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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 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 receiver that is 50 miles distant exhibits a bit-error rate of
1075, 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~#. 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 i)) fall-back data rates or conditioned telephone

lines in voiceband data applications--are Clearly inapplicable to the free-space

broadcast envuonment of television.
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50 mles away woul d have a very good reception, whereas reception for the
other TV 25 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 conparison, the degradation in
performance for presently used analog TV transm ssion scherres I's much nore
graceful.) There is thus required a digital 5transm ssion scheme adaptable
for use in 30 television applications which overcones this problem

Sol utions used in other digital transm ssion environnments--such as the use
of a) regenerative repediadvantpageeus techriguedor prareomingithhshopcoringsf p)
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e, differ %nt daP L%’t?é‘a%s' éatnligssco%ponents%f 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 channel-induced error. A second one of the
data streams carries components of the overall television signal which are regarded

15 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 channel-induced 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

20 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 relatively less important
portions of the TV signal information that will be the first to be affected.

In a scheme which implements the above-described overall concept in

25 which different levels of error protection are provided 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, the
symbols in a predetermined 2N-dimensional channel symbol constellation, N 2 1,
are divided into groups, each of which is referred to as a "supersymbol.” During

30 each of a succession of symbol intervals, a predetermined number of the most
important data elements are channel 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.
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of the nost possible--usually greater than the minimum distance between the symbols of the

constellation. Specifically, once the supersymbols are defined, it is possible to

15 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.

20 Summary of the Invention

The present invention provides the designer of unequal-error-protection
signaling schemes of the above-described type with additional flexibility. In
accordance with the invention, so-called multi-level coding is used to code the data
clements of at least one of the data streams that are input to the channel mapping

25 step. For example, multi-level coding can be used to code the data elements which
ultimately determine the supersymbol selection. Alternatively, it may be used to
code the data elements which determine the selection of a particular symbol from
within a selected supersymbol. Or multi-level coding can be used for both streams.
The particular way in which the multi-level coding is used will depend on the

30 requirements of any particular application in terms of the degree of error protection
desired to be afforded to any particular class of the data being coded.

There are at least two important advantages to this approach. One is that
it provides an enhanced flexibility in designing a channel coding to realize a desired
percentage of the overall data stream being coded that is to be regarded, and treated,

35 as most important. Another advantage is that it provides an enchanced flexibility in |
apportioning the available redundancy between the most important data and the less



| nportant data el enents are .channel encoded, and the resulting channel
coded data elenents identify a particular one of the supersynbols. The
remai ni ng data el enents, which nmay al so be channel encoded, are used to
select for transm ssion a particular synbol fromthe identified

super synbol . -3 - The approach as thus far described is simlar in a
general way to conventional coded nodul ati on schenes in that the latter

al so divide the channel synbols into groups:4rypically referred to as
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the multi-level code. That output is then used in the prior art to identify channel
symbols of a preg\eterrmned constellation for transmission over a channel., However,
the prior art does not encompass the teaching, lying at the heart of the present

invention, that multi-level coding can be advantageously used to code one or more of

15 the data streams of an overall unequal-error-protection signaling scheme.
Advantageously, particular desired combinations of a) coding gain for
the most important data elements, b) coding gain for the less important data
elements, and c) percentage of most important data elements are more readily
achievable by incorporating one or more multi-level codes in an unequal-error-

20 protection signaling scheme in accordance with the invention, than when single-level
codes are used. From the coding theory standpoint, this result can be understood as
arising out of the fact that the invention allows the redundancy introduced into the
overall coding scheme to be allocated in virtually any desired proportion between the
coding of the most important data elements and coding of the 1ess important data

25 clements.

Brief Description of 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 signals transmitted by the
30 transmitter of FIG. 1;
FIG. 3 depicts a prior art signal constellation;
FIG. 4 depicts a signal constellation illustratively used by the transmitter
of FIG. 1;
FIGS. 5 and 6 show illustrative multi-level coders used in the
35 transmitter of FIG. 1 in accordance with the invention;




t he supersynbols, i.e., as though each supersynbol were a conventiona
synbol in a conventional constellation. This being so, a particul ar degree
of noise immunity can be achieved for the nost inportant data el enents that
is greater than what can be achieved for the other data el enents. 20
Summary of the Invention The present invention provides the designer of
unequal -error-protection signaling schenmes of the above-described type with
additional flexibility. In accordance with t¥he invention, so-called
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bei ng coded t haty,l rded, and treated, 35 as nobst inportant.
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the less should be noted that various ones of the digital signaling concepts described herein

are all well knowg 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 2N-dimensional channel symbol

15 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
I. Kalet et al.;.U.S. 4,015,222, issued March 29, 1977 to J. Wermer; U.S. 4,170,764,
issued October 9, 1979 to J. Salz et al.; U.S. 4,247,940, issued January 27, 1981 to

20 K. H. Muelleret al.; U.S. 4,304,962, issued December 8, 1981 to R. D. 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. 4,597,090, issued June 24, 1986 to G. D. Forney, Jr.

It may also be noted before proceeding that various signal leads shown

25 in the FIGS. may carry analog signals, serial bits or iaarallel bits, as will be clear
from the context.

Turning now to FIG. 1, television (TV) 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 comprised

30 of data elements 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 an average m-+k information bits
being generated for each of a succession of symbol intervals. The symbol intervals

35 are comprised of N signaling intervals, where 2N is the number of dimensions of the
constellation (as described below). The signaling intervals have duration of



- 4- inportant data, thereby providing a nmechanismfor achieving particul ar
desired different levels of error protection for those two classes of data.
A yet further advantage is that this approach allows differential |evels of
protection to be afforded to substreans of data elenents within any of the
streans that are nulti-level coded 5 in accordance with the invention.

Mul ti-level coding per se is a technique alrgady known in the prior art. In
accordance with that technique, data elenentS°to be coded are divided into
two or nore substreans. Each of one or nore of the substreans is then
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perform a paralle‘lx -to-serial conversion on their respective input bits prior to

- scrambling and a serial-to-parallel conversion at their outputs.) The signal is then

channel mapped. In particular, the respective groups of bits on leads 112 and 113

15 are extended to channel encoders 114 and 115 which generate, for each symbol
interval, respective expanded groups of r and p bits on leads 121 and 122, where
r>mand 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
FIG. 4 as described in detail hereinbelow). Complex plane coordinates of the

20 identified channel symbol are output by constellation mapper 131, illustratively
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

25 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

30 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. On each axis, the channel symbol coordinates are * 1

35 ort3 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



arising out of the fact that the invention allows the redundancy introduced
into the overall coding schene to be allocated in virtually any desired
proportion between the coding of the nost inportant data el ements and
coding of the less inportant data 25 elements. Brief Description of the
Drawing FIG 1 is a block diagramof a transmtter enbodying the principles
of the invention; FIG 2 is a block diagram 9f a receiver for signals
transmtted by the 30 transmitter of FIG 1]'FIG 3 depicts a prior art
signal constellation; FIG 4 depicts a signal constellation illustratively
used by the t r anstiat distancsf betng=2"1 : A (@Sult 6f mmjurﬁfm'hmpaclhguswmiallgehc same .
mul ti-Ilevel cod cordance w
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t, further si | const
2| ternativel y5 b epcsaﬁlg a coded mc%u? tlonuapproach ?n »% 1%h 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, one can use a 32-symbol, two-

dimensional constellation together with an 8-state trellis code to achieve
approximately 4 dB of enhanced noise immunity over the uncoded case of FIG. 3,

10  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.

Moreover, it is known that the known noise immunity and bandwidth
efficiency advantages of coded modulation are achieved while providing different

15 levels of protection against channel-induced error for different classes of bits.
Specifically, 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 that concept, as will now be described in further detail.

20 The constellation used in the transmitter of FIG. 1 is illustratively the
two-dimensional 32-symbol constellation shown in FIG. 4. The symbols in the
signal constellation are divided into groups referred to as "supersymbols."
Specifically, the constellation of FIG. 4 is divided into 2" = 22 = 4 supersymbols.
In this example, the points in the four quadrants constitute respective supersymbols,

25 as denoted by a box enclosing each group. The supersymbols are denoted

generically as Q;, 5, where b4 =0,1 and b3 =0,1. The four supersymbols are thus

Q00, 201, 210, and Q.

In this example, m = 1.625 and k = 2.125 so that the overall bit rate is

3.75 bits per symbol with 43.33% of the bits being in the class of most important

30 bits. (The manner in which such fractional average bit rates can be achieved in
practice will become clear as this description continues.) Encoder 114 adds an
average 0.375 redundant bits for every 1.625 bits that are input to encoder 114 so
that r=2. Encoder 115 adds an average 0.875 redundant bits for every 2.125 bits
that are input to encoder 115 so that p = 3." The r = 2 bits on lead 121 identify one of

35 the four supersymbols and the p =3 symbols on lead 122 select a particular one of
the eight channel symbols within the identified supersymbol; The partitioning of the



useéd by the transmtter of FIG 1; and FIGS. 15 and 16 show illustrative
mul ti-stage decodes used in the receiver of FIG 2 in accordance with the
fnvention. Detail ed Description 10 Bef ore proceeding with a
description of the illustrative enbodinents, it should be noted that

vari ous ones of the digital signaling concepts described herein are all
well known in, for exanple, the digital radlg and voi ceband data

transm ssion (nodem) arts and thus need not "B€é described in detail herein.
These include such concepts as mnul tidi nensional signaling using
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most important bjgts as though the four supersymbols were four conventional

symbols in a conventional constellation. To desi gn such a coded modulation
scheme, the four supersymbols are partitioned, as is conventional, into a

15 predetermined number of subsets. In this case, there are two subsets, where the
value of b3 denotes which subset each of the supersymbols belongs to. Thus, one
subset, referred to as subset "0", comprises supersymbols Qqg and Q 1 and the
other, referred to as subset "1", comprises supersymbols Qq; and Q1. An
appropriate code is used to encode the most important input bits to generate a stream

20 of coded output bits which a) define a sequence of these subsets and b) for each
subset of the sequence, select a particular supersymbol within that subset. The less
important bits are then used to select for transmission a particular symbol from each
of the thus-selected supersymbols. In this example, as already seen, this latter
selection also involves the use of coded modulation.

25 In accordance with the present invention, at least one of the channel
encoders implements a multi-level code. In this example, in particular, both of them
do. As noted earlier, a multi-level code is one in which the data elements--in this
embodiment, bits--to be coded are divided into two or more substreams. Each of one
or more of the substreams is then individually redundancy coded using a code of any

30 desired type. The individual encoded substreams--along with any substreams that
were left uncoded--form the output of the multi-level code.

Particular illustrative embodiments for encoders 114 and 115 are shown
in FIGS. 5 and 6, respectively. Encoder 114 implements a two-level code and, as
such, includes two coders--coders 1141 and 1142. The redundancy code

35 implemented by coder 1141 is a conventional rate R = 7/8 zero-sum parity check
code such as shown in G. C. Clark, Jr. and J. B. Cain, Error-Correction Coding for
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10 ofsixto coder 1142. For every group of seven input bltS, coder 1141 generates eight

output bits which are applied to 8-bit buffer 1147. At the same time, for every group
of six input bits,' foder 1142 generates eight output bits which are applied to 8-bit
buffer 1148. The contents of buffers 1147 and 1148 are read out synchronously in
such a way that a pair of bits--one from each of the two buffers--is provided on
15 lead 121 for each symbol interval. These bits are the aforementioned bits 3 and b4.
As such, the former identifies one of the two subsets "0" and "1" and the other
identifies one of the two supersymbols from the identified subset, the two bits b3 and
b4 thus identifying one of the four supersymbols Qgg, Qo1, Q10 and Q1;.
Encoder 115 implements a three-level code and, as such, includes
20 coders 1151, 1152 and 1153. Coders 1151 and 1152 implement the same codes that
are implemented by coders 1141 and 1142, respectively. Coder 1153 implements a
rate R = 1/2 convolutional code such as shown in the aforementioned Clark and Cain
text. In operation, a serial-to-parallel (S/P) converter 1154 takes in 17 bits over
8 symbol intervals, yielding an average input bit rate of k = 2.125 bits per symbol
25 interval, as noted earlier. The output of converter 1154 comprises three substreams
of bits. In one substream, the bits are provided in parallel groups of seven to
coder 1151. In the second stream, the bits are provided in parallel groups of six to
coder 1152. In the third group, the bits are provided in parallel groups of four to
coder 1153. For every group of seven input bits, coder 1151 generates eight output
30 Dbits which are applied to 8-bit buffer 1157. For every group of six input bits,
coder 1152 generates eight output bits which are applied to 8-bit buffer 1158. For
every group of four input bits, coder 1153 generates eight output bits which are
applied to 8-bit buffer 1159.
The contents of buffers 1157, 1158 and 1159 are read out synchronously
35 insuch a way that three bits--one from each of the three buffers--are provided
on lead 122 for each symbol interval. These three bits--denoted b5, b, and by



performa parallel-to-serial conversion on their respective input bits
prior to scranbling and a serial-to-parallel conversion at their outputs.)
The signal is then channel mapped. In particular, the respective groups of
bits on leads 112 and 113 15 are extended to channel encoders 114 and 115
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channel synbol coordi nat &eassignrhent of three-bit labels to the symbols of each supersymbol

is not arbitrary. Rather, the codes implemented by coders 1151, 1152 and 1153 are
15 selected taking into account the minimum distance between the subsets at each level
of partitioning. In particular, the most powerful, i.e., lowest-rate, code--in this case
the rate R = 1/2 code implemented by coder 1153--is used at the first level of
partitioning to generate b because the minimum distance between the subsets at the
first level is the smallest, that distance being d1. The second- and least-powerful
20 codes, the rate R = 3/4 and rate R = 7/8 codes implemented by coders 1152 and
1151, respectively, generate b, and b5, respectively, because the minimum distance
between the second-level subsets is greater by a factor of V2 than that of the first
level minimum distance whereas the minimum distance between the symbols in each
second-level subset is greater by a factor of 2 than the first-level minimum distance.
25 The advantages provided by such use of multi-level codes in an unequal
error protection signaling scheme are discussed hereinbelow. First, however,
reference is made to the receiver of FIG. 2.
In particular, the analog broadcast signal is received by antenna 201;
subjected to conventional television front-end processing in processing unit 211
30 including, for example, demodulation; and converted to digital form by A/D
converter 212. The signal is then equalized by passband channel equalizer 221,
which generates a signal representing the equalizer’s best estimate as to the I and Q
component values of the transmitted symbol. This estimate, which is referred to
hereinbelow as the "received symbol signal," is passed on parallel rails 222 and 223
35 to be channel decoded by channel decoders 231 and 232. The function of channel
decoder 231 is to identify the most likcly sequence of supersymbols, while the




35'or 3 so that the distance between each synbol and each of the synbols
that are horizontally or vertically adjacent to it is the sane for all
synbol s -7 - --that distance being "2". As a result of this uniform
spacing, essentially the sanme anmount of noise inmmnity is provided for all
four information bits. As is well known, it is possible to provide inproved
noi se immunity w thout sacrificing bandw dth efficiency (information bits
per signaling interval) 5 wusing a coded nodulation approach in which an
"expanded” two-di nmensional constellation having nore than (in this exanple)
16 synbol s i s usiadction afcrbaomel decoden23isao tidenitify theanosiikely sedpremoe bf syansols,For
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10  approach referred to as multi-stage decoding. This is a well-known technique, the
details of which can be found in A. R. Calderbank, "Multilevel codes and multistage
decoding,” IEEE ;;I‘rans. Comm., Vol. COM-37, pp. 222-29, 1989, hereby
incorporated by reference. For present purposes, then, it suffices to summarize, in

overview, how the multi-stage decoding is carried out.

15 In particular, channel decoder 232 first recovers the bits encoded by
coder 1142 within encoder 114 (FIG. 5), independent of, and without reference to,
any decoding performed on the bits encoded by coder 1141. To this end, as shown
in FIG. 15, decoder 232 includes decode b3 circuitry 2321, decode b 4 circuitry 2323
and delay element 2322. In operation, the received symbol signal is processed by

20 circuitry 2321 to decode bit b4 by first finding the symbol closest to the received
signal symbol--and the associated metrics--in (Qq; v Q11) andin (Qgp v Q).
The trellis path is then extended as per conventional Viterbi decoding of the code
implemented by coder 1142 (FIG. 5) to generate a final decision about a previously
encoded information bit that was encoded by that coder. The decoded bit--one of the

25 original most impdrtant bits--is provided as an output on lead 234. 1t is also re-
encoded within circuitry 2321 using the code of coder 1142 to provide bit b3 to
circuitry 2323 as well as to channel decoder 231 (FIG. 16), as described below, via
lead 236. A version of the received symbol signal is delayed by delay element 2322
by a time sufficient to provide the value of bit b3 as just described. That signal is

30 then provided to circuitry 2323 along with bit b3 to circuitry 2323 which then
proceeds to decode bit b4. This is carried out, in particular, by first finding the
symbol closest to the received signal symbol--and the associated metrics--in
supersymbol ¢, and in supersymbol Q ;.. The metrics are stored in a buffer and
are used to perform maximum likelihood decoding of the code implemented by

35 coder 1141 (FIG. 5), thereby to provide another of the most important bits on lead
234. Atthe same time, that bit is re-encoded within circuitry 2323 to provide bit b4



af orenenti oned conventi onal coded nodul ati on approach. |ndeed, the

transmtter of FIG 1 enbodies that concept, as will now be described in
further detail. 20 The constellation used in the transmtter of
FIG 1 is illustratively the two-dinensional 32-synbol constellation shown

in FIG 4. The synbols in the signal constellation are divided into groups
referred to as "supersynbols."” Specifically, the constellation of FIG 4 is
divided into 2 = 22 = 4 supersynbols. In th'ilsz‘exanpl e, the points in the
four quadrants constitute respective supersynbols, 25 as denoted by a box
encl osi ng each doobqnnelderoden23isomiead 236ir e denoted generically as [err]

wh = 0,1 and b3= r syabol s are thu rr
[e(ra; f, %:; H and [err 10 I nI.tttﬂ%sqee?(%Q&Fecet?i_érﬁoiﬁ{%g%‘%bvéﬁwf* cac Inlef?%g aphg.?Z? he
overal | bit ratényssbgpravided withiarintopmpaon ehiauh theoSedlationt that ibeinghsedin i n
the class of mo%radriihehifBh Beir riipbstivelhRIIHRN Tk infortliGR MGl A5 5o
average bit rates can b? achi evsg Ln practice w econe clear as tThi's
descri ption cont? Ageustslation store 233 whgsesouiputadenoted ap” A'gs pravidedinboth ofs
for every 1.625 dﬁsb&:(i)xtg?ﬁesahewblcljﬁslgo %@togﬂczm%fﬂd;{llaoltzgah { =t ﬁ t Egﬁgder
115 add : Jyedundan Its for every,?.

inpu'f1 tz 22cg\é§;agis o) YE\HQ{‘%B@SE!“'WF 1S BOW, Pay Crfblaeéslzséﬂ%naéhw#lye&me
of 35 the four fipésbymndby mwdibdihg provided to dotudes 28hoh kad 288 Ahe el istage
particul ar one ‘attcc;dﬁ?% ﬁ:gﬁlls“r/] B%?Qc?hgﬁl){im%ﬁfﬂ dHAhRer dABode R el 52 the less

super synbol .  The par ] 0 3 .
- 10 important bits. To this end, as shown in FIG. 16, decoder 231 includes decode b

circuitry 2315, decode b circuitry 2316, decode b, circuitry 2317, and delay
elements 2311, 22 12 and 2313. In operation, the received symbol signal is delayed
by an amount equal to the processing delay within decoder 232 so that circuitry 2315

can be provided with bits b3 and b, at the same time that it receives the received
15 symbol signal. Circuitry 2315 then proceeds by first finding, within the supersymbol
Qp,b,» those symbols having by = Oand b; = 1 which are respectively closest to

the received signal symbol. The trellis path is then extended, as before, using the
metrics associated with those two closest symbols, leading ultimately to a decoding
of bit bg and hence a recovery of one of the less important bits. That bit is then re-

20 encoded within circuitry 2315 so as to be able to provide the value of bit bg to
circuitries 2316 and 2317. The latter operate in a manner similar to that described
above with respect to the other decode circuitries to recover the other less important
bits, with the delays of delay elements 2312 and 2313 being sufficient to enable each
of the circuitries 2316 and 2317 to receive the re-encoded bits, as needed.

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

The bits output by decoder 231 and 232 on leads 233 and 234,

respectively, are descrambled by descramblers 241 and 242, which respectively
perform the inverse function of scramblers 110 and 111 in the transmitter. A

30 television signal formatted so as to be displayable by an appropriate television set is
then generated from the descrambler outputs by source decoder 253, thereby
recovering the original television information, or intelligence. That signal is then
presented to the television viewer on television set 260.

The performance of the overall unequal error protection signaling

35 scheme implemented by the system of FIGS. 1 and 2, as just described, can now be

characterized in terms of the nominal coding gain (i.e., the coding gain at very low



constellation is such that the m ni nrum di stance between the synbols of a
supersynbol --that di stance being denoted as d2 in FIG 4--is the sane as
the m ni mum di stance between the synbols in the constellation as a whole.
G ven this characteristic, increased noise imunity for the nost inportant
bits can be provided 5 via appropriate selection of a) the codes _

i npl ement ed by encoders 114 and 115 and b) the ratio [err]--where [err] is
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changing the code implemented by coders 1141 and 1151 to a rate R = 15/16 zero-
sum parity check code (and using 16-bit, rather than 8-bit, buffers in the encoders).

15 (At the same time, the percentage of most important bits increases ever so slightly--
from 43.33% to 43.55%.) As another éxatnple, the percentage of most important bits
can be reduced to 34.375%, while at the same time increasing the level of error
protection afforded to those bits by a) changing the codes implementcd by
coders 1141, 1142, 1152 and 1153, to respectively, a rate R = 7/8 punctured

20 convolutional code; a rate R = 3/4 convolutional code; a rate R = 7/8 zero-sum parity
check code; and a rate R = 3/4 convolutional code; and b) eliminating coder 1151 so
that the bits applied to buffer 1157 are uncoded bits. This arrangement achieves
coding gains of 8 dB for the most important bits and 0.22 dB for the less important
bits. Additionally, by changing the ratio of d,/d in FIG. 4, one can trade off the

25 gains of the most important and less important bits. It will thus be seen that the
invention allows for the use of a virtually unlimited range of design parameters--
including the code rates, code complexity, overall coding redundancy, fraction of
that redundancy used for error protection of the most important bits (as opposed to
that used for the less important bits)--in order to meet desired system design criteria.

30 This flexibility can be further enhanced by using various different signal
constellations, including constellations having various different numbers of symbols,
symbol spacings, supersymbol groupings and subset partitionings. Indeed, a new
class of constellations may be advantageously used to provide the system designer
with even further flexibility. These constellations are characterized by particular

35 distance relationships within the constellation. Indeed, an important parameter in the
design of coded modulation schemes is the so-called intra-subset distance. This



selection also involves the use of coded nodul ati on. 25 In
accordance with the present invention, at |east one of the channel encoders
i npl enents a multi-level code. In this exanple, in particular, both of them
do. As noted earlier, a nmulti-level code is one in which the data

el ements--in this enbodinent, bits--to be coded are divided into two or
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redundancy coded using a code of any 30 desifred type. The i ndivi dual
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Further, an important distinction between equal error protection and
unequal error protection schemes needs to be kept in mind. In the former, the error
protection for the so-called coded bits is determined by the minimum distance
between subset sequences while the error protection for the uncoded bits is
determined by the minimum distance between the symbols within a subset.

15 Designers of equal-error-protection schemes want these two minimums to be as
close to each other as possible because they want equal error protection for all the
data. The performance of these schemes is dominated by the distance between the
symbols within a subset. This results from the fact that one can always increase the
complexity of the code in order to achieve whatever distance is desired between

20 subset sequences.

In the case of unequal error protection, by contrast, the symbols in a
supersymbol are selected by the less important bits. Thus the distance between these
symbols can be significantly less than the MID. Indeed, it is limited only by the
distance between the symbols of the constellation as a whole. This distance is

25 chosen to provide the necessary level of error protection for the less important bits.
Once we fix that distance, then the subset partitioning can be done to take advantage
of this fact, thus making possible the realization of greater distances between the
supersymbol sequences than would be possible with conventional coded modulation
for the same complexity. We are, thus, no longer constrained to keep the symbols

30 within a supersymbol far away from each other.

Taking the foregoing into account, constellations useful in unequal-
error-protection signaling schemes are characterized by the fact that the minimum
distance between .at least some of the symbols of at least one of the supersymbols is
less than the MID. Indeed, constellations of this general type are known. However,

35 in the prior art, the minimum distance between the symbols of the supersymbols is
the same as the minimum distance between the symbols of the constellation as a




per synbol interval as noted earlier. The output of converter 1144
conprises two substreans of bits. In one substream the bits are provided
in parallel groups of seven to coder 1141. In the other substream the bits
are provided in parallel groups 10 of six to coder 1142. For every group
of seven input bits, coder 1141 generates eight output bits which are
applied to 8-bit buffer 1147. At the sane tiq?, for every group of six

i nput bits, coder 1142 generates ei ght outpul bits which are applied to
8-bit buffer 1148. The contents of buffers 1147 and 1148 are read out
synchronously i nwholeh By cmyraithmb confiélldtions nbd;ﬁesnomm rot soceaiinet. Thet iswo

buf f --1 ' 0N I 21 f h Th b t
are the af or ereriF onaRngP Risre drtiesn oFleaCitn SY (R Bvmispladtt o barh P oE Sone
of the two subsesupersgtnbalsds grebter sl thhanmmtm disthane béuwsn dteasyoiboﬂsfmf thwo
supersynbol s frog %i%ﬂ ?l?ﬁé@vh@ﬁ @H%%alntﬁﬂ f&ké L;E\TJéall

1!1 0 S ang ry]

I dentifying one o ur _supersy ’[err err
Encoder 115 i Apl 9%aking eonselatonsanesting shis caresion yéllggnera ymm& PG coders

1151, 1152 and arsyabdﬁr\ﬁméﬂfahe%@aolsaﬁﬁde ACdSMEBuBRHESS thoat are

t(
i | emented b code 1141 a res 1153 i | ements_ a
R Y e latansustd for el price p ?fﬁ%@n.%quwrngsg Thaietdsabh e Drabol

ang Cai n tex}3 : Iaifa)lpast@he@ﬁperwrﬁlmlmanbb@lqsafﬁ::daeh obeE}oﬁ@ymmlﬁefaaﬂffe%cb nt
takes in 17 bit n_average i nput bit

r at esof k = 2. 12?8%1%5"11%82%%@%@58?&gggﬁ*’ﬁ?lg?&eet %a%gotﬁgg ed ea?l [ erIo The

out put of cod@er ter 1154Qmnerd uswe,t?fﬁ*swnmlMEHmmmbndymg thasepprénciples is
substream the béhb&m%%%@”@“lﬂ%%h&eﬂﬁfﬁ' L‘g&&%ﬁ&?ﬁ\nﬁq&‘éﬂﬁégﬁ%cﬁﬂﬁé 1151.

In the second stream t ts are provi ar a

coder 1152. In tepastimentsygielsshereptbeing labglled Ay By Coad D=ﬁ°W&¢%qubl Tb?@ﬁﬁ@%f
four to coder 1liaBelled@s "XY@aN be,forBxdhple,cveNthe®BY brdvidifig a ©eAEllatibalwhose

generates ei ght OHIV?&]ual symbols are uniformly spaced. Or "X" can be greater than one--such as
15 V3 --thereby increasing some of the inter-supersymbol distances. This provides an
additional degree of design freedom in terms of achieving particular desired levels of

error protection.

The MID of the constellation of FIG. 7 is "2", which can be verified

from a consideration of FIG. 8, in which the same constellation has been partitioned
20 in order to provide equal error protection. That is, the minimum distance between

any two symbols labelled "A", for example, is, in fact, "2". In FIG. 7, by contrast,

the corresponding minimum distance, in accordance with the invention, is less than

"2". Specifically, it is \5 . And note that, from a graphical perspective, subsets A

and B overlap one another, as do subsets C and D. (It is thus not possible to draw a
25 box around the supersymbols, as was done in FIG. 4.)

Another illustrative constellation--this one having 64 symbols--is shown
in FIG. 9. Again, the constellation is partitioned into four supersymbols labelled
using the same labelling convention as that used for FIG. 7.

FIGS. 10-14 show yet further constellations that can be used to

30 advantage in conjunction with the present invention. The same labelling
conventions are used and thus nothing further need be said about the configuration of
these constellations.

The following two tables illustrate the tremendous flexibility provided
by the present invention in terms of providing unequal-error-protection signaling

35 schemes which provide various different combinations of a) percentage of most
important bits, b) degree of overall code redundancy, c) coding gains, and d) ratio of



30" bits which are applied to 8-bit buffer 1157. For every group of siXx

i nput bits, coder 1152 generates eight output bits which are applied to
8-bit buffer 1158. For every group of four input bits, coder 1153 generates
ei ght output bits which are applied to 8-bit buffer 1159. The contents of
buffers 1157, 1158 and 1159 are read out synchronously 35 in such a way
that three bits--one fromeach of the three]%uffers--are provi ded on | ead
122 for each synbol interval. These three bit’s--denoted [err], [err] and
[err]-- -10- select a particular synbol fromthe supersynbol identified
at the output ofpeaktodesragd gower(whixihsis an dmperaarit cofisiddraticnyintpaiweerilimitdie

Chree biis are a aﬁ“?ﬁ? Nl A8 Frthle fRBROnTARRANY 1ABLE T4s gl 67 S

The synbol s of &R€es Wupkieh $a%of the bitpeanstitute e anost impamntant bits.cTABLI 2 is a
partitioning i nttgble WPcEdElSR WhichEakidu ContagEIRE S as
denot ed by thg l.abel I%{serr] val ue. §$’%ﬁ§f’%’ﬁ? subse;t}&.f@t%#%)@#{seeﬁgﬁ&% he
four synbols YerdBPEHAYABS- 010, 100 and 110 and the other subset is
conprised of the Your synbols denoted 001, 011, 101 and 111. The synbol s of
each of these subssts are partitioned at a 10 second |level of partitioning
into two second-| ev subsets, which are identified by their labelled [err]
and [err] values. Eack second-|evel subset is conprised of two synbols
identified by [err].




The assignnent of three-bit |abels to the synbols of each supersynbol is
not arbitrary. Rather, the codes inplenented by coders 1151, 1152 and 1153
-are 15 selected taking into account the mninmum di stance between the
subsets at each level of partitioning. In particular, the nost powerful,
i.e., lowest-rate, code--in this case the rate R = 1/2 code inpl enented by
coder 1153--is used at the first level of_partitioning to generate [err]
because the m ni num di st ance between the subsets at the first level is the
smal | est, that distance being [err]. gnggﬁggd and | east-powerful 20
codes, the rate R = 3/4 and rate R = 7/ i npl emented by coders 1152
and 1151, respectively, generate b 1 and b2, respectively, because the

m ni nrum di st ance between the second-|evel subsets is greater by a factor of
[err] than that of the first |evel mninmmdistance whereas the m ni num

di stance between the synbols in each second-level subset is greater by a

factor of 2 than the first-level m ninmum di stance. 25 The
advant ag¢s provided Dy JuUcCh USe of Tmurti-tgvet codes 1 anjune ' error
protecti ¢n si gE® My scheme are dig8lussed Hereld%@$6wmfFlr. ﬂ%ﬂ%
referencg is made to the recei (¥WYMORI G 4. | n UBRAMETEHA ar, the"&??&f“ﬁb“s
br oadcas rved by antenna 201 subjected 1o ronventl onal-
tel evi si pn front-end pr CeSSI n Fﬂﬁﬂé%rocesm ng uni2833116- 30 |i ncHRRE Ragty chegk
exanpl e, derrodul4£‘t| on; \g’ =tk7di gi t al SPGr’ﬁ‘FW A/ D convepdegyitho 1o
The si gnal 'Wﬁ@ﬁ“gaﬂallzed QaaQeidZnd ckann%PV 221, Zﬂﬂ /L
generates a SIP?B %epresentl ng tfhré =equal i der'’ §%‘ gb |nmte a f_ot & |
and Q cofrpone Adffies of th iy b A ddt ed cynbol estilmat e, Whi is
referred|to hereinbelowlas the "received svnbol signal." i3 passed on
paral lel frails 222 and 223 35tmh§@ channel|l decoded by chapnel decoders 231
and 232. | The fungtion of| chaangy "pag = 1.7 (6,31): 16- single parity check
25% most important d2(Qap,Qeq) 2 state, rate 1/2 code over FF4
data 4 ifab=7d convolutional code with redundancy 2/L
rate 4—2/L T - d2(Co) = 14 d*(Cy) = 4
3,ifab=¢d I'=7.6dB vy=212dB
1, if ab = cd
Fig. 11 - single parity check
4C P =525,PAR = 1-7 {23,35): see code with
25% most important d?(Q.5,004) 2 Example 4A redundancy 1/L
data ) 10, if ab = -c-a dz(Co) =26 dz(Cl) =4
rate4-1/L 2, if ab # cd r'=1791dB Y= 0.21dB
[23,35]): see
4D single parity check Example 4A
25% most important , Fig. 12 code with &
data P =11,PAR = 186 redundancy 1/L parity check
rate 4~2/L d*(0,Q,) = 25 d*(Co) = 50 d*(Co) = 14
. I = 7.54dB ¥ = 2.20dB
Fig. 9 . ) 2-level code: see
P = (4+24x+140x2)/32 x code I'(dB) Exampie 4D
4E , d2(Qg,204) 2 0.4 (23,35] 4.92 d*(Cy) = 14x?
25% most important 1+x2, if ab = &d 0.3 [23,35] 6.11 x Y(dB)
data , 5 0.2 [23,35] 7.9 0.4 3.9
2 - ,
mte4-1/L *% Hab=cd 0.1 [23,35] 10.10 0.3 3.25
1, ifab=72d R ) 02 191
PAR = 2-05forx = 0.3 0.10 -1.46




decoder 231 is to identify the nost |ikely sequence of supersynbols, while
t he -11- function of channel decoder 232 is to identify the nost |ikely
-sequence of synbols, given that sequence of supersynbols. The out put of
decoder 232 on lead 234 thus conprises the bits b3 and b4, while the out put
of decoder 231 on lead 233 thus conprises the bits [err], [err] and [err] 5
Since the streans of nost-inportant and | esi$-4 nportant bits are, in this
enbodi nent, both rnulti-Ilevel coded, the channel decoders 231 and 232 nust
each be multi-level decoders. Straightforas %F?BX|nun1likelihood decodi ng,
such as a Viterbi decoding, could be enploye or this purpose. However,
the present illustrative enbodi nent uses a nore refined approach to

mul ti-Ievel decoding--an 10 approach referred to as multi-stage decodi ng.
This is a well-known technique, the details of which can be found in A R
Cal der bank, "Multilevel codes and nultistage decoding,"” |EEE Trans.

Vol . CIA437 pp 222-29, 1989, hereby incorporated by reference. For

prese¢nt p. tthen, i1t..s ffices fo su (128, 1n ovel V|ewh§p
nultl-sta codlng is &é? ed out.| 15 "Code o lo In pafticu %wk %gﬁel
decogler 232 first r{ecovers i t's encodeﬂm%y égﬂ% 114p mnthlﬁb
114 %FIG. 5), 1 ndedendent and muthout reference to, fany decodi ng
perf ¢ormed on,the bifts, e er 1141. is end as shomm J G
15, decodﬁ%lm namncl %deg(jzc‘gﬁ cli rcui tr¥ %@b‘l decode W&%BZB
data ,ifab = cd convolutional codc redundancy 1/L
rate 4—1/L d%(Cy) = 16 da*C,) =8
2’ if ab = @ I =58dB ¥=2.8dB
1,ifab="¢cd
A
2-level code: -
{31,33] with
2-level code: - uncturing rule
'(52,66,76]: 16-state 11 )
4G rate 1/3 convolutional 1 of &Y
33% important Fig. 11 code, dy = 12
data P = 5.5 PAR = 17 & 16-state, rate 2/3
rate 4—2/L see Example 4C parity check code, dy = 3
- d%(Co) = min(12x2, 2X10) &
= 20 parity check
I =68dB 4*(C =
o min(5x8, 2x16, 64) = 32
¥=28dB
. 2-level code: -
2-level code: - rate 2/3 punctured
. [23,35): 16-state convolutional code
4H : rate 1/2 convolutional from Example 4G
37.5% important Fig. 10 code,dy = 7 &
deia P =525, PAR = 1'76 & 16-state, rate 7/8 :
rate 4—1/L see Example 4C parity check punctured convolutional .
d%(Cy) = min(7x2, 2x10) code withdy = 3 ;
= 14 d*(C,) = ;
I =53dB min(40, 3x16, 64) = 40
y=376dB g




and del ay el ement 2322.

processed by 20
-synbol
metrics--in [err]
conventional Viterbi

5) to generate a final
t hat was encoded by that coder.
inmportant bits--is provided as a
encoded within circuitry 2321 using t
b3 to circuitry 2323 as wel |
descri bed below, via |lead 236. A version of the received synbol

nost

cl osest to the received signal
and in ([err]).
decodi ng of the code inplenented by coder
deci si on about a premwously encoded information bit
The decoded bit--one of the 25
It

@‘Qgiagg%?ﬁé‘ioggf 1142 to provide bit

231 (FIG 16),

I n operation,

t he recei ved synbol
circuitry 2321 to decode bit b3 by first finding the
synbol --and t he associ at ed

The trellis path is then extended as per

as to channel

234.

decoder

si gnal

is

1142 (FI G

ori gi nal
is also re-

as

signal is

del ayed by delay el enment 2322 by a tinme sufficient to provide the val ue of

bit b3 as just described. That signal

is 30

then provided to circuitry

2323 along with bit b 3 to circuitry 2323 which then proceeds to decode bit

b4. This is carried out, in particular., by first finding the synmbol cl osest
to the reced si gnal synbolg-and the associ a rics--in s
[err] jand ?ﬁ suToer synbol [ Qfoﬁige,nfg[,ge et rFi cs arig;:,&fé dTE(Bég in ajbuf ;t%gg‘{%‘gﬁ@rse
used 1o _perform maxi num | ikel i hood decodi ng of e_code i nplienent y 35
coder {1141 (FIG 5), [thereby to provide|another of the nost rLi npor3'glg7gltc0&i,; S
on lead 234. At the game time, that bit|is reggneqgded wthi C§£§H5&$Mm%§%P
to provide bit b4 - 12- to channel de¢coqgk3ghvéiftiohdtad 236-ameﬁmnEnmmk4A
43 Fig. 4 code from Example 4F &
43.75% important P =475, PAR = 19 & rate 3/4 convolutional
data d2(Qap, Q) 2 parity check code from Example 4F
rate 4+ 1/4-2/L 8, ifab =54 d%(Co) = min(4x4, 2x8) &
. = 16 parity check
4, ifab # cd I = 62448 £(Cy) =1
y=2.7dB
3-level code: -
rate 1/2 convolutional
Fig. 14 code from Example 4A 2-level code: -
4K P= 16£, PAR = 1-63 & rate 3/4 convolutional
56.25% important ) 32 rate 3/4 convolutional code from Example 4F
data d*(Qapes Quey) 2 code from Example 4F &
rate 4-2/L 9, ife =Ff & ?ﬁwdw*
e =% parity check d*(C,) = 16
18, itbc =ef d%(Co) = min(63, 72, 72) y=0.78 dB
36, ifabc = def = 63T = 6.73dB
[23,35] with
4L puncturing rule
22.5% impartant Fig. 12 (1010011, 110010] see Example 4D
data P =11, PAR = 1-86 " to give 16-state d*(C,) = 14
rate 3+7/8-1/L d*(Qy, Q;) = 25 rate 7/8 convolutional v=127dB
(power penalty) code withdy = 3
0.75dB d*(Co) =75
I'=8.55dB




It may be noted at this point that, obviously, circuitries 2321 and 2323
nmust be provided wthin informati on about the constellation that is being
‘used in order to carry out their respective functions. That information is
illustratively stored 5 in a constellation store 2325 whose out put - - denot ed
as "A'--is provided to both of those circuitries, as well as to decoder 231
of FIG 16. Wth the nost inportant bits no%provi ded on | eads 234 and the
val ues of bits b3 and b4 now bei ng provi ded“'é6 decoder 231 on |lead 236, the
mul ti-stage decodi ng can now proceed--within the |atter channel decoder--to
recover the less 10 i npimrthesettaties, P dehotes thesaverafe posves pervdimensibh;PARG,

decode b2 o r catigEs R PRAE ARy EEL it drtade) 4 fiBEIY Subre b fiduit e
operation, the beuxsensle megisgrnmesmediby ity axgulentsh"slenotes theqeetinalo t he
processing del ay g;ghi?n i@?ﬁﬁqﬁbre%x%ﬁ)gﬁgwtﬂ?é Béddied thé }im%ﬁ{]a?c&ﬁﬂg ?ﬁgﬁ?ﬂfkdec’

with bits b3 and b4~at the. sane recei ves the rece

symbol signald dgssimpentant pis-and gy, 52&&e@agewaqorr@m,me?tﬁbmtmmfw thee
super synbol [ er chavdlivisifal 66des dhdicAtad: 1N thelenk th-onh@ﬁéht frehédk cods. Wor ibh-ar e

respectively closest to t J d.si gnal .The tre S

{hon_ oxt ended. S8t soutelfaciont, e Boerts o it-steyid deteimined by 0 T gables
cl osest synbol s alsbshownbe athievablecgajnst a3 aofudetiodofng of bi t [err] and hence a
recovery of one of the |

encoded within circuitr ﬁ‘%ﬁ@“’? {)al%'t&gﬁq-{g@ion%pé 31\};3 E é’f:gg thfmwfnt
[err] to cirlt@ifest P@SQIBE@SHB'HABMI anghd, qnattmcalbrpmusttﬁ@snm avamﬁhnemlusmf | ar
to that descri b%&tﬁﬁ%&ﬁrﬂét&r@ 'Tﬁés{é%élu&@(aB 'aem%iheéhaqﬁaqﬂﬁd@wm b} {hb%rico

0555 and 9319 EEQ%’@ 351 @f%rﬁn'ﬁls by & datets %ﬁblfsh@sél?er%ﬁqltg%s" 33457 e
2317 to recei vecladss (exthe desitbddyualitysof thé figleseived signal under the worst-case channel
conditions, (f) acceptable decoder complexity, and (g) peak-to-average power ratio.
15 One can then proceed to design an unequal-error-protection scheme consistent with
the given parameter values. _

Typically, one might begin by choosing the signal constellation to allow
for about one overall bit of redundancy per symbol. The number of supersymbols
that is needed is determined by the actual number of important bits per symbol. For

20 example, if more than 25%, and less than 50%, of the bits are important, and if the

* available bandwidth and required overall bit rate dictate, say, four information bits

per symbol, then we will have to transmit one important bit per symbol. Assuming,
further, that it is desired to provide some amount of redundancy for the important
bits and that those bits will be used to select the supersymbols, then it may be

25 reasonable to use a two-dimensional constellation having four supersymbols.
Various of the constellations disclosed herein, or any other desired constellation, can
be used as the initial design choice. One would then proceed to select codings to be
used for the bit streams depending on the relative redundancies desired to be
allocated to them. Importantly, the use of multi-level codes, in accordance with the

30 present invention, can facilitate the attainment of the desired design criteria. If, upon
analysis, it appears that the desired quality at the worst-case SNR is not achieved .
with the design arrived at to this point, other constellations and other codes can be
explored with a view toward seeing whether it can, in fact, be achieved. If this does
not appear possible, one or more of the previously given constraints, such as

35 acceptable decoder complexity, may have to be relaxed. Other design criteria are
conceivable as well as other parameters that may affect the choice of the code



25 Decoding in the case where mnulti-di nensional synbols are used
Is carried out in a simlar manner, as wll be appreciated by those skilled
-in the art. The bits output by decoder 231 and 232 on | eads 233 and 234,
respectively, are descranbl ed by descranblers 241 and 242, which
respectively performthe inverse function of scranblers 110 and 111 in the
transmtter. A 30 television signal fornatgfd so as to be displayabl e by
an appropriate television set is then gener&téd fromthe descranbler

out puts by source decoder 253, thereby recovering the original television

i nformati on, ordesigrel | i gence. That signal is then presented to the

tel evision viewer on tellﬁ‘ﬁbé&rﬁ{ihc%%x&lﬁgpa%vmfaggﬁfs tgémgoﬁésm #ﬁxggﬂﬁ@ R/qulas

unequal error pr otectlon si
FIGS. 1 and 2, abthepits %Pémmssédo szlaﬁ t%wm@l&ﬁawbpdepéﬁcd wneewynﬁaobfo t he

o el o ), 885l ik STkt kst syt 6
uncoded 16- é éﬁ?%‘ﬁﬁ“{? PH- ‘?’?ﬂ‘m@ﬂ'e bityalpes \#S‘Bﬁ&étﬁw%%e%'getw% and
fcr)]r the | Iess i rrpymbagﬁs the nsininturd . d?s@a:ﬁgmntah aiﬂmsbeymbtzlls of tiogstwd each of
the convol utional co | Se.Chos Q v

present inventi g‘f? 5‘5‘%\} S“cg' s(efggr%xehsfl %}F‘;y‘eﬁéél %‘ﬁ@%‘ﬁaﬂf@gemh

| evel s of codi ngyrgbolris labklled, with adadibngb asctaiyelvest bTotenfnmxampthhapﬂleor art
may achi eve CO%@&E Tab\ﬁgéd ?Y(?ﬁl &ichbfthe, s%ﬁgm‘sgﬂlbgﬁ'ﬂ‘ F%h 63, bAd BAY LGS

appllcatlons ver ere I nventi o
the aforementioned criterion. Such a labellmg scheme--whlch is achievable to

varying degrees, depending on the constellation and supersymbol geometries--is
advantageous in that it improves the probability that the less-important-bit values
will be decoded propcrly, even if an error is made in recovering the correct
supersymbol sequence. Beyond this, it may be possible to achieve further benefit by

15 similar judicious choice of bit assignments for those symbols which do not meet the
above-mentioned minimum distance criterion. This would need to be done,
however, within the constraints that are imposed by any coding that is implemented
for the symbols within the supersymbol, as was, in fact, the case of the example
described above in conjunction with the constellation of FIG. 4.

20 " The foregoing merely illustrates the principles of the present invention.
For example, although the illustrative embodiments are implemented using two data -
streams--the most- and less-important--the invention can be used in schemes which
include three or more streams. Additionally, although two-dimensional
constellations are shown, the invention can be used in schemes using constellations

25 with more than two dimensions.

It may also be noted that although the invention is illustrated herein as
being implemented with discrete functional building blocks, €.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

30 processing (DSP) chips, etc.



advantageous is inits ability to provide the systemdesigner with a
greatly enhanced capability to pick the desired perWi ven
't he application, and to then 10 readily arrive at Mg scheme which
neets those criteria. For.exanple, the overall data r

above-descri bed system can be increased from3 75 to @ﬁlﬁ‘m\fﬂﬂ\m\\“lnbm
w t hout affecting the coding gain by changl the cod

coders 1141 and 1151 to a rate R = 15/16 zero- sum parity check code (and

using 16-bit, rather than 8-bit, buffers in the encoders). 15 (At the sane
time, the perceﬂl%%gls of nost |rrportant bits increases ever so slightly--

from43.33%to 43. 55%)1A§ 1385 @dﬁ%ﬁn’u@an él‘ﬁfd}ﬁfaﬁ&i‘&&ﬁﬁnﬁﬁ nost
i nportant bits can be redu i é{‘ﬁfﬁ? 375% whi gngPe samhe i ncreasi ng

the | evel of error prot 8¢S &"él?rac‘@gtarfgé’éﬂlﬂ Bpresgn g inferopation,

codes i npl ement g diyitAlQusiabbdidg tomprided of hi fedstemiiek alxa&acoddcsuea&@eﬁaamel y, a
rate R=7/8 ugf:tured 20 convolutional code: a rate R = 3/4 convol uti onal

code; a rate CleRmeBtS, er 0- sum parity check code; and a rate R = 3/4
convol utional code; and GHARAGTERIZERQBYbder 1151 so that the bits applied

LoDt er LIS7 are, uncodsgelchfo, 110 1150060 EHBFRRORL A o
Addi tional |y, bjn siehrigivayythahtheprehabilsy of eharpel-indpged ervor f@rrtbe éatn eleragnss off f
the 25 gains ofpe!fig d&i&&uéamm&mhmﬁme mlli%p&ﬁ@aél-ﬂaa&d elrfor b the bids
be seen that,the |nvent for a virtually unljmted
range of deslineisaear éﬁ seconmfam@nt seid ¢t @@a@elrramng@s Ipginghng maaps
overal | codi ][lg r(115\10!1)miemﬁ11:1,.lefvélet;z;ﬂingnalg tméa;;moﬂsammd ame,yaﬂnused for erro[1 I
protection of the nost ort ! Lgo S Q & b (g rot e | ess
i nportant bits)--in orde‘?1 (i@%t z 83@5 Cdi MRPPYLH ¥ 2 Thi s
flexibility canctmmnfunidation chammhced by using various d| fferent SI gnal

2. The invention of claim 1 wherein said information is television signal

15 information and wherein first stream of data represents television signal information

that is more important than the television signal information represented by the data
elements of said second stream.

3. The invention of claim 1 wherein said at least one of said streams
includes at least two substreams, and wherein said multi-level coding means includes
20 means (1141, 1142) for redundancy coding at least one of said substreams and for
combining all of the redundancy coded substreams of said one stream and any of its
substreams that are not redundancy coded to form a coded signal for use in the
channel mapping.

4, The invention of claim 3 wherein the channel mapping means selects a
25 sequence of symbols from a predefined constellation to represent the data elements,
the constellation being comprised of supersymbols, the minimum distance between
the symbols within at least one of the supersymbols being less than the maximum
intra-subset distance for said constellation.

5. The invention of claim 4 wherein the minimum distance between the
30 symbols of said at least one of the supersymbols is greater than the minimum
distance between symbols of the constellation as a whole.

R —
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constel l ations, including constellations having various different nunbers
of synbols, synbol spacings, supersynbol groupings and subset
partitionings. Indeed, a new class of constellations may be advantageously
used to provide the systemdesigner with even further flexibility. These
constellations are characterized by particular 35 distance rel ationshi ps
within the constellation. |Indeed, an inport paraneter in the design of
coded nodul ation schenes is the so-called intta-subset distance. This

-14- paraneter is the m ninmum di stance between any two synbols in the
subset. In coded n@ODED MODIRATION-WITH UNEQHAMERR&)R)PM’HEOTHMH i on,
seek to provide Xgﬂgl!error protection, the design constraint is to
partition the c tion into subsets in such a way as to maxim ze the
m ni num of the intra- sub@gltdl%gf@lﬁdé@m &anwhméglw@tclevmnm& 8re Thi s

\éggﬁeacm;\sgdmvm%?dc@vtg% M&grt i cul r g???ﬁi%l@%& b?'asdh furﬂ]aer{n éﬂ(b?as
i ncrease the ﬁnt*%%’%o@és %PE?@H‘E%C P FRISES amsg&nﬂ@t?o%“e@m(es?ﬂ FFEEZY ﬁ%‘ga&@
ot her synbol th o- @Fmaatasﬁtgﬂmtlushw@esme\mstlsd'emtcafdbsdhtaregarded ay bRy
increase in the afores

|
mpor Lant i st 1 rRtRAREtY B e ek e Bape ewpeter o e e ne B!
prot ecti on schenmappingdep; thelmapping isisnchnthatthe datateleménts ofsthe vatieussdatpstreams
tecti f t
protect on Tor \iGesantald BuEATG & e ansiZbRTuBRtcRY HESoBTAR

uncoded bits 10s channel mapping step includes at least one mulu—level coding step. The signal

constellations used in the channel mapping step are partitioned into supersymbols, in
which the dlstange between the symbols comprising at least ones of the
supersymbols is less than a parameter referred to as the maximum intra-subset
distance (MID). Additionally, in some constellations, the minimum distance

15 between at least ones of the symbols of at least one of the supersymbols is greater
than the minimum distance between the symbols of the constellation as a whole
while, again, still being less than the MID. The first data stream is used to identify a
sequence of supersymbols, while the second data stream is used to select particular
symbols from the identified supersymbols.

20 - (FIGURE 5)
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determ ned by the m ni mum di stance between the synbols within a subset. 15
Desi gners of equal -error-protection schenmes want these two m ninuns to be
as close to each other as possible because they want equal error protection
for all the data. The performance of these schenmes is dom nated by the

di stance between the synbols within a subset. This results fromthe fact
that one can al ways increase the conplexity of the code in order to achieve
what ever distance is desired between ZQJ subset sequences. In the case of
unequal error protection, by contrast, Re synbols in a supersynbol are
selected by the less inportant bits. Thus the distance between these
synbol s can be significantly less than the MO, Indeed, it is linmted only
by the di st@nce between the synbols of the con&e|lation as a whole.,| This
di stance i §£2 chosen to provide the necessary™MEevel of Engbr prot ection
for the I ess ts. Once we fix that distance, then the subset
partitioning ca

£ dvantage of this fact, thus nmaking
possi bl e the regalizati og greatdr distances between the|supersynbol
sequences thap—wuld b sible with conventignal coded dul ation for the

same conpl exizdy| We aregd §ws, no |l onger constiQai ped to kadl the synbols 30
within a supéersymhol far ZEay from each ot her. Jaking thé%t)regoing into
account, constellations Qseful in unequal - error=protecti@gEsignaling
schenes are characterrzgi—by tte—flact that the mmi i \een at
| east some of the synb gbf at | gast one of the supgersynbols is|less than
the MD. |ndeed} const Eions off this general typel are known. However, 35
inthe prior 3rf, the nEnYhum di stjance between th
supersynbol s is the sanetas t he nininun1distad§e eEVee
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- 15 - whole. By contrast, the constellations in question are not so
constrained. That is, the m ninmumdi stance between at | east ones of the
synbol s of at |east one of the supersynbols is greater than the m ni num

di stance between the synbols of the constellation as a whole while, again,
"still being less than the MD. Gaphically 5 speaking, constellations
nmeeting this criterion will generally appear to have supersynbol s which, at
| east to sone degree, overlap (as do th &ubsets of the constellations used
for equal error protection schenes). That is, at |east one synbol of a

| east one supersynbol will be closer to each of a pair of synbols of a

di fferent supersynbol than that pair of synbols are to each other. 10

One illustrative, ﬁ nb%, constell ati on enbodyi ng these principles is
shown in FIG 7. L @on ellation is partitioned into four supersynbols,
t he constituent synbols thereof being labelled A, B, C and D, respectively.
The distance |l abelled as "X' can be, fof exanple, "1", thereby providing a
constel |l ati on whose i ndividual sy, oli ré uniformy spaced. O "X' can be
greater than one--such as 15 [erT]--THer by Bicreasi ng sonme of the

i nter-supersynbol distances. This provigles an additional degree of design
freedomin ternms of achieving par@®@i c@at @®esi®d | evels of error
protection. The MD of the fn]l:—\ffn‘l ?f ELG ¢ is "2", which can be
verified froma consideration of }I G.&_‘n V\&i ch'the same constellation
has been partitioned

A T
FIG. 4
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20" in order to provide equal error protection. That is, the m ninum
di stance between any two synbols |abelled "A", for exanple, is, in fact,
"2". In FIG 7, by contrast, the correspondi ng m ni num di stance, in
accordance with the invention, is less than "2". Specifically, it is [err]
And note that, froma graphical perspective; subsets A and B overlap one
anot her, as do subsets Cand D. (It is thus not possible to draw a 25 box
around t he supersynbol s, as was done iri/s_fl G 4.) Another illustrative
constellation--this one having 64 synbols--is shown in FIG 9. Again, the
constellation is partitioned into four supersynbols |abelled using the sanme
| abel I'i ng conv?FJég] ags—t hat used for FIG 7. FIGS. 10-14 show yet further
constel l ati ons *ca¥ be used to 30 advantage in conjunction with the
present invention. Thel_s_ame_lg_bgl_l_i_ng_c_gm/gnt_igné_ar_g_t_1§_e_d_gng thus not hing
further need be said a1bout tE 4confi guration of these constellations. The
follow ng two tables iIIIustr €4e t he tremendous”f4 exiﬁ4l7ity provi ded by the
present invention in termsof7providi,j I"-"erroryprotection signaling
35 schemes which pr ovilde| vari ol diff¢ ' b)i ertent age of
nost inmportant bits, H) Hegr ee " §etbih BUFERR odi ng gai ns,
and d) rati d1df -18- peak-tp- aver agep i i i mpdrt &nt{21
consideratiof in "bower'-l r‘rgt&d channel as terrestrial and shfelflite
I_EI{ [

jonby

t el ephone , s a table of 1142 1148
13 bits/8 symbols: 6 RATE / bz |
| —f——=—1 R=3/4 [~ B~bit BUFFER f—=—| |
| CODE |
| : l
| CHANNEL ENCODER 114 |
e e e e e e e e e e o e |
FIG. 6
i"' —————————————————————— =
1154 1
| £ e 1151 1}57 |
7 RATE by |
{ e R=7/8 [—=] 8-bit BUFFER |2 |
, CODE |
"3y | 1162 Mz ”;58 | 122
[ 7 1| s/k|S RATE by { |
7 = -bji SR
17 bits/8 symbols | e Rc(fu/; —=| B-bit BUFFER >T’“L’
| 163 1153 11]59 |
| 4 RATE . b l
| - Yt pz1/2 =] 8-bit BUFFER —0—/ |
; CODE :
| |
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codes in which 25%of the bits constitute the nost inportant bits. TABLE 2
is a table of codes in which various other percentages of the bits

constitute the nost 5 inportant bits. - 17 - TABLE 1 Exanple
Si gnal Code [err] for Code [err] for less
Constel | ation important bits inmportant bits Fig. 10
[ 23, 35]: 16- single parity check 4A P=5/2, PAR=1.7
state, rate 1/2 code with 25%4y8st i nportant [err]
convol utional code redundancy 1/L data 4, if ab= [err]
[err] =11 [err] = 2 rate4-1/L 1, if ab cd
r = 7.4db [err] A Fig. 7 4B P =3.07, PAR =
1.7 -}6 311:16- : singl eparity check 25% nost i nportant
[err] 2 }7 (:, é?ate,rate 1/ 2 code over FF4 data
4 if ab =[err] convol uti onal code wi th redundancy 2/L rated
- 2/L .F-.(CO =14 [err] 3,
if ab = d ] r = 7.6dBA B A By = 2.12dB 1, if ab = [err]
Fig. 11 @ O-+1+@® @ngle parity check
A B A|B A B
¢ o o0 o o
B A B A B A 1
® o o+ ¢ o
T 1 | } ] ) X
¢ & o+0 o o
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4C P =525 PAR = 1.7 [ 23, 35]: see code

w th 25% nost i nportant [err] 2 Exanpl e 4A
redundancy 1/L data .10, if ab =[err] [err] =
26 d2(C) =4 rate4 1/L 2, if ab cd r
= 7.91 dB y = 0.21 dB [ 23, 35] see 4D
single parity check Exanpl e 4A %?(0 nost i nport ant ' Fig. 12
code with & data P =11, PAR= 1.86
redundancy 1/L F'JG. 9 parity check rate 4-2/L - [err] = 25
d2(Co) = 50 [err] = 14 r =7.54 -dB [err]=2.20 dB
Fig. 9 0 2-1evel code: see P =
(4+24x+140[ err] )ISZQ C r(dB) Exanpl e 4D 4E
[err] 2 @i\? 3] 4,92 A erih S herr] 25%most
| mpor t ant 1 +[err]\2if &b 0.3 [23 35] 6.11
[err] [err] data ® P[err H-= [%rr] 0.2 [23, 35]
7.90 0.3 3.25 BateA4- 1BL B A 1B |1§\ ab = [err]
0.1 [23,351 10.10 ® 0@ @ 91‘%&( 2-¢5f ogx =@0.3
0.10 -1.46 - 18 - TABLE 2 amgl e . hgnal
Code [err] for E .Cogé [e.%l__fbr I%ssé Sﬁ
B A B A[B A B A X
® ¢ o o+ ¢ o o
1 t—+—+—+— [
e O o o0 ¢ ¢ o
c b ¢ pfc D C D X
‘e o o010 0 o o
b ¢ D C|D C D C
® & & e+0 o o o
¢c b ¢ DJC D C D
o o -+ e o ¢
] D C Dﬁ D ¢ D C
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Q44

FIG. 10
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Constel |l ati on

I mportant bits

I nportant bits Fig.

13 4F P =10.5, PAR = 2.33 [2,31]: 16-
-single parity check 50% i nport ant [err] 2 state,
rate 1/2 code with data 5 if ab = [err]
convol uti onal code redundancy 1/L rate 4-1/L
[err] = 16 [err] %{If ab—[err] r =
5.8d8 FIG. 11 (502 GIB 1, [err] 2-level code: - [31,33]
with 2-1evel code: - l l puncturing rule [52,66,76]: 16-state
114G +ate—1L3-convpl utional
10, to give 33%inporftant ® oy 19 L {lggcode, [err] = 12
6-state, rate 2/ 3 data 5.25,] PAR = 17 & rate4-2/L
see Exanple 4C m paritymcheck+m n cb&teo,bg:s@r] =5
[err] = mn(12x2, 2x1 0O &|parity check =
[err] =T = 6.8 dB M T{ X ZX10, 4 = 3 eﬂ = 2.8 dB 2-1evel
code: - 2-level code: - ¢ Pate ZIS‘Bunctureid m
= 0 = +m ] by=0,b3=1
I i i ] I NN N
® e+ o ol 04
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(23,35]: 16-state convol uti onal code 4H

rate 1/2 convol utional . from Exanpl e 4G 37. 5% i nport ant
Fig. 10 code, [err =7 & data P
= 5.25, PAR = 1.76 & 16-state, rate7/8
rate 4- 1/L see Example 4C parity check
punctured convolutional [err] = m n(7x§/ 2x1 O code with [err] = 3
= 14 [err] =r = 9/%dB min(40, 3x16, 64)
= 40 [err]=3FIBGB 18 19 - TABLE 2 Cont'd. Exanple
Si gnal Code [err] for Code [err] for less
Constell ation i nportant bits i nportant bits
3-level code: - 2-level cSUBSET- r¢te 1/2 convolutional rate 3/4
convol uti onal code fINDICESxanmpl e 4A 4] Fig. 4
code from Exanpl e 4F & 43.75% i nport ant P =4.75 PAR
=109 & e 3/4 convol utional data
] LK

[err]([err],[err]) - 000 pari.ty cézzk . code from
Exanpl e 4F rate 4+ 1/4-2/ n [err]l g if a = [err] d2( Co)
= nin(4X4, 2x8) o1 m e w!h AR

010 » o+ = °

011 n o4+ N .

0w e dw e T

0 = e N o

110 ] o+ = e

11 | [ B 2 ] .

FIG. 14 pbeb,=000 .b4b3b2=001
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=.16 parity check . 4, ifab [err] r =

6. 24dB , [err] = 7 [err]= 2.7dB 3-level code: - rate
-1/ 2 convol utional Fig. 14 code from Exanpl e 4A
2-l evel code: - 4K - P =1Jerr], PAR = 1.63 &
rate 3/4 convol utional 56.25% i nportant 32
rate 3/4 convol uti onal code fron&ﬁfarrpl e 4F data [err]
codefromE?'q ée 4F ate 4-2/L 9, ifc =
?rp 15par|ty check 18, ifbc = [err]
[err] = 16 18, if bc = [err] [err] = mn(63, 72, 72) [err]
= 0.78 dB 3? i fAbc =Terr]— — ~ T T "63?"'—"'@_73 dB'r2'3"§5]] with 4L
puncturing é?eﬁ22 5% i nport ant Ig. 12 I
[ 1010011, 11001Q] see Exa’lw.e 4D Ydat | P =11, PAR =
1. 86 | togive 16-state DECODE [err] = 14 rate3+7/8-1/L
[err] = 25 —-mﬂmalbs . 27dB
( power pen%Z:’t y) l codle wit th% = 30.75
dB \ I Ibsrr] =75 r
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S . . fUoosab-{ £i0S
P denotes the average power per dinension; ¢

~-20 - In these tables, PAR

~denot m{sﬁgwg“age power: rati-o; d2 denot-es-the. ,:iguar ed EucI I di an

di sta per synbol s represented byiit . T FHeRoT e§G
the ndminal coding galn}for the nore inportant bits; - £$...Rc9%aeed
noni ngl {coplions@4997 fbrithe 5 |ess inportant bits? and’{[err~ i bS e Ly
genergtqr matrix, in _pctal notation, fop,the con‘vol uti-omals) cedes: i'r'] C%@F‘gdm.
L is tlheTéngth of the parity check code. For nan-. uni#: Gﬁm canstel I at Fons,

the ddqaree of non-unifo

51
nmty is deternmined by x.i The tables 5?‘50 shgcv\P?g?é’

achi evable gains as a f
si gnal i ng schenes,

typical ly nust first
i nclude (a) avail abl

cl ass,

wor st - case channel

peak-to-average power rati

unction of x. In designingyunegual p tion
Q those 10 just preser‘*t-ed- - "'AME%T ﬂﬁkg‘ﬁ one
;d@‘en the values of certain,paraneters. These
S fOR GARMRIICINE 1{ermaion COMPTENg annel  SNR
(c) the nunber of cl anems fifr generatifg)a tdigitalesignalt sgpresentimgt thei n each
(e) the desired 1ﬂfoaiﬁahbn,0ﬂxéapgfdl dl% %@mijriiﬂd'oﬂlﬁder t he
congider %‘&qg‘d‘ IeX|ty, and (9)
&ﬁé‘:h?’@ can en pr@iee 0 des
é‘%‘?i/é’h SHS ter val ues.

unequal - error - pr ot ectiP&HSs
one m ght bawanhthay ttmcmebamhmef chamnel-inducedetarax fomh to al | ow

Typi cal |y,
f or about one overal

supersynbols that is n
bits per synbol. For 2
the bits are inportant,
bit rate dictate, say,

lthe datz el eriemts af the first datarstrebm S bessnhawthe of

aﬁd@ﬂadxq det:agzmdlﬂﬂd@edt o firUhe ditatede- of I5 gr}or t ?nt
ecb d ) sand’eh. an 50% o
S R
one of sa

means for tmnsmmmg the channel mapped signal over a

communication channel;

wherein said at least one of said streams includes at least

2.

two substreams, and wherein said multi-level coding
means includes means for redundancy coding at least
one of said substreams and for combining all of the
redundancy coded substreams of said one stream and
any of its substreams that are not redundancy coded to
form a coded signal for use in the channel mapping.

The invention of claim 1 whercin said information is

television signal information and wherein first stream of data
represents television signal information that is more impor-
tant than the television signal information represented by the

data elements of said second stream.

3. The invention of claim 1 wherein the channel mapping

- means selects a sequence of symbols from a predefined
constellation to represent the data elements, the constellation
being comprised of supersymbols, the minimum distance
‘between the symbols within at least one of the supersymbols
being iess than the maximum intra-subset distance for said

constellation.

4. The invention of claim 3 wherein the minimum dis-
tance between the symbols of said at least one of the
supersymbols is greater than the minimum distance between

symbols of the constellation as a whole.

5.

Apparatus for communicating information comprising

means for generating a digital signal representing the

information, the digital signal being comprised of at
least first and second streams of data clements, the data

—

R 0



pelr synbol, then we will have to transmit one
Assumi ng, further, that it is desired to provj
for the inportant bits and that those bits w
supersynbol s, then it may be 25 reasonable t
constel lation having four supersynbols. Vario
di scl osed herein, or any other desired Lpnst e
initial design choice. One would then proceed
for the bit streans dependi ng on the relative
all ocated to them |Inpgrtan

with the 30 present i v’é’ﬁﬁsoﬁf S%Qﬁ:‘fﬁheﬁfﬂ‘%&@mﬁ%ﬂ%ﬁ? f'H%ﬁr n“?" t he
ejinfo, %ﬁ’ﬁé‘gflé‘?’ﬁéﬁ“t‘t’%e desi red
quality at the worst- c%@lﬁsﬂﬁal‘gcﬁﬂéﬂlsa‘l%aé‘iéﬁco

desired design criteri®at smo

| nportant bit per synbol .

SOfe--affouUR r edundancy
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MACEMENT Qﬁ}ﬁfﬁ]@lct t he

D se a_t wo-df ndi onal

He O ABERT . Tudea o the

t o—seteet—eodi-Agd to be used
r edundanci es deS|red to be

el L0 n accordance

CaMe design arrived at

to this point, othermeanstet charirehsnappingtthe digicalesignaininbsuchxpl ored with a
view toward seeing Whewle thad th@ 0babilftp Gf, cHagnélclidared eror fohi s does not
appear possible, one Oﬂhe'm el@ Eofthe Vet stedank l%@@ﬁfahi‘hé‘ts such as

criteria are conceiva
choi ce of the code

35 accept abl e decoder m{ clﬁ?&)ﬁ I ach®
”ﬁg&é s.

shond Aol BB BAE

r (ger design
5 tﬁ %ﬁat may affect the
g W th an advant ageous

techni que for assi gnmegns fas tvmsmwmg thehoappadssignali Overa eosemut o sel ect t he
synbol s from each i denicatien] chammalsynbol to those synbols, a pair of

synbol s from respect g8

chahh & @ahpitigPReanshlkdias ©

means for multi-level coding said first stream, and

means for identifying a sequencc of supersymbols
from a predefined constellation in response to the
multi-level-coded first stream and for selecting an
individual symbol from each of the supersymbols of
the sequence in response to said second stream, the
supersymbols being such that the minimum distance
between the symbols within at least one of the
supersymbols is less than the maximum intra-subset
distance for said consteliation.

6. Apparatus for communicating information comprising

means . for generating a digital signal representing the
information, the digital signal being comprised of at
least first and second streams of data elements, the data
elements of said first stream representing information
that is more importiant than the information represented
by the data elements of said second stream,

means for chapnnel mapping the digital signal in such a
way that the probability of channel-induced error for
the data elements of the first data stream is less than the

" probability of channel-induced error for the data ele-
ments of the second data stream, and

means for transmitting the mappcd signal over a commu-
nication channel,

the channel mapping means comprising
means for redundancy coding said first stream, means

for redundancy coding said second stream, and
means for identifying a sequence of supersymbols
from a predefined consteilation in response to the
redundancy-coded first stream and for selecting an
individual symbol from each of the supersymbols of
the sequence in response to the redundancy-coded
second stream, the supersymbols being such that the

A



5 assigned to the same | ess-inportant-bit val ue

if the di stance between

that pair of synmbols is the mnimum di stance bet
t hose two supersynbols. Such a schene is illusty
like in FIG 4, each synbol is labelled with a{

ACHMENE SHEFTISY 0ot 8, of

r]

set of valjugs. Note,

for exanple, that the symbols |abelled 110 in each 2fC AU& %9persynbol s

[err], [err], [err] and [err] all sat+si4 <40 |t he aforenentione

criterion. Such a | abelling schene--which is adhievable to varyi pg degrees,
ries--is adyant ageous
in that it inproves the probability that the |less-inportant-bit values wll

be decoded properly, evﬁﬁ:ﬂxﬁmﬂndmarne{: BeiwBBé €he Byhftsdy evithiig dthe correct

dependi ng on the constellation and supersynbol !

super synbol sequence F?Qfe%k
e o e vl e it

Qhﬁtiﬁé
uﬁglgls

an

j-eve further
or those
ce criterion.

This woul d need to b leasteonefesaid, redundancy n@d@bmmSn 8i0ghat are
i nposed by any codi hgmdititlevel ¢adedenent ed for the symbols within the
supersynbol , as was7, Iﬂpp‘uﬁsius f&ﬁu@@iﬁ D fredditere yiiith aedeives iaged above in

conj unction wth Hﬁﬁé&ﬁ Smifte d%)smd recewer saighe foregoing
nmerely illustrates, él or exanpl e,
al though the ill ust |b§g{%§r€) P§ Eﬁiﬁ’g é %a wo dat a

streans--the nost -3

whi ch i ncl ude t hr &omprisegdr of s@lr%ﬁm’d@ |8’r¢&ﬂ¢ strmﬁ
constel | ati ons ar clements wherein ray deast mnecof said m le n¥s usi ng

constel | ati ons 25 leagttiworsuissticanss, tand b) okramiebmapping rthe digikal be noted t hat
al though the invengg ‘?’é'd&ﬁféﬁl pidgiféatmgnulteled] codingamted with

di screte functiongligud,! dia%

MNEsed in schemes
@\o- di mensi onal

19clud§ Qi Gt 4L tvo sub-

streams so that at least one of said substreams is redundancy
coded and said channel mapping being such that the prob-
ability of channel-induced error for the data elements of the
first data stream is less than the probability of channel-
induced error for the data elements of the second data

stream,
said apparatus compnsmg

means for receiving the transmitted 51gna1 and
means for channe!l decoding the reccived signal, the

- channel decoding including means for multi-level

decoding said at least one stream.

8. The invention of claim 7 wherein said intelligence is
television signal intelligence and said apparatus further
includes means for recovering said intelligence from the
channel decoded signal and for presenting it to a television

viewer,

9. The invention of claim 7 wherein the intelligence-
bearing signal is further of the type in which the channel
mapping selects a sequence of symbols from a predefined
consteflation to represent the data elements, the constellation
being comprised of supersymbols, the minimum distance
between the symbols within at least one of the supersymbols
being less than the maximum intra-subset distance for said

constellation,

and wherein said channel decoding means carries out said
channel decoding in response to information about said

constellation stored in said receiver.

10. The invention of claim 9 wherein the information-
bearing signal is further of the type in which the channel

* [ L ] S *



nore of those buil ding bl ocks

B;EEEAGE@EM pcessor S,

scranbl ers, etc., the functions of any one
s<can be carried out using one or nore approp

digital signal 30 processing (DSP) chips, e o 1.
Apparatus for comuni cating information conpr{sing nmeans T for
generating a digital signal representing th chﬁmi@W tlhg di gi t al
signal being conprised of at least first a econd strea f data 5
el enents, CHARACTERI ZED BY neans (11€0,2814,f 114, r channel

mappi ng the digital .signal in such a way t robability of

channel -i nduced error for the data elenents of the first data streamis

| ess than the probanappipg stlestsansequenceefcsymbols from, a predefined 10 el enents
of the second data zonselintiomtorepresentthedameiementsathe constelidtion neans (114)

for nulti-level codibeingcohprized Wfesuffersaniols;! figaMinimon disainee (141, 151)

for transmtting thg ﬁb@&f‘ﬂc wﬁhﬂf‘iﬂ %e%f’ﬁl@ﬂiﬁ&‘ﬂhﬁl?&lko” channel .

2. The invention of {h ) Gl i &étoﬁ'isfz%c{:? rtegqlal on signal

15 information. and h | TS0 el s eclm ol rese evi si on :
Constelldton, imm Jtdnde B

' | inf ti
signal information bols of said atlcast one of thc supcrsymbols is gmatcrt.han

the minimum distance between symbols of the constellation
as a whole,

-~ and wherein said channel decoding means carries out said
channel decoding in response to information about said
constellation stored in said receiver. -

11. A communication system comprising

means for generating a digital signal representing infor-
mation, the digital signal being comprised of at least
first and second streams of data elements wherein at
least one of said streams includes at least two sub-
streams,

means for channel mapping the digital signal, the channel
mapping including multi-level coding of at least said
stream which includes said at least two substreams so
that said at least one of said substreams is redundancy
coded and said channel mapping being such that the
probability of channel-induced error for the data ele-
ments of the first data stream is less than the probability
of channel-induced error for the data clements of the
second data stream,

means for transmitting the mapped signal over 2 commu-
nication channel to a receiver,

means for receiving the transmitted signal at the receiver,
and

means for channel decoding the received signal, the
channel decoding including means for multi-level
decoding said at least one stream.

12. The invention of claim 11 wherein said information is
television signal information and the system further includes
means for recovering said intelligence from the channel
decaded signal and for presenting it to a television viewer.

13. The invention of claim 11 wherein said muiti-level
coding divides said at least one of said streams into at least
two substreams, redundancy codes at least one of said
substreams, and combines all of the redundancy coded

.substreams of said one stream and any of its substreams that
are not redundancy coded to form a coded signal for use in

A




that is nore inportant than the television signal information represented
. by the data el ements of said second stream 3. The invention of claiml
wherein said at |east one of said streams includes at Teast—two—substreans,

and wherein said nulti-Ilevel coding neans includ S (1141, 1142)
for redundancy coding at | east one of said subst mm&m ﬂﬂ!“ﬁ"r‘ol ning al l
of the redundancy coded substreans Qf ,%ai.d one st¥eam " Wi ts
substreans that are not redundancy coded to forma coded signal for use in
the channel mapping. 4. The invention of claim3 wherein the channel
mappi ng nmeans selects a 25 sequence of synbols froma predefined
constellation to r sent the data .el ts,. the constellation bein
conpri sed of supqrﬁ@ﬁ@&@ye’t’a@ ﬂ?rﬁﬁ%ﬂeﬁ“&qﬂé‘ﬁﬁm PAR- symhol s \?\II thin
at |east one of BiRgaeansselectsor sequenge of symbolsdfromiapradefinadn i nt r a- subset
di stance for saicbnstellatiohita répraser the iataictemerts the obnsi¢llationd wherein t he
m ni num di st ancebding womprised 6 sapefsginboly, theimirdnune distansee of t he
supersynbol s i's ket@ekR the $bols vithil A WRsCoid oGR siférspibosy "bol s of the
constellation as,@n¥isthan the maximum intra-subset distance for said
- constellation.
15. The invention of claim 14 wherein the minimum

distance between the symbol of said at least one of the

supersymbols is greater than the minimum distance between

symbols of the constellation as a whole.
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- CODED MODULATION WITH UNEQUAL ERROR PROTECTION
Abstract

Digital signals (from 101), such as digitized television signals, are
subjected to a source coding'step (by 104) followed by a channel mapping step (by
114 and 115). The source coding step causes the signal to be represented by first and
second data streams (on 105, 106). The first stream carries data regarded as more
important and the second carries data regarded as less important. 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. The
channel mapping step includes at least one multi-level coding step. The signal
constellations used in the channel mapping step are partitioned into supersymbols, in
which the distance between the symbols comprising at least ones of the
supersymbols is less than a parameter referred to as the maximum intra-subset
distance (MID). Additionally, in some constellations, the minimum distance
between at least ones of the symbols of at least onesof the supersymbols is greater
than the minimum distance between the symbols of the constellation as a whole
while, again, still being less than the MID. The first data stream is used to identify a
sequence of 'supersymbols, while the second data stream is used to select particular
symbols from the identified supersymbols.

-- (FIGURE 5)
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