positions.) To design such a coded modulation
scheme, the eight supersymbols are partitioned, as is conventional, into a
predetermined number of subsets and an appropriate code is used to encode
some of the most important input bits to generate a stream of coded output
bits which define a sequence of subsets. The remaining most important
input bits are then used to select a supersymbol from each identified subset.
In this particular example, each subset contains only a single supersymbol,
i.e., there are eight subsets, and all most important input bits--i.e, the two
bits on lead 112--are encoded. Thus the identification of a particular subset
also identifies a particular supersymbol. It is from this particular
supersymbol that the symbol that is ultimately to be transmitted will be
selected as a function of the other, or less important, bits.

Importantly, it will be appreciated that this approach achieves--
by virtue of the partitioning and code selected--a particular degree of noise
immunity for the most important data elements that is greater than what
can be achieved for the less important data elements and, indeed, is greater
than what can be achieved with conventional coded modulation, all other
things being equal.

As noted above, the less important bits, on lead 113, are then
used to select a particular symbol from the identified supersymbol for
transmission. In preferred embodiments, this selection also involves the use
of coded modulation wherein at least some of the less important bits are
encoded to identify a particular subset of symbols within a supersymbol
and, if the subset contains more than one symbol, any remaining bits are
used to select a particular one of those symbols. (The arrangement of the
symbols within a supersymbol should, of course, be chosen jointly with
encoder 115 to maximize its codmg gam ) Again in this example, there are




constellation could be used in a two-di nensional signaling scheme having

- 14 - m=2, k =1--i.e., the bandwidth efficiency is three information
bits per signaling interval and the nore inportant bits constitute 66. 7% of
t he total--and i n which each channel encoder introduces one redundant bit,
l.e., r 3 and p = 2. As before, howevel: in order to increase the
bandmﬁdth efficiency, this sane constellation can be used as the basis of a

f]g)u][ - di ne][éis&mr@ibseeﬁ@f smbexsthmuIegcmupemms‘blgn@l lone s¥nftasl e aver age
or Lour L SLamt o0 LA PEt, RLgnaliog Lterel TG mmr e Loper gL i e i
appreci at edhe three coded bits on lead 122 identify, at one and the same time, both a

subset and a specific symbol from the earlier identified supersymbol.

A particular illustrative embodiment for both encoders 114 and
115 is shown in FIG. 6. (In this FIG., the boxes labelled "T" are T-second
delay elements, the circles labelled "+" are exclusive-or gates, and the two-
input gates are AND gates, one of which has one of its inputs inverted.) As
noted above, the 3-bit output of encoder 114 identifies a particular
supersymbol. Specifically, the bit values "110" output by encoder 114 on its
three output leads (reading from top to bottom in FIG. 6) identifies the
supersymbol labeled 110 in FIG. 4, and so forth for each of the seven other
possible bit patterns. Additionally, the 3-bit output of encoder 115 selects a
particular symbol within the identified supersymbol. In particular, the
assignment of bit values to particular channel symbols within the
supersymbols is shown in FIG. 5 for the upper right quadrant of the FIG. 4
constellation. The bit assignment scheme for the other three quadrants are
arrived at by simply rotating FIG. 5. Thus, for example, the bit values
"001" output by encoder 115 on its three output leads (reading from top to
bottom) identifies the channel symbol labeled 001 in the identified
supersymbol--there being one such symbol in each supersymbol.

Given the use of the particular trellis code implemented by the
encoder of FIG. 6, various operational parameter tradeoffs can be achieved
by varying the values of d; and d,. Two possibilities for the constellation
of FIG. 4 are shown in the table of FIG. 7. In particular, with d, /dy = 2.5,
a coding gain of 5.7 dB (measured, relative to an uncoded 16-QAM scheme
such as shown in FIG. 3--which has the same bandwidth efficiency as the
current example--at a block error rate of 10~ 3 for a block size of 1,000 bits)
is achieved for the most important bits at a cost of a coding gain of -2.8 dB
(i.e., a coding loss) for the less important bits. Alternatively, with
d,/dy = 3.5, a coding gain of 6.6 dB is achieved for the more important
bits at a cost of a coding gain of -4.6 dB for the less important bits. The
peak-to-average power ratio is about "2" (as it is for all the examples
described herein), which is comparable to that achieved with conventional

uncoded modulation.

REPLACEMENT SHEET

12 SEP 1996




that this

Finally,
i mport ant

enbodinment is simlar to that previously described except that
t he channel encoders for the nost- and |l ess-inportant bits are exchanged.

bits brings with it a decreasggl_coding gain for those bits.
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coded noduisatiesneatalizrd L¥apresh

egyakizer 221 and passed on para
rails 222 and 223 to channel decoders 231 and 232. Each of the channel
decoders is, illustratively, a maximum likelihood decoder, such as a Viterbi
decoder. Specifically, the function of channel decoder 231 is to identify the
most likely sequence of supersymbols, while the function of channel
decoder 232 is to identify the most likely sequence of symbols, given that
sequence of supersymbols. Thus, decoder 231 has stored within it
information about the code used by channel encoder 114, while decoder 232
has stored within it information about the code used by channel

encoder 115. Additionally, between the two of them these two decoders
have stored within them information about the constellation being used and
the manner in which the symbols are assigned to their respective
supersymbols.

In channel decoder 231, the first step of decoding is to find the
supersymbol or half supersymbol in each subset that is closest to the
received symbol--such as the point denoted "A" in FIGS. 4 and 5. In this
case, it will be remembered, there is only one supersymbol per subset.
Channel decoder 231 assumes a specific single location in the signal space
for each supersymbol or half supersymbol. Three such locations, denoted
with a dashed "x", are shown in FIG. 4. The other locations are placed
similarly. The distance between that supersymbol or half supersymbol and
the received symbol is then determined. (The distance between the received
symbol and a supersymbol or half supersymbol is the distance between the
former and the previously defined location of the latter.) After this,
decoding proceeds to find the most likely sequence of transmitted
supersymbols in just the same way that a Viterbi decoder operates in 2
conventional coded modulation system to find the most likely sequence of
conventional symbols.

The operation of channel decoder 232 will be explained with
reference to FIG. 5. The first step is to rotate the received symbol by an
integral multiple of 90 degrees so that the resulting symbol is always in, say,
the so-called first quadrant, wh1ch is the quadrant depicted in FIG. 5. Itis
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provi de greater imunity agai nst inpulse noise for the nore inportant bits

than other constellations. The foregoing nerely illustrates the principles
of the invention. For exanple, it is assumed in FIG 1 that only one
broadcast signal polarization is used._ However, it is possible to double

the bandwi dth efficiency of the scheme by using a second set of coding
circuitry to encode a second source-coded data streamin parallel wth the
first and then daterminedvehetden|the mgtxiedeymbrius leser dpguaerwysr bl ¥0second
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symbol is identified and the distances between them are calculated. This
information is then used by channel decoder 232 to identify--for the purpose
of recovering the less important bits--the most likely sequence of
transmitted symbols. Alternatively stated, this determination of the most
likely sequence of transmitted symbols is used only for purposes of
extracting the less important bits. The more important bits are recovered
from channel decoder 231 as described above.

An alternative way of realizing decoder 232 is to wait for
decoder 231 to form its decision as to the identity of each supersymbol and
then use this information in the recovery of the less important bits. (No
rotation would be required in this case.) Such an approach has the
potential advantage of allowing one to use a more complex code for the less
important bits--and thereby achieve greater noise immunity for them--but
at a cost of increased receiver processing delay.

Decoding in the case where multi-dimensional symbols are
used--such as the four-dimensional examples described below--is carried out
in a similar manner, as will be appreciated by those skilled in the art.

The bits output by decoders 231 and 232 are descrambled by
descramblers 241 and 242, which respectively perform the inverse function
of secramblers 110 and 111 in the transmitter. A video signal formatted so as
to be displayable by, for example, a CRT display is then generated from the
descrambler outputs by source decoder 253, thereby recovering the original
video information, or intelligence. That signal is then applied to CRT
display 260.

Numerous variations of the invention are possible. Consider, for
example, the two-dimensional constellation of FIG. 8, which is comprised of
four supersymbols each being comprised, in turn, of eight symbols. This
constellation could be used in a system having m = 1, k = 2--i.e., the
bandwidth efficiency is-three information bits per signaling interval and the
most important bits constitute 33.3% of the total--and in which each

channel encoder introdwees—one.cedundant hit, i.e., r = 2 and p = 3.
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supersynbol . It should also be noted that, although in all of the exanples
shown herein, the m ninmum di stance [err] between superpoints is always -
15 - greater than the m ninmum di stance [err] between points, this is not
necessary. For exanple, [err] can be equ | to[err] in FIG 8. It should

al so be noted that. although in all thel Xanpl es shown herein, only two

cl asses of data elenents are accommodated, the invention is not so |imted.
As many cl gksesved| irdat'@exeﬂoehﬁméasseaﬂledmm\eiﬂtheumciemcjrachis shmeaccommodat ed
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subcl asses suppstisdoghtif tbrf Aifhipen signaling mterval

Specifically, the four-dimensional constellation is constructed by

. concatenating the constellation of FIG. 8 with itself so that each four-
dimensional symbol is comprised of a first point selected from the two-
dimensional constellation concatenated with a second such point. {(We
herein use the word "point” to refer to an element of the two-dimensional
constellation of FIG. 8, thereby differentiating it from the overall coded
entity, which we consistently refer to herein as a "symbol," no matter what
its dimensionality. We will use the term "superpoint” in a similar way.)
For this four-dimensional case, m = 3, k == 5 information bits are input to
channel encoders 114 and 115, respectively, for each symbol interval of
duration 2T. This provides an average of four information bits per signaling
interval (or eight information bits per symbol interval). The more
important bits in this case constitute 3/(3+5) = 3/8 = 37.5% of the
information bits.

FIG. 9 shows the structure of channel encoders 114 and 115 for
this four-dimensional embodiment. Encoder 114 adds a single redundant
bit to its 3-bit input to provide a pair of 2-bit outputs which respectively
identify first and second superpoints from FIG. 8. The first point of the
four-dimensional symbol to be transmitted is to be selected from the first
such superpoint and the second point of the four-dimensional symbol to be
transmitted is to be selected from the second such superpoint.

The less important bits are used to provide such selection.
Specifically, encoder 115 adds a single redundant bit to the 5-bit input on
lead 113 to provide two 3-bit outputs which, as just noted, respectively
select specific points from the first and second superpoints identified by
encoder 114.

Specific circuitry for carrying out the actual encoding within
channel encoders 114 and 115 is shown in FIG. 10, the bit converter of
which operates in accordance with the table of FIG. 11.

The relative performances achieved for this embodiment with
various values of d; /ds are shown in FIG. 7. Note that if one is willing to
have the most important bits constitute a lower percentage of the total--
37.5% in this embodiment compared to ,50% for the first embodiment--a
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Mor eover, al though all the exanples shown herein code either three or four
information bits at a tine, the inventionis not in any way limted to
these. In the exanples shown herein, encoders 114 and 115 are always of the
sane di nmensionality. However, this is not necessary. For exanple, a

t wo- di mensi onal code coul d be used for-t#Be nmore | nportant data el enents to
I dentify a sequence of superpoints of a predeterm ned two-di nensi onal
constel | at gi?éhteAcBeufggiéiﬁeaﬁi Bealchtadd fopuhehtdign be used for the less

i nportant data elenents 1o selec ints froms ent | al LI f
super poi nts fromt Hgtttgééffe?\}éae’im&ﬂ?ﬁ?écr 812??/‘#@“\‘0%13#@&?%%%%?%%% a%)eodd(éncoul d
be used foFIGh&-rwhiehiispodependatdtel Weediomsicualita afvibediveenldicoded-iscode f or

the |ess i E8lodatdr BlEIRILE codd by | 1BEL By ders
114 and 11@%? \E/vaysmi rrp(%err.ent 8- stcgolte. tre ‘Flégmc?gggesﬁgﬂo%%ra?é t@ﬁ‘ﬁ&?g not
necessary. to@de¥ide greater immunity against impulse noise for the most important

bits than other constellations, such as that shown in FIG. 4 and FIG. 12
(the latter being described below). The reason is that the positions of the
various superpoints relative to one another can be defined based solely on
angular, as opposed to amplitude, information.

A further protection against impulse noise for the most
important bits in coded modulation schemes based on constellations of the
type of FIG. 8 can be achieved by rearranging the bits that are output by
channel encoder 114 so that bits that are generated in proximity to one
another by the encoder are separated from one another as much as possible,
given that the system delay constraints are met. To this end, channel
encoder 114 may include a bit interleaver, which performs such
rearrangment, as shown in FIG. 15. (In the receiver, a complementary de-
interleaver will, of course, be used--before channel decoder 231.) On the one
hand, it can be shown that for coded modulation schemes in which the
Euclidean distance between valid sequences of supersymbols is the same
(with the possible exception of a scaling factor) as the Hamming distance
betweeen the sequences of bits associated with those sequences of
supersymbols-—-which is the case for the coded modulation scheme just
described--such rearrangement of the bits does not degrade the performance
of the code against additive white Gaussian noise. On the other hand,
however, such rearrangement provides an enhanced immunity against
impulse noise. This is a result of the bursty nature of impulse noise.
(Enhanced impulse noise immunity can also be achieved for coded
modulation schemes which do not meet the above criteria-—-such as the
various other schemes disclosed herein--by rearranging the two-dimensional
signal points before transmitting them. This approach is somewhat less
effective, however, than when the bits are rearranged.)

As-another alternative, consider, for example, the two-
dimensional constellation of FIG. 12, which is comprised ol eight
supersymbols each being comprised, in turn, of four symbols. This

constellation could b_e__u_s_e_d__'m_a.m&d-mﬂsional signaling scheme having
REPLACEMENT SHEET

12 SEP 1996




having other than 8 states are equally usable. Mreover, other types of
codes, such as block codes, can be used instead of trellis codes. In sone
applications, it may be desired to provide for the possibility of phase
rotations in the received signal caused by channel disturbance. In such
applications, differential encoding cité#rtry may be included within
channel encoder 114 to take care of this problem In addition, the

't p\éﬁgtn: 22. ('1)1? L 'o'sfqtzir-nf aled,, hﬁé%ﬁ&xfxgtlg@afgaeﬁ@ﬁs fHired 1ﬂfc9'kﬁzﬁ'ioﬂ/bii@q)er
digital tréal 1@5naHﬂ?@!@@ﬁﬁhewﬁpgbvepoﬂap¥Hbﬁg IcaaPF%bggg;ég gFFZt?Lns
gregl fggwgl Pgt;ag gﬁd{ag{wn@gas%@%haraM%Feba@t ilﬂrédudgeldlﬁ fedyinidanobig .,
ventton e PRGE o 20 ARPENRBoBET Ty T ABRENEndaRoRS theuparg il e the
functi onal effidibméy)ghid saks,codstellation can be used as the basis of a four-

dimensional code. Here we would have m = 5 and k = 3 for an average of

four information bits per signaling interval. The more important bits in this

case constitute 5/8 = 62.5% of the information bits. It will be appreciated

that this embodiment is similar to that previously described except that the

channel encoders for the most- and less-important bits are exchanged.

Finally, it may be noted from FIG. 7 that the increased percentage of most

important bits brings with it a decreased coding gain for those bits.

It is also important to note that the constellations used to
implement the invention need not have orthogonally aligned points, as is
the case for all of the constellations described thus far. For example, the
constellation of FIG. 14 has radially-aligned points. There are eight
supersymbols each of which is comprised of eight symbols. This
constellation can thus support a two-dimensional coded modulation scheme
with m == 2, k = 2. Each of the supersymbols can be identified based solely
on angular information. Therefore, this constellation, like that of FIG. 8,
allows for the use of coded modulation schemes which are expected to
provide greater immunity against impulse noise for the more important bits
than other constellations.

The foregoing merely illustrates the principles of the invention.

_.  TFor example, it is assumed in FIG. 1 that only one broadcast signal
polarization is used. However, it is possible to double the bandwidth
efficiency of the scheme by using a second set of coding circuitry to encode
a second source-coded data stream in parallel with the first and to transmit
the resulting coded modulated signal using a second polarization.
Alternatively, a single data coding rail can be employed but its speed can be
doubled by transmitting alternate signal points on the two polarizations.

It should be noted that, although in all the examples shown
herein, the less important bits are always coded, this is not necessary. That
is, uncoded bits can be used to select a symbol from the identified

"~ supersymbol. It should also be noted that, although in all of the examples

shown herein, the minimum distance d; between superpoints is always
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source coders, scranblers, etc., the functions of any one or nore of those
bui I di ng bl ocks can be carried out using one or nore appropriate programred

processors, digital signal processing (DSP) chips. etc. Thus -16-
al t hough each of the various "neans” gkted in the clainms hereof may
correspond, in sonme enbodi nents, to specPfic circuitry which is

specifically designed to performthe function of just that neans, it wll
be appreci arestetr ha‘ansuhrehnunamrﬁ"dimymaldeebamée\newncgrmimm necesednyer

oo ment 4 e ATRLA% 20,4 PSR NSRS W' B pBETRMRRE 01
functi on i mltdueghiimnall the examples shown herein, only two classes of data elements
are accommodated, the invention is not so limited. As many classes of data
. elements as desired can, in fact, be accommodated by dividing the class of
less important bits into two or more subclasses and applying the principles
of the invention to the coding of those subclasses in straightforward fashion.
Moreover, although all the examples shown herein code either three or four
information bits at a time, the invention is not in any way limited to these.

In the examples shown herein, encoders 114 and 115 are always
of the same dimensionality. However, this is not necessary. For example, a
two-dimensional code could be used for the more important data elements
to identify a sequence of superpoints of a predetermined two-dimensional
constellation. A four-dimensional code could then be used for the less
important data elements to select points from sequential pairs of
superpoints from that sequence. Conversely, a four-dimensional code could
be used for the more important data elements and a two-dimensional code
for the less important data elements.

In the examples shown herein, encoders 114 and 115 always
implement 8-state trellis codes. However, this is not necessary. Codes
having other than 8 states are equally usable. Moreover, other types of
codes, such as block codes, can be used instead of trellis codes.

In some applications, it may be desired to provide for the
possibility of phase rotations in the received signal caused by channel
disturbance. In such applications, differential encoding circuitry may be
included within channel encoder 114 to take care of this problem.

In addition, the invention is illustrated herein in the context of a
digital video transmission system. However, it is equally applicable to other
types of digital transmission systems. Moreover, although particular
constellations are shown herein, numerous other constellations, which may
be of any desired dimensionality, can be used. |

It may also be noted that although the invention is illustrated
herein as being implemented with discrete functional building blocks, e.g.,
source coders, scramblers, etc., the functions of any one or more of those
building blocks can be carried out using one or more appropriate

programmed processors, digital signal processing (DSP) chips. etc. Thus
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It will thus be appremated that those skilled in the art wll be able to
deVhi s%neﬂ *f various alternative arrangenents not explicitly shown
or | claim 1. A nmethod conprising the steps of

enc roup of data elements to generate a first expanded group
of ata eI errents identifying one of a plurality of supersynbols of a

pr edet er m ned channel synbol constellation in response to the first
expanded group of data ele- - 16 -

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 combined 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.
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nments, ea ol being conprised of a respeghi YRetMabiBeth Reaced
syan ﬁﬂtﬂﬁﬁ@ﬂi@‘%l | ation, selecting an individugl ynbol s of
the i o ynbol at |least in response to %HEHE;IE[ E{;lﬂmof dat a
el enents, and applying to a communi catig®g channel a - senting
the sel ected synbol, the m ninum di stance between at | east ones of the
synbol s of at |east one of the supersynbols being the sane as the m ni num
di stance be&lmianst he synbols of the constellation as a whole. 2. The
invention of claimyl wg{gh8dthe selecting step includes the steps of

CHARACTERIZED BY the steps of

encoding a first group of data elements to generate a first
expanded group of data elements,

‘identifying one of a plurality of supersymbols of a predetermined
channel symbol constellation in response to the first expanded group of data
elements, each supersymbol being comprised of a respective plurality of
symbols of the constellation,

selecting an individual one of the symbols of the identified
supersymbol at least in response to a second group of data elementé, and

applying to a communication channel a signal representing the
selected symbol,

the minimum distance between at least ones of the symbols of at
least one of the supersymbols being the same as the minimum distance
betweeen the symbols of the constellation as a whole.

2. The invention of claim 1
CHARACTERIZED IN THAT
the selecting step includes the steps of
encoding said second group of data elements to generate a
second expanded group of data elements, and
selecting said individual symbol in response to the second
expanded group of data elements.

3. The invention of claim 1
CHARACTERIZED IN THAT
said encoding step includes the step of trellis coding said first

group of data elements.

4. The invention of claim 1
CHARACTERIZED BY
the further step of generating said data elements by source
coding input information in such a way that said first group of data
elements represents a portion of said information that is more important
than the portion of said information represented by said second group of

REPLACEMENT SHEET
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enco group of data elenents to gen-rh,ggmmaasc&egqmﬂexpanded
gro u ‘ , and selecting said indivi du sponse to
an group of data elenments. 3. The gﬂ aimil

wherel n sai d encod| ng step includes thglr?step of trel d first
group of data elements. 4. The inventi ‘of claim1 conprising the further
step of generating said data el ements by source coding input information in
such a wayditwatleswnds.first group of data el enents represents a portion of
said information that is nore inportant than the portion of said inform-
5. The invention of claim 4
CHARACTERIZED IN THAT

said information is television information.

6. The invention of claim 1
CHARACTERIZED BY
the further step of rearranging the first expanded group of data
elements prior to said identifying step.

7. The invention of claim 1
CHARACTERIZED IN THAT
at least one of said supersymbols is comprised of at least two

non-contiguous groups of symbols.

8. A method for use in a receiver which receives intelligence
communicated to said receiver by a transmitter, said transmitter being
adapted to channel code successive groups of m+k data bits associated with
respective symbol intervals via the steps, performed for each said interval,
of a) encoding m of the bits of one of the groups using a first predetermined
code to generate an expanded group of r bits, r > m; b) identifying a
particular one of 2" supersymbols of a predetermined channel symbol
constellation as a function of the values of said r bits, each of said
supersymbols being comprised of a plurality of symbols of said constellation
assigned thereto and the minimum distance between the symbols of each
supersymbol being the same as the minimum distance between the symbols
of the constellation as a whole; ¢) generating a signal representing a selected
one of the channel symbols of the identified one supersymbol, the selection
being performed as a function of the values of the other k bits of said one
group; and d) communicating said signal to said receiver over a
communication channel;

said method CHARACTERIZED BY the steps of
receiving said signal from said channel, and




i nventidn 6f &laim™ conprising the further step of

expanded group of data elements prior togsaid identifying step

invention of claim1 wherein at |east oné of said supersynbols is conprised
of at l|east two non-con- tiguous groups of synbols. 8. A nmethod of channel
codi ng successi ve gFeSayeriag saikintaligenice Srom $beirgeeivedisignal esaidet i ve synbol

i nter- val secotarigigniding daeQs® ous iiNdebpenset R foRRATiOh ¥EskeHOnL £3¢h said

interval, %cexver about said first predetermined code, about said constellation, and

tio aid. second group of data el erYEﬂthhe&HaTB&anBMﬂ:ﬁllOn
of Imﬂm ﬂmmﬂmgl d information is tel evision inf aqnm mm—“mi"lm
first

the manner in which said symbols are assigned to their respective
. supersymbols.

9. The invention of claim 8

CHARACTERIZED IN THAT

the signal generating step in the transmitter includes the steps of
a) encoding the other k bits of said one of the groups using a second
predetermined code to generate a second expanded group of p bits, p > k:
and b) selecting said individual symbol in response to the second expanded
group of data bits,

and FURTHER CHARACTERIZED IN THAT

said recovering step is carried out further in response to
information stored in said receiver about said second predetermined code.

10. The invention of claim 9
CHARACTERIZED IN THAT
said intelligence is television information.

11. The invention of claim 10
CHARACTERIZED IN THAT
said recovering step includes the step of decoding the received
signal to recover said successive groups of data bits using maximum
likelihood decoding.

12. Apparatus operative during each of a successsion of symbol
intervals for channel coding respective groups of m-+k data bits, said
apparatus

CHARACTERIZED BY

means for encoding m of the bits of one of the groups to generate
an expanded group of r bits, r > m,

means for identifying a particular one of 27 supersymbols of a

predetermined channel symbol constellation as a function of the values of

said r bits, each of said supersymb‘mm Ei

12 SEP 1996
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predet er'm hed"channel synbol constellation as a funct es of

said r bits, each of said supersynbols E i ng conprise y of

synbol s of said constellation, and gene gfing a signal representing a

sel ected one of the channel synbols of the identified one supersynbol,
symbols of said constellation, and

or o WU AN °: 6nti ¢V 2 part Peul or éﬁfﬁ?j?ﬂﬁﬁﬁﬁ?ﬁ%ﬁé‘i’ﬁgﬂfda
|

means for generating a signal representing a selected one of the
channel symbols of the identified one supersymbol, the selection being
performed as a function of the values of the other k bits of said one group,

the minimum distance between the symbols of each supersymbol
being the same as the minimum distance between the symbols of the

constellation as a whole.

13. The invention of claim 12
CHARACTERIZED IN THAT
said data bits represent television information.

14. The invention of claim 13
FURTHER CHARACTERIZED BY
means for generating said data bits by source coding input
information in such a way that said m bits represent a portion of said
information that is more important than the portion of said information

represented by said k bits.

15. The invention of claim 14
CHARACTERIZED IN THAT
said generating means includes
means for encoding the other k bits of said one of the groups to
generate an expanded group of p bits, p > k, and
means for selecting said individual symbol in response to said

expanded group of p bits.

16. The invention of claim 15
CHARACTERIZED IN THAT
said m-bit and k-bit encoding means include means for trellis

coding said m and k bits, respectively.

17. - The invention of claim 15
CHARACTERIZED IN THAT




the

b ts Eﬂlﬂﬂmerformsd as a function of the \rﬁks&eamiseteh&e;mc#mr k

the m ni num di st ance bet ween each

super synb bei ng the sane as the mnimum dis- tance m&ﬂl nbol s of
t he constellatlon as a whole. 9. The inyention of clai onprising the
further step of generating said data b‘|t‘ “"by source coding input

i nformation in such a way that said mbits represent a portion of said
information that i SamHaet onpobf asid ¢umrsybolsoarei auchoforspitistd of ot teast on

represented
| ml‘oor ST oW l?)ynon-con lguous grouops T seyn;lgvlgnt ion of claim9 wherein said

18. The invention of claim 16
FURTHER CHARACTERIZED BY
‘means for rearranging said expanded group of r bits prior to said
identifying step.

19. An arrangement for use in a receiver which receives
intelligence communicated to said receiver by a transmitter, said
transmitter including apparatus for a) encoding a first stream of the data
elements using a first predetermined code to generate a first expanded
stream of data elements; b) identifying a sequence of supersymbols of a
predetermined channel symbol constellation in response to the first
expanded stream of data elements, the minimum distance between at least
ones of the symbols of at least one of the supersymbols being the same as
the minimum distance betweeen the symbols of the constellation as a whole;
¢) encoding a second stream of data elements using a second predetermined
code to generate a second expanded stream of data elements; d) selecting an
individual one of the symbols of each supersymbol of said sequence at least
as a function of the second expanded stream of data elements; and d) means
for applying to a communication channel a signal representing the selected
symbols,

said arrangement CHARACTERIZED BY
means for receiving the signal from the communication channel,
and
) means for carrying out a maximum likelihood decoding operation
on the received signal to recover said first stream of data elements and for
carrying out a second maximum likelihood decoding operation on the

received signal to recover said second stream of data elements.

20. The invention of claim 19
CHARACTERIZED IN THA'T
said first and second codes arc trellis codes. .,

REPLACEMENT SHEET
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ist il i tion. 11. The invention of clai m hfissheri@dsBednRplaced
geneimﬂmﬂ“]m&mmmdes the steps of encoding the ot herHMW m&mlmslmd one
of t groupstt os generat e an expanded group of p bits, p ting
said individual synmbol in response to said expanded grou p DITS 2.
The invention of claim@8 conprising the further step of rearranging said
expanded group of r bits prior to said gglentifying step. 13. The invention
of claim 1l wherein said mbit encoding step includes the step of trellis

coding said mbits, and said k-bit encoding step includes the step of
CHARACTERIZED IN THAT

said intelligence is television information.

.| A2SEPHos |

e T TRV S L i




trellis coding said k bits. 14. The invention of claim 12 wherein at | east
ones of said supersynbols are each conprised of at |east two non-conti guous
groups of synbols. 15. A nethod for use in a receiver which receives
intelligence communicated to said receiver by a trans- mtter, said
transmtter being adapted to channel code successive groups of mtk data
bits associated with respective synbol intervals via the steps, perforned
for each said interval, of a) encoding m.of the bits of one of the groups
using a first predeterm ned code to geneat e

CODED MODULATION WITH UNEQUAL ERROR PROTECTION
Abstract

Digital signals, such as digitized television signals, are subjected
to a source coding step in which a class of "most important” data elements
represents a proportionately greater amount of the information to be
communicated than the rest of the data elements. This is followed by a
constellation mapping step which is carried out in such a way that those
data elements have a lower probability of being erroneously detected at the
receiver than the others. The constellation mapping step uses coded
modulation in order to provide enhanced noise immunity for the "most

important" data element class.

FIGURE 1.




19 an expanded group of r.bits, r>m b) identifying a par- ticular one of
2' supersynbol s of a predeterm ned chan- nel synbol constellation as a
function of the values of said r bits, each of said supersynbols being
conprised of a plurality of synbols of said constellation assigned thereto
and the m ni num di stance between thq_ﬁﬁqbols of each supersynbol being the
sane as the m ni mum di stance between t'he synbols of the constellation as a
whol e; c) generating a signal representing a selected one of the channel

symbol s of the identified one supersym bol, the selecti-on—-betrg—pertorned
as a functiQn of the ~ —_ 5
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val ues of the other k bits of said one group; .and d) conmmunicating said
signal to said receiver over a com nunication channel; said nethod
conprising the steps of receiving said signal fromsaid channel, and
recovering said intelligence fromthe received signal, said recovering
being carried out in response to inforgation stored in said receiver about
said first predeterm ned code, about said constellation, and the manner in
whi ch said synbols are assigned to their respective supersynbols. 16. The
invention of claim15 wherein the signal generating step in the transmtter

i ncl udes the stepsjﬁ}cf) 3

° . 3 ° .
. ® ) . .
-3 -1 : 3
. L -1 . .
. . -3 . .
FIG. 4 'y
001
110
Yo | W/
o o 1 e oo 3
NO\\
of F-'—TI fo < =
x o |e of jo x of ]' f101
L] 5_-_& o o o [+ o
011 000 -
WO\ 11 -
v FTT] "% e IOy
of I» o] lo o je ™
001 e o o o 110
Vel ® X
TR
010
}T%bdi bdedad byl 0 o] REPLACEMENT SHEET
dy 4y d7 dy 12 SEP 196 |-

i




encoding the other k bits of said one of the groups using a second
predeterm ned code to generate a second ex- panded group of p bits, p>k;
and b) selecting said indi- vidual synbol in response to the second
expanded group of data bits, and wherein said recovering step is carried
out fur- ther in response to informatign stored in said re- ceiver about
sai d second prgﬁgiééni d code. 17. Theg invention of claim 16 wherein said
intelli- gence | e 'sichi nformati on. 18. The invention of claim 17
wherein said recover- ing step includes the step of decoding the received
sig- nal to recover said sug¢cessive groups of data bits using
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maxi mum | i kel i hood decodi ng. 19. Apparatus for channel coding first and
second streans of data el enents, said apparatus conprising neans for
encoding said first streamof data elenents to generate a first expanded
stream of data ele- nents, neans for identifying a sequence of supersynbols
of a predeterm ned channel synbol cons& ellation in response to the first
expanded stream of data ele- nents, -

REPLACEMENT SHEET 13 DEC 1997
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20 neans for selecting an individual one of the synbols of each supersynbol
of said sequence at |east in response to said second stream of data

el enents, and neans for applying to a comuni cati on channel a signal
representing the selected synbols, the mnimum di stance between at | east
ones of the synbols of at |east one qfsthe supersynbol s being the sane as
the m ni num di st bet ween the synbol”s of the constellation as a whol e.
20. The inventidﬁ?&%.

clg@m 19 wherein said selecting
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means i ncludes neans for encoding said second stream of data ele- nents to
generate a second expanded stream of data el enments, and neans for sel ecting
sai d individual one of the synmbols of each supersynbol in response to said
second expanded stream of data el enents. 21. The invention of claim 20
wherein each of said encodi ng neans Lnﬁlgdes atrellis encoder. 22. The

I nvention of claim20 further conprising neans for generating said data

el enents by source cod- ing input information in such a way that said first
stream of data eleneny§]quregpﬂ)s a portion of said information
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Y

BIT
‘ »| CONVERTER

FIRST
| J

7 2 QUTPUT
i N () 11 Ranali
PATTERN

FIG. 11
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that is.nore inportant than the portion of said informa- tion represented
by said second stream of data el enents. 23. The invention of claim19
wherein said first and second streans of data el enments represent television
i nformation. 24. The invention of claim 23 wherein each of said
supersynbol s is conprised of a plural gty of synmbols of said constellation
and wherein at |east ones of said supersynbols are each conprised of at

| east two non- di guodﬁzbroups of synbols. 25. The invention of claim19

further conprising neans for rearranging thF first expanded stream of data
el ements prior to said identifying.
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26. Apparatus operative during each of a succession of synmbol intervals for
channel coding respective groups of mtk data bits, said apparatus
conprising, neans for encoding mof the bits of one of the groups to
generate an expanded group of r bits, r>m neans for identifying a
particul ar one of 2'supersym bols of ga_predeterm ned channel synbol
constel | a- t]ﬁg{%s agf ction of the values of said r bits, each of said
super synbol s My c nﬁ?ised of a plurality of symbols of said
constellation, and neans for generating a signal representing a selected
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21 one of t of the identified one supersynbol, the """
sel ection b ﬁhﬂﬂﬁ a function of the values of the ot her k__ths )
of said one L m di stance between the symbol s of egch i

bei ng the sanme as the nininum dis- tance between the syrrbol's. of !
27. The invention of claim26 wherein said "

super synbol

the constell ati on as a whol e.

data bits represent television informat iXdn. 28. The invention of

further conprising

I claim: o

1. A method comprising the steps of

encoding a first group of data elements to generate a

first expanded group of data elements,
identifying one of a plurality of supersymbols of a
predetermined channel symbol constellation in
response to the first expanded group of data ele-
ments, each supersymbol being comprised of a
respective plurality of symbols of the constellation,

selecting an individual one of the symbols of the
identified supersymbol at least in response to a
second group of data elements, and

applying to a communication channel a signal repre-

senting the selected symbol,

the minimum distance between at least ones of the

symbols of at least one of the supersymbols being
the same as the minimum distance between the
symbols of the constellation as a whole.

2. The invention of claim 1 wherein the selecting step
inciudes the steps of

encoding said second group of data elements to gen-

erate a second expanded group of data elements,
and

selecting said individual symbol in response to the

second expanded group of data elements.

3. The invention of claim 1 wherein said encoding
step includes the step of trellis coding said first group of
data elements.

4. The invention of claim 1 comprising the further
step of generating said data elements by source coding
input information in such a way that said first group of
data elements represents a portion of said information
that is more important than the portion of said informa-
tion represented by said second group of data elements.

S. The invention of claim 4 wherein said information
is television information.

6. The invention of claim 1 comprising the further
step of rearrangmg the first expanded group of data
elements prior to said identifying step.

7. The invention of claim 1 wherein at least one of
said supersymbols is comprised of at least two non-con-
tiguous groups of symbols.

8. A method of channel coding successive groups of
m+k data bits associated with respective symbol inter-
vals, said method comprising the steps, performed for

Pbisvs- Lol

clraim 27

o slwfar

each said interval, of

13 DEC 1997

REPLACEMENT SHEET




nmeans f d data bits by source coding input information in
such a mmmmmﬂamm“llts repre- sent a portion of said information that
is nmore inpbrtant® tkan*the portion of said.infornmation represented by said

k bits. 29. The invention of claim28 wherein said generating neans

i ncl udes nmeans for encoding the other kifits of said one of the groups to

generate an expanded group of p bits, p>k, and neans for selecting said
30. The

i ndi vi dual

i nvention of claim29%Rf

in res nse to ald ex

ingmof the bitsiq %ﬂ-ﬁgf‘j th%rgor%%pgfto %egéxt-s
ate an expanded group of r bits, r>m,

identifying a particular one of 27 supersymbaols of a

predetermined channel symbol constellation as a
function of the values of said r bits, each of said
supersymbols being comprised of a plurality of
symbols of said constellation, and

generating a signal representing a selected one of the

channel symbols of the identified one supersymbol,
the selection being performed as a function of the
values of the other k bits of said one group,

the minimum distance between the symbols of each

supersymbol being the same as the minimum dis-
tance between the symbols of the constellation as a
whole.

9. The invention of claim 8 comprising the further
step of generating said data bits by source coding input
information in such a way that said m bits represent a
portion of said information that is more important than

the portion of said information represented by said k
bits.

'10. The invention of claim 9 wherein said information
is television information.

11. The invention of claim 10 wherein the generating
step includes the steps of

encoding the other k bits of said one of the groups to

generate an expanded group of p bits, p>k, and
selecting said individual symbol in response to said
expanded group of p bits.

12. The invention of claim 8 comprising the further
step of rearranging said expanded group of r bits prior
to said identifying step.

13. The invention of claim 11 wherein said m-bit
encoding step includes the step of trellis coding said m
bits, and said k-bit encoding step includes the step of
trellis coding said k bits.

14. The invention of claim 12 wherein at least ones of
said supersymbols are each comprised of at least two

* non-contiguous groups of symbols.

15. A method for use in a receiver which receives
intelligence communicated to said receiver by a trans-
mitter, said transmifter being adapted to channel code
successive groups of m+k data bits associated with
respective symbol intervals via the steps, performed for
each said interval, of a) encoding m of the bits of one of
the groups using a first predetermined code to generate
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k- bit | L3¢l ude means for trellis coding said mand k bits,
respect mgiMMJEﬁﬂ‘ﬂﬁlﬂﬁvem ion of claim29 wherein at |east ones of said
supers ¢S M nprised of at least two non-contiguous groups of
symbol s. 32. The invention of claim30 further conprising neans for
rearrangi ng said expanded group of r bi t59 prior to said identifying step.

33. An arrangenent for use in a receiver which re- ceives intelligence
nsmtter including

conmmuni cated to said receiver atrgnsmtter, d tr
apparatus for a) encodin Pé’“F‘FBy r:’é‘f’r‘ggfrrﬁ%sf' TR %it“g“\élfgw&ﬂ Ba1sing a first
predet erni ned code to r e 0h2fsupersymbals ¢ 4 Rricdetssmined chan-
nel symbol constellation as a function of the values of
said r bits, each of said supersymbols being comprised of
a plurality of symbols of said constellation assigned
thereto and the minimum distance between the symbols
of each supersymbol being the same as the minimum
distance between the symbols of the constellation as a
whole; c) generating a signal representing a selected one
of the channel symbols of the identified one supersym-
bal, the selection being performed as a function of the
values of the other k bits of said one group; and d)
communicating said signal to said receiver over a com-
munication channel;

said method comprising the steps of

receiving said signal from said channel, and

recovering said intelligence from the received signal,

said recovering being carried out in response to
information stored in said receiver about said first
predetermined code, about said constellation, and
the manner in which said symbols are assigned to
their respective supersymbols.

16. The invention of claim 15 wherein the signal
generating step in the transmitter includes the steps of a)
encoding the other k bits of said one of the groups using
a second predetermined code to generate a second ex-
panded group of p bits, p>k; and b) selecting said indi-
vidual symbol in response to the second expanded
group of data bits,

and wherein said recovering step is carried out fur-

ther in response to information stored in said re-
ceiver about said second predetermined code.

17. The invention of claim 16 wherein said intelli-
gence is television information.

18. The invention of claim 17 wherein said recover-
ing step includes the step of decoding the received sig-
nal to recover said successive groups of data bits using
maximum likelihood decoding.

19. Apparatus for channel coding first and second
streams of data elements, said apparatus comprising
means for encoding said first stream of data elements

to generate a first expanded stream of data ele-

ments,
means for identifying a sequence of supersymbols of a

predetermined channel symbol constellation in

response to the first expanded stream of data el

ments | REPLACEMENT SHEET
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of dat
pr edet
expand

ones of the sym bols of at

. pfentifying a sequence of supersym bols of a
E]!ﬁtEHBLmEMmH! ynbol constellation in response to the first
sdaka el ements, the m ni mum di stance between at

| east
| east one of the supersynbols being the sane as

the m ni num di stance between the symbols of the constellation as a whole;
c) encoding a second stream of data el efdnt s usi ng a second predeterm ned

code to generate a secQpeam ARty ARMAliAA] nFlo?rfﬁE]%]?' bgls Sel ecting an
i ndi vi dual one of the sYRpQlahOfuRBHPEF sakd WiRlenth 4t eds

east in

least as a function of tri‘gSponse to said second stream of data elements,

and

means for applying to a communication channel a

signal representing the selected symbols,

the minimum distance between at least ones of the

symbols of at least one of the supersymbols being
the same as the minimum distance between the
symbols of the constellation as a whole.

20. The invention of claim 19 wherein said selecting
means includes

means for encoding said second stream of data ele-

ments to generate a second expanded stream of
data elements, and '
means for selecting said individual one of the symbols
of each supersymbol in response to said second
expanded stream of data elements. .
21. The invention of claim 20 wherein each of said
encoding means includes a trellis encoder.
22. The invention of claim 20 further comprising
means for generating said data elements by source cod-
ing input information in such a way that said first stream
of data elements represents a portion of said information
that is more important than the portion of said informa-
tion represented by said second stream of data elements.
23. The invention of claim 19 wherein said first and
second streams of data elements represent television
information.
24. The invention of claim 23 wherein each of said
supersymbols is comprised of a plurality of symbols of
said constellation and wherein at least ones of said
supersymbols are each comprised of at least two non-
contiguous groups of symbols.
25. The invention of claim 19 further comprising
means for rearranging the first expanded stream of data
elements prior to said identifying.
26. Apparatus operative during each of a succession
of symbol intervals for channel coding respective
groups of m+-k data bits, said apparatus comprising,
means for encoding m of the bits of one of the groups
to generate an expanded group of r bits, r>m,

means for identifying a particular one of 2’ supersym-
bols of a predetermined channel symbol constella-
tion as a function of the values of said r bits, each of
said supersymbols being comprised of a plurality of
symbols of said constellation, and

means for generating a signal representing a selected

sequence at
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22 second of data elenents; and d) neans for applying to a
comruni caumﬂﬂu l@ [gﬂ“lgnal repre- senting the selected synbols, said
arrangenent conpi i Nng neans receiving the signal fromthe comunica-

ti on channel,

operation on the received signal

and neans for carry| ng out a maxi mum likelihood decod- ing
to recqver said first streamof data

elenments and for carrying out a second féxi mum | i kel i hood decodi ng
operation on the recei ved S|fg&e c cover .sai d second_stream of

anne symbols of the identified one
supersymbol the selection being performed as a
function of the values of the other k bits of said one
group,

the minimum distance between the symbols of each

supersymbol being the same as the minimum dis-
tance between the symbols of the constellation as a
whole.

27. The invention of claim 26 wherein said data bits
represent television information.

28. The invention of claim 27 further comprising
means for generatmg said data bits by source coding
input information in such a way that said m bits repre-
sent a portion of said information that is more important
than the portion of said information represented by said
k bits.

29. The invention of claim 28 wherein said generating

- means includes

means for encoding the other k bits of said one of the
groups to generate an expanded group of p bits,
p>k, and

means for selecting said individual symbol in response

to said expanded group of p bits.

30. The invention of claim 29 wherein said m-bit and
k-bit encoding means include means for trellis coding
said m and k bits, respectively.

31. The invention of claim 29 wherein at }east ones of
said supersymbols are each comprised of at least two
non-contiguous groups of symbols.

32. The invention of claim 30 further comprising
means for rearranging said expanded group of r bxts
prior to said ideritifying step.

33. An arrangement for use in a receiver which re-
ceives intelligence communicated to said receiver by a
transmitter, said transmitter including apparatus for a)
encoding a first stream of the data elements using a first
predetermined code to generate a first expanded stream
of data elements; b) identifying a sequence of supersym-
bols of 2 predetermined channel symbol constellation in
response to the first expanded stream of data elements,
the minimum distance between at least ones of the sym-
bols of at-least one of the supersymbols being the same
as the minimum distance between the symbols of the
constellation as a whole; ¢) encoding a second stream of
data elements using a second predetermined code to
generate 2 second expanded stream of data elements; d)
selecting an individual one of the symbols of each super-
symbol of said sequence at least as a function of the
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data el ene ntion of claim33 wherein said first and second
codes are mmll mmuu Emnm The invention of claim33 wherein said
22 - CHARACTERI ZED I N THAT

intelli- genceﬂsttel evi ston information.

said intelligence is television information.

22

second expanded stream of data elements; and d) means
for applymg to a communication channel a signal repre-

senting the selected symbols,

said arrangement comprising

means for receiving the signal from the communica-

tion channel, and

means for carrying out a maximum likelihood decod-
ing operation on the received signal to recover said
first stream of data elements and for carrying out a
second maximum likelihood decoding operation on
the received signal to recover said second stream of

data elements.

34. The invention of claim 33 wherein said first and

second codes are trellis codes.

35. The invention of claim 33 wherein said intelli-

gence is television information.
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encoded, and the resulting channel coded data elements identify a
particular one of the supersymbols. The remaining data elements, which
may also be channel encoded, are used to select for transmission a particular
symbol from the identified supersymbol.

The approach as thus far described is similar in a general way to
conventional coded modulation schemes in that the latter also divide the
channel symbols into groups, typically referred to as "subsets." However,
the prior art subsets are formed under the constraint that the minimum
Euclidean distance (hereinafter referred to as the "minimum distance")
between the symbols in a subset is greater than the minimum distance
between the symbols in the constellation as W % € USA-49uT] g SHpIa.
present-mvention, however, the minimum distance between the symbols of a
supersymbol is the same as the minimum distance Letween the symbols in
the constellation as a whole. It is this distance property which allows for
greater amount of noise immunity for the most important data elements
than for the other data elements, that immunity being optimized by
keeping the minimum distance between supersymbols as large as possible--
usually greater than the minimum distance of the constellation.

Specifically, once the supersymbols are defined, it is possible to design codes
for the most important data elements based on the distances between the
supersymbols, i.e., as though each supersymbol were a conventional symbol
in a conventional constellation. This being so, a particular degree of noise
immunity can be achieved for the most important data elements that is
greater than what can be achieved for the other data elements.

Indeed, a tradeoff is involved in that those other data elements
suffer a coding loss, i.e., a somewhat lessened noise immunity. Importantly,
however, the coding gain that can be achieved for the most important data
elements is greater than that which can be achieved using conventional
coded modulation schemes.

Brief Description of the Drawing

In the drawing,
FIG. 1 is a block diagram of a transmitter embodying
the invention;
FIG. 2 is a block diagram of a re.ée.i\_re_r for transmitted signals

transmitted by the transmitter of FIG. 1; y o s
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Fracassi et al.; U.S. 4,457,004, issued June 26, 1984 to A. Gersho et al.; U.S.
4,489,418, issued December 18, 1984 to J. E. Mazo; U.S. 4,520,490, issued
May 28, 1985 to L. Wei; and U.S. 4,597,000, issued June 24, 1986 to G. D.
Forney, Jr.--all of which are hereby incorporated by reference.

Turning now to FIG. 1, video signal source 101 generates an
analog video signal representing picture information or "intelligence" which
signal is passed on to source encoder 104. The latter generates a digital
signal in which at least one subset of the data elements represents a portion
of the information, or intelligence, that is more important than the portion
of the information, or intelligence, represented by the rest of the data
elements. Illustratively, each data element is a data bit, with m+k
information bits being generated for each of a succession of symbol
intervals. The symbol intervals are comprised of N signalling intervals,
where 2N is the number of dimensions of the constellation (as described
below). The signaling intervals have duration of T seconds and,
accordingly, the symbol intervals each have a duration of NT seconds. In
embodiments using two-dimensional constellations, i.e., N = 1, then of
course the signaling intervals and the symbol intervals are the same.

Of the aforementioned m+k information bits, the bits within the
stream of m bits per symbol interval, appearing on lead 105, are more
important than the bits within the stream of k bits per symbol interval,
appearing on lead 106. Two examples of how one might generate a
television signal of this type are given hereinbelow.

The bits on leads 105 and 106 are independently scrambled in
scramblers 110 and 111, which respectively output m and k parallel bits on
leads 112 and 113. (Scrambling is customarily carried out on a serial bit
stream. Thus although not explicitly shown in FIG. 1, scramblers 110 and
111 may be assumed to perform a parallel-to-serial conversion on their
respective input bits prior to scrambling and a serial-to-parallel conversion
at their outputs.) As described more fully
hereinbelow, the respective groups of bits on leads 112 and 113 are extended
to channel encoders--illustratively trellis encoders--114 and 115 which
generate, for each symbol interval, respective expanded groups of the
expanded r and p bits on leads 121 and 122, where r > m and p > k. The
values of those bits jointly identify a particular channel symbol of a
predetermined constellation of channel symbols (such as the constellation of
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_The known noise immunity and
bandwidth efficiency advantages of coded modulation are achieved while
providing different levels of error protection to different classes of bits.
Specifically, I have discovered that it is possible to achieve a level of error
protection for a class of "most important™ bits which is substantially greater
than what can be achieved with the aforementioned conventional coded
modulation approach. Indeed, the transmitter of FIG. 1 embodies the
inventive concept, as will now be described in further detail.

The constellation used in the transmitter of FIG. 1 is
illustratively the two-dimensional 64-symbol constellation shown in FIG. 4
(each symbol is represented as a dot in the figure). The

.- symbols in the signal constellation are divided into groups
which I refer to as "supersymbols.” Specifically, the constellation of FIG. 4
is divided into 27 = 23 = 8 supersymbols. Four of the supersymbols,
labeled 000, 011, 100 and 111, are each comprised of eight contiguous
channel symbols assigned to that supersymbol. The other four
supersymbols, labeled 001, 010, 101 and 110, are each comprised of two
non-contiguous groups, each comprised of four contiguous channel symbols.
(The use of such two-group supersymbols allows the overall constellation to
have, for example, better signal-to-noise ratio, lower peak-to-average power
ratio and better symmetry than would otherwise be possible.)

In this example, m —k = 2. That is, 50% of the bits are in the
class of most important bits. Each of encoders 114 and 115 adds one
redundant bit, so that r = p = 3. The r = 3 bits on lead 121 identify one
of the eight supersymbols and the p = 3 symbols on lead 122 select a
particular one of the eight channel symbols within the identified
supersymbol. _The '
minimum distance between the symbols of a supersymbol--that distance
being denoted do—is the same as the minimum distance between the
symbols in the constellation as a whole. Indeed, it can be verified by
observation that this criterion is satisfied in FIG. 4. Given this
characteristic, increased noise immunity for the most important bits can be
provided via appropriate selection of a) the codes implemented by
encoders 114 and 115 and b) the ratio dl/dg--where dy is the minimum
distance between the supersymbols. {(The parameter d, is given by the

minimum of the distances between all the pairs of supersymbeols. In turn,



REPLACEMENT SHEET |

18 NOV 1998

REPLACEMENT SHEET

-16 -

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 combined 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

not explicitly shown or described herein.




