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- 1 - TRELLI'S CODI NG METHOD AND ARRANGEMENT FOR FRACTI ONAL BI T RATES
Background of the Invention The present invention relates taqzsignal coding.
5 During the past decade, coded nodul ati on has proven e Besa
practical, power-efficient and bandw dt h-efficient nodul ati on techni que for
channels with additive white Gaussian noisg. (AWGN). Such techniques have
now been wi dely used in commercial tel ephone voi ceband nodens and have
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distortions, residual intersymbol interference and phase jitter, as is the case in
telephone voiceband modems. Disadvantageously, on the other hand, the decoding
delay in the receiver increases almost linearly with 2N, i.e., with the dimensionality
— 25 of the constellation.
~The issues may be even more complex. For example, making maximum
use of the available bandwidth in a bandwidth-limited environment, such as
telephone voiceband transmission, may dictate use of a particular baud rate. For
example, in telephone voiceband applications a baud rate of 2,742.86 (= 19,200 + 7)
30 istypical. At the same time, however, most present-day data transmission is carried
out at a selected one of a limited set of standard bit rates, e.g., 14.4 Kbits/s. Givena
particular dimensionality, say, 2N, of the selected constellation, the selected baud
and bit rates may result in a fractional number of information bits per 2N-
dimensional symbol (hereinafter "fractional bit rate”). For example, use of a.
35 2D constellation with the above baud and bit rates results in a fractional bit rate of
14,400 / 2,742.86 = 5.25 bits per 2D symbol. Even when the rate desired to be used .




14,400 /2,742.86 = 5.25 bits per 2D synbol. Even when the rate desired to
be used -2- in a given application does not result in a fractional bit
rate, such may result when, for exanple, a fallback bit rate is used in °
conjunction with the selected baud rate. A fallback bit rate is desirable
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the 8D scheme, because it uses the 48-point 2D constellation exclusively--as
contrasted to the combination of 64-symbol and 128-symbol constellations--provides
somewhat better performance, for the reasons discussed hereinabove.
25 Disadvantageously, however, the decoding delay for the 8D trellis code may be \/
significantly greater than that of the ﬁrst-menuoned, 2D trellis-encoding scheme.
Summary of the Invention
The present invention is dxrected to a technique for use with fractional
- bit rates which, for a given dimensionality, allows the use of smaller constituent
30 2D constellations, and thus provides greater robustness in the presence of various
impairments, than would otherwise be the case yet entails essentially no decoding
delay penalty. In this technique, one or more of the input bits are trellis encoded and
the trellis-encoded bits identify one of a predetermined plurality of subsets of the
signal constellation--just as in the prior art. In accordance with the invention,
35 however, the particular symbols selected for transmission from two or more
identified subsets are chosen by the non-trellis-encoded bits interdependently. That




delay penalty. In this technique, one or nore of the input bits are trellis
encoded and the trellis-encoded bits identify-one of a predeterm ned
plurality of subsets of the signal constellation-just as in the prior art.
In accordance with the invention, 35 however, the particular synbols
selected for transm ssion fromtw or noredidentified subsets are chosen by
the non-trellis-encoded bits interdependently. That -3 -1s, two or nore
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FIG 8 is a ti¢hemesnbodi ment of a transmitter utilizing a coding scheme

enbodyi ng the princi plm.qfshbheais&pﬁﬂ&é Sﬁaabﬁt&f]&e%ﬁgw&uﬁib iihéﬁ{%em{;i He
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FIG. 6 is a second embodiment of a transmitter utilizing a coding
scheme embodying the principles of the invention;
FIG. 7 is a truth table defining the operation of an inner/outer encoder
within an 8D precoder within the transmitter of FIG. 6;
20 FIG. 8 is a third embodiment of a transmitter utilizing a coding scheme
embodying the principles of the invention; ' :
FIG. 9 shows an illustrative 60-point constituent 2D constellation used
in the coding scheme employed by the transmitter of FIG. 8; and
FIG. 10 shows a broad conceptual view of a transmitter embodying the
\_U - 25 principles of the invention.
Detailed Description ) _
The present invention is directed to a technique for use with fractional
bit rates which, for a given dimensionality--and thus a particular decoding delay--
- allows the use of smaller constituent 2D constellations, and thus greater robustness,
30 than would otherwise be the case. In this technique, one or more of the input bits are
trellis encoded and the trellis-encoded bits identify one of a predetermined plurality
of subsets of the signal constellation--just as in the prior art. In accordance with the
invention, however, the particular symbols selected for transmission from two or
more identified subsets are chosen by the non-trellis-encoded bits interdependently.
35 Thatis, two or more groups of non-trellis-encoded bits that would otherwise be used
to independently choose symbols from respective identified subsets are, instead, used




bit rates which, for a given dinensionality--and thus a particul ar decodi ng
del ay-- allows the use of smaller constituent 2D constellations, and thus
greater robustness, 30 than would otherw se be the case. In this '
techni que, one or nore of the input bits are trellis encoded and the
trellis-encoded bits identify one of a pgedeterm ned plurality of subsets
of the signal constellatlon--Just as in the prior art. In accordance with
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i dentified withtheinvention, however, a particular group of non-trellis-encoded bits is used to
identify a plurality of symbols from a particular plurality of identified subsets
interdependently. Thus as indicated in FIG. 4, the symbols from subsets identified
by subset sequence identifiers S1, S2, S3 and S4 are chosen interdependently, or

25 jointly, in response to a particular group of non-trellis-encoded bits, those bits - o’
appearing, as described more fully hereinbelow, on leads 131, 132, 134, 136 and 138
of FIG. 1. An illustrative sequence of four symbols thus chosen are identified in
FIG. 4 by circles surrounding them. |

Since there are ten symbols in each of the four 2D subsets, 10* = 10,000

30 sequences of four 2D symbols can be identified for each sequence of four subsets in
the identified sequence. In the illustrative embodiment, however, there are 13 non-
trellis-encoded bits, as will be seen, so that only 2!3 = 8,192 of those sequences are
needed. The 1,808 sequences that are not used are selected with a view toward
keeping the average transmitted power low while keeping the bit-to-symbol mapping

35 simple, both of which are desirable. Specifically, it can be seen in both FIGS. 3 and
4 that two symbols in each subset--lying outside of the dashed box and referred to




by subset sequence identifiers S1, S2, S3 and S4 are chosen
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described hereinbelow, these bits will ultimately be trellis-encoded to identify a
particular sequence of four 2D subsets from which the transmitted symbols are
chosen. The other thirteen, non-trellis-encoded bits, appearing on leads 131, 132,
134, 136 and 138 jointly identify, in accordance with the invention, a particular one

N\ 25 symbol from each of the four identified 2D subsets. Specifically, nine of the non-
trellis-encoded bits, appearing on leads 131, are applied to inner/outer encoder 141
within pre-encoder 140. Encoder 141 is illustratively a simple logic/gate '
arrangement which provides on four sets of output leads 142, 143, 144 and 145
respective three-bit words with values as shown in the truth table of FIG. 5. The

30 four-bit word comprised of a) the three bits on lead 142 and b) the one bit on
lead 132 uniquely identifies a particular one symbol in each of the eight subsets A
through H, as shown in FIG. 3. Thus, once a subset has been identified via the
trellis-encoding process, the particular symbol from that subset to be transmitted is
known.



20 actually processed by pre-encoder 140 but, rather, pass directly
through it. As described hereinbelow, these bits will ultinmately be
trellis-encoded to identify a particul ar sequence of four 2D subsets from’
which the transmtted synbols are chosen. The other thirteen,
non-trellis-encoded bits, appearing on_keads 131, 132, 134, 136 and 138
jointly identify, in accordance with the invention, a particular one 25
synmbol from each of the four identified 2D subsets. Specifically, nine of
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with "0". -g?)@siﬂfehﬁﬁary patterns of "0" and "1", and the remaining six bits are, again,
arbitrary. The four cases respectively correspond to sequences in which the first,
second, third and fourth symbol is an outer symbol, while the other three symbols
are inner symbols. |
25 ' It will be appreciated from the foregoing that the first line entry of ' o/
FIG. 5 defines 8* = 4,006 sequences, while each of the other line entries défines
2 x 83 = 1,024 sequences, for a total of 8,192 sequences, as desired. Note, in
particular, that the four bits assigned to each outer symbol begin with *100" and, as
can be verified from FIG. 5, the combination of "100" with another "100" on
30 leads 142, 143, 144 and 145 never occurs.
'  In summary, then, it can be seen that the thirteen bits on leads 131, 132,
134, 136 and 138 do indeed jointly and interdependently identify, in accordance with
the invention, a particular one symbol from each of the four successive identified
2D subsets.



two bits of each such pattern are sinply taken froma respective pair of
bits fromtw of |eads 131. The other four line entries correspond to the
case where the first of the 20 nine bits on leads 131 is a "1", the second
and third bits take on each of the four possible binary patterns of "0" and
"“1", and the remaining six bits are, againy _arbitrary. The four cases
respectively correspond to sequences in which the first, second, third and
fourth synmbol is an outer synbol, while the other three synbols are inner
symbol s. 25 The rexpaindes of thegransmittesof FIGn] isrraightfoguindg Assame: he
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out put | eaél ?3@?‘%\‘%8?;’)6{?')&?@%6 B she gage of the syhsst P&HBEEQ {’%S‘Eh‘ieq eads
é?,ff ngﬁ?r afm sﬁg@éiﬁe i&leﬁnﬁ'éi;] glntnr/]\igltﬁ&s&sett%e%u afelezqaﬁfe&ﬁﬁa éﬁ&fo&r bhwwent i onal

i re encoder
henont s anjenBdaz e )33 i prdf Gl 0 mapBeD L CG Bl () andliSpsis2s)
code- - whi ch gandrléBemetdbye’demifymg emmiappersl 8072he specificaiymbol o m;mmed
constel l ati on g& Aﬁ?ﬁﬂw@aﬁ e {u%@ét]A Syribél 8a8§&§a?&f wﬂﬂal?é gattern

comnbi nati ons hose 0 mapper a partic ne of the
ei ght subsé®s ﬂlihr JMgppan, 1 Qmm\aée&nmmwwvdyadsﬂé tarp@mqfsmmés pesifyyng | n

the case of tftﬁemgﬁquﬂﬁséin a%tﬁr%ﬂﬂ&e&ﬁ ﬂ@@f‘tﬁ@ﬂfehﬁﬁ&fsiﬁﬂbl't i's

t he subset A ﬁ‘ t he sa tlrre é@ &ts on | eads_. 142 and 132 are

passed directl eF?)aWEﬁ?B 93@“’9?13&68 Which, iy egnventipnal fashionsgensratesias 3.

t her eby i dent igaysbagd teleptinp dine $fpal lepreseustinigfthat syyiboband applies itto.aseleptione

fromthe subseth A’EF-]!‘I]_n this case, the subset A synbol associated with the
1"

bit pattern 15 Mapper 180 provides on its output |eads 181 a pair
of nunber s2@peci fying Thereafter, converter 150 applies to its output leads 151 the six bits on

leads 143, 134 and 135, uitimately resulting, in a similar fashion, in the transmission
of the subset B symbol associated with the bit pattern "0001". The subset D and
subset A symbols are transmitted similarly. The process repeats for as long as data
appears on lead 111. ' |
N\ 25 The receiver of FIG. 2 receives from the channel a telephone line signal

generated by a transmitter of the type shown in FIG. 1. The line signal is first
applied to equalizer/demodulator circuitry 210 which, in conventional fashion,
recovers a sequence of signal points which it provides to maximum likelihood
decoder 220. Because of distortion and other chanriel anomalies that circuitry 210 is

30 not able to fully compensate for, the sequence of signal points on leads 211 are

~ somewhat displaced in 2D signal space from the 2D symbols that were transmitted.
As its name implies, the function of maximum likelihood decoder 220 is to a)
determine after a certain amount of decoding delay--based on a knowledge of the
trellis code used by trellis encoder 170--what the most likely sequence of transmitted

35 symbols actually was and b) to provide on leads 221 and 222 six-bit words
corresponding to those symbols, i.e., corresponding to the bits on leads 152, 153 and

—




the so-called in-phase and quadrature-phase anplitudes of the identified
synbol . These are applied to nodul ator 190 which, in conventional fashion,
generates a passband tel ephone line signal representing that synbol and
applies it to a tel ephone channel 20 Thereafter, converter 150
applies to its output |eads 151 the sixghits on |eads 143, 134 and 135,
ultimately resulting, in a simlar fashlon I n the transm ssion of the
subset B sy oJ SSOCI ated with the bit pattern "0001". The subset D and
subset A sy Fénﬁm‘é‘ﬁémtted sinilarly. The process repeats for as | ong
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ni ne- bi t Ouaﬂutsﬁqud wmbﬁa:aghfe fd}\eﬁaﬁ@e h codd gutu dhitidafibl € of FI G 5. (Due
to chan distortio that .the recejver
decodi ngzeopr ocess mavA secopde ment of a transnntter accordmg to the invention is

shown in FIG. 6. Here, again, data is transmitted at 14.4 Kbits/s at a baud rate of
2,742.86. In this case, however, the data is transmitted using a 4D, rather than a 2D,

trellis code, yielding a fractional bit rate of 10.5 bits per 4D symbol. Many of the

circuit elements of the transmitter are the same as or similar to those in the

25 embodiment of FIG. 1 and the reference numeral assignment scheme is the same /-

except that the reference numerals in FIG. 6 begin with a "3" rather than a "1",
Further comparing the embodiments of FIGS. 1 and 6, the following
differences may be noted: .
Three bits at the output of converter 350--none of which were subjected
30 to inner/outer encoding in 8D pre-encoder 340 (as will be seen)--are applied to the
combination of differential encoder 360 and trellis encoder 370. Specifically, the
two bits on leads 356 are applied to differential encoder 360 and the one bit on
lead 357 is applied directly to rate 2/3 trellis encoder 370. The other bit applied to
trellis encoder 370 is one of the two output bits of differential encoder 360 appearing
35 on lead 362. The other output bit of differential encoder 360, on lead 361, is
combined with eight bits on leads 355 which form a group of nine non-trellis-



nore than one "100" pattern appearing on | eads 241, 244, 247 and 250, even
t hough such a pattern was explicitly excluded in the transmtter. That is,
a transm ssion error has occurred. In order to take account of this
possibility, inner/outer 15 -decoder 261 includes :additional entries which
map the unal l owed pattern into an arbitrarg_pattern that is, in fact,
allowed.) The resulting 21 bits on | eads 262, 242, 243, 245, 246 248 249,

251 and 252 are t ter .c verted aI f.or el serl aI
converter 270,°7§® &?‘{Qﬁ‘oﬁﬁﬁ ‘F‘fi) {2% °8F18'g96’3‘¥|a ﬁque
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bits. The tPel {8 %ode used in trellis encoder 370 is a 4D code whose three
out put bits on | eads 3Bpecifically, six ofthe 21 BiTs? appeakiog oodeasis 338 and 335, aappetr
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with the invention, a particular one symbol from each of the two successively
identified 4D subsets. Thus 217 pairs of 4D symbols are required for each pair of
4D subsets.

-

and 9.)

More specifically to this end, each 384-symbol 4D subset is

N\ 25 illustratively divided into an inner group of 256 symbols and an outer group of
128 symbols, following the same philosophy as was applied to the first-described
embodiment so that each inner symbol has less energy than, or at least the same
energy as, each outer symbol. This results in a 3,072-symbol 4D constellation
having (256 x 8 =) 2,048 inner symbols and (128 x 8 =) 1,024 outer symbols.

30 Specifically, three of the non-trellis-encoded bits, appearing on leads 331, are
applied to inner/outer encoder 341 within pre-encoder 340. Encoder 341 is |
illustratively a small look-up table which provides on leads 342 and 343 respective
two-bit words with values as shown in the truth table of FIG. 7. The nine-bit word
comprised of a) the two bits on leads 342, b) the six bits on lead 33_2, c) and one bit

35 on lead 361 for each of the two 4D symbol intervals uniquely identifies a particular
one symbol in each of the aforementioned eight 4D subsets. Thus, once a subset has



4D synbol fromthe identified 4D subset. Another di fference is that the 21
bits output by S/P converter 330 are 10 processed in pre-encoder 340 in a
different way than in FIG 1. This difference arises as a result of the
fact that the group of non-trellis-encoded bits are used to jointly
identify synmbols fromonly a pair of sygsets identified by the trellis
encoder, as conpared with a sequence of four subsets in the FIG 1 case.
This results fromjihe fact that the fractiopal porfion of the pit rate is
1/4 i n t hebpet wentisecvia the qqllz’s-m PrBCes JAE RAFICY éymgelaﬁrw,tggi x of the
21 bits, appisset toise wanshiwetbis kdowanThe Séconddd Hahbalds seiddisd sindladlgsed by
pre-encoder 340 but,_r , «pass. di rect hrough 1t .onto |l.ead 354, to be
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end, each 384-synbo|. 4D, subset is 25 .illustrat |y divided, nto an inner
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FIG 7.,Jhe .ﬂlége-blt rd cong{l?l fe of a% t he tvzp bltf}' o&gltﬁads 342, b) the
si x bi t & onvifidhys besssen that the sybols gt ase siected.arg tx0m oply,se of the two 4D
synbol i nt eombimmtions ofshé jnried emd oditeegronps; avith thelcambinationy béing seélectean of t he
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i dentifi ed%\}:asg_ %@Ppgﬁ&gggﬁﬁeﬁ%g regc%g_s ’f@igﬁggé%eggafygpb%l?#g%c from

t hat subsercombingions ansnitted i s known. The second 4D synbol is sel ected

simlarly. As w th frhfil be-appRe@iatedfrdin tiePloegoing thét thé first Ikeleftgef Wi th a
VI eW t OYRT F1G. 7 defines 256 x 256 (= 21) pairs of 4D symbols, while each of the other line
' entries defines 128 x 256 (= 21%) pairs of 4D symbols, for a total of 217 pairs of
4D symbols, as desired. ' - |
: A receiver for processing signals from a transmitter such as the
transmitter of FIG. 6 (and FIG. 8 to be described) will be of the same general type as
25 thatshowninFIG. 2. . - - | (o
_ Theoretically, it is always possible to deal with 2N-dimensional codes
using a 2N-dimensional constellation mapper, as is the case for the embodiment of
FIG. 6. From a practical standpoint, however, present technology limits use of the
2N-dimensional mapper to situations in which the number of symbols in the
30 constellation is reasonably small, such as may be the case with, for example, a 4-
dimensional 8-PSK constellation, which is formed by concatenating a pair of
constituent 2D 8-PSK constellations, and which has, at most, 64 4D symbols. For
larger constellations, it is preferable to convert the 2N-dimensional constellation
mapping to a sequence of N/M successive constituent 2M-dimensional constellation
35 mappings. With such an approach, the constituent 2M-dimensional constellations
have a much smaller number of points than the original 2N-dimensional -
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keepr ng the average transmtted power Iow whi | e keepr ng the bit-to-synbol
mapping 5 sinple. To this end, the table of- FIG 7 has three line entries,
corresponding to different patterns of the bits on | eads 331. The first
line entry corresponds to the case where the first of the three bits on

| eads 331 is a "0" and the other two bitsjare arbitrary. A bit assignnent .
scheme in which inner synbols begr n with 0" and outer synbols begin wth

"10" may be assungd. ordrn his first 10 .pair of
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A receive r'ocessr ng signals froma transmtter such as the
transmitter of FIG o6lnthadhifd Eanstnitter dinbatliment, slexiyn in FIG. 8¢ thefreference ane
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30 Conat hf Sri A Hons SmISAEI0 it il Bl b s e cace w (h, Tor
exanmpl e, a 4- di mensi Before ﬁro@&lﬁmg)mth&l ﬂxﬁhexcdtscﬁ;ﬁﬂdhfbﬂHGt 8) iefdtente is
at most 64 ABUEIRSIG.S, FEPRMOUER BSsiiye  PORC s RehCE) coBiihaonger "
convert t he zmaamrﬁxe&womwmmmnednnmfppr 210 subsess ofckfupnints cach. NI'lid
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smal | er nePbararked BOFIG 9 with thedawersgasgivarsionof theinpagicaiar subset designation.
A 4D constellation with (60 x 60 =) 3,600 4D symbols can be formed by
concatenating a pair of such 60-point constituent 2D constellations. However, as
before, only 3,072 4D symbols are needed. Eliminatihg the (3,600 - 3,072 =) 528
highest-energy 4D symbols would, however, entail significant implementational
\/ 25 complexity in the constellation mapper. Accordingly, a compromise is effected
' wherein, in order to achieve relative implementational simplicity, certain
4D symbols in the constellation will have greater energy than certain symbols that
are excluded. '
_ The scheme for identifying the 3,072 4D symbols that comprise the
30 constellation is achieved as follows: The points in each subset in FIG. 9 are divided
into an inner group and an outer group, the former having twelve points, which lie
-within the heavy, solid box, and the latter having three points, which lie outside of
that box. Within each subset (and indeed--as it turns out in this case--throughout the
entire 2D constellation), each inner point has less energy than, or at most the same
35 energy as, each outer point. We now define a "4D inner symbol" of the
4D constellation as a 4D symbol comprised of a concatenation of two of the




constellation, thereby nmaking the inplenentation tractable. Thus the .
3,072-synbol 4D constell ation mappi ng used in the enbodinent of FIG 6 can
be converted into a pair of successive constituent 2D constellation '
mappi ngs, wherein each constituent 2D constellation has only 60 signal
points, as will now be described with rgRerence 5 to the enbodi nent of FIG
8. (The term"signal point"--or nore sinply "point"-- rather than the term
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With the 2D subsets thus subdivided, we are in a position to describe a
25 convenient scheme for eliminating the aforementioned 256 4D inner symbols and o/
128 4D outer symbols. The 256 4D inner symbols to be eliminated are those
symbols formed by the concatenation of two points, each of which is taken from the
16-point inner-outer sub-group (16 x 16 = 256), since each of the four 2D subsets has
four inner-outer points. The 128 4D outer symbols to be eliminated are those
30 symbols formed by the concatenation of two points, one of which is taken from the
16-point inner-outer sub-group and the other of which is taken from the 4-point
outer-outer sub-group ((16 x 4) + (4 x 16) = 128), since each of the four 2D subsets

has one outer-outer point. :
For the most part, the arrangement of the transmitter of FIG. 8 is seif-
35 explanatory in that it follows the basic layout of the two other embodiments already
disclosed. Thus at this point we need only address specific key aspects of the
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than we need. The further division into the aforementioned sub-groups, in order to
arrive at precisely the desired number of symbols, is performed by inner/outer
encoder 463. The latter is illustratively identical to inner/outer encoder 341 of
FIG. 6 and thus the truth table of FIG. 7 defines the operation of encoder 463, with
/ 25 leads 331 and 342-343 corresponding to leads 454 and 472-473, respectively. In the
' context of the embodiment of FIG. 6, the table of FIG. 7 defines allowed patterns of
inner and outer 4D symbols. Now, however, the excluded pattern of 10" and "10"
on leads 472-473 corresponds to the 4D symbols where both the first and second
2D points belong to either the inner-outer sub-group or the outer-outer sub-group.
30 Note that all such 2D points have "10" assigned to their fourth and fifth bits.

A further point to note is that, since each 2D constituent constellation
has four subsets, there are (4 x 4 =) 16 possible pairs of such 2D subsets and the
eight 4D subsets of the trellis code in question are formed such that each subset is
comprised of two such pairs of 2D subsets. The three bits on leads 471, as before,

35 identify a particular one of the eight 4D subsets and the one, non-trellis-encoded bit
on lead 461 further identifies which of those two pairs of 2D subsets in the identified




has one outer-outer point. For the nost part, the arrangenent of the
transmtter of FIG 8 is self- 35 explanatory in that it follows the basic
| ayout of the two other enbodinments already disclosed. Thus at this point’
we need only address specific key aspects of the - 13 - enbodinent. In
particular, inner/outer encoder 441 is li{gustratively identical to

I nner/outer encoder 141 of FIG 1 and thus the truth table of FIG 5

defi nes the eration of encoder, 441, with | eads 131 and 142- 145

cor r espondi rﬁ‘g)of‘!?sf"e‘é an@nahfb&mws torbedrAnsmitied 15 10 §oMme.assi gnnent  of
bits to 2D [niplmentaidnaly, the bits 61 tdads 461 and147 ¥ areipplied tocﬂD-tshl%cgpditt pattern
Chree bit s GFepis 480,V Brebeel bl ol 408 824 REE R - inphidghatiing of

t he outer grvduphoﬁmbfom“ZDmﬁls)mbm&lefﬁmdmm@sxhbﬁemftheqrm of 4D i nner
case wher s both of t fe bisé Mentityhf @R'e 484 s6dlia 2 BASTEESRARTR A [ 19 |
t he non-tr elofitke sy 4R symbplsare applied in paallefito FYS gmsl@@pgve;rmﬂﬂﬁf Thellaer t he

trellis enc of
o "7 ol e MU Ao RO, g g B g iy

second and t2%? peints ek ens mapper 482 which provides s QUIRUt {%e case where

the first 4lnedulior 496. 'nhéﬁ}soutcesecaudvmlpoim fepidsemihgothe 8&sdnd @ tHe thvoom t he
out e302 }%EOU and one f &%ei i nner 2D group) and the second 4D

synbol §m Yned above). In a simlar way, the

fourth and fifth |i n&\mﬂtthushesﬂen[ﬂha&th&;panmf@symbqﬂsﬂmmselnetedmﬁmere

the first 4%@9319&:;&50:3% Bi&d} "the YaFRAs sﬁ‘ﬁ'—%ﬁuﬁ& BﬂzeﬂR symbol is a 4D

out er ‘symbol e d| vl Si Qn cons t uent o/

const el | at | AR confiellations F‘Pﬂﬂ égalan'&e SombinatoRs 458 sela%tew leqstinpartepr thee r
441- - | eaves Bagiswifidie SRFdzeeneipg! of tﬁé@(?u&ﬁte@ 629D pbittts fridch anﬂiiﬁéhéﬁ on into

t he afor ntlonedsb in o to,arr ve at e e desired
hunber CofSeynbol s, | A RSBty Y be 0SB thisRabire O B oreHiand. s o7 | <
illustrati vednybodﬁaanu of FIGt 8 cambe uhdersteod asmwdbﬂng%é 1d1:fnuﬁbﬁon60farpi1rtdfus t he
truth table 4 | eads
331 and- 34> its8ls abd MhispendehEscliioR o aflor 30 ols i il fdnieg ' P
the context 49 wasetserﬂtb@ﬂmhmd however, ﬂnhpropesslcsn,caﬂtemaﬁvely bef i nes
al I oned pat txﬁfd&%td&dds%%fin@lﬂng‘tﬁﬁﬁ ri‘tEhc’i)iHPBfﬁs SIRORYED su 1}5@ %&: uded
pattern 0" .an on |e Z%r rres ondstothe4
wher e bo&{q itheugh 42}) q&lasgpe@qu used) from whlc four 2D points aremterdependently
chosen. With this observation in mind, reference is now made to FIG. 10, which
provides a broad conceptual view of a transmitter embodying the principles of the

invention.
In particular, the transmitter of FIG. 10 receives an input bit stream at a
25 fractional bit rate of r bits per 2N-dimensional symbol. The functions of scrambling o/
(all of the input bits), serial-to-parallel encoding and differential encoding (of some
of the scrambled bits) is performed by circuitry 510. We define a parameter L as
being an integer such that L x r is an integer. Preferably, L is the least such integer.
Then, circuitry 510 provides on its output leads 511-513 L x r3 bits on leads 513,
30 L xr, bits onleads 512, and L x r; bits onleads 511, wherer=r; + 1, +r3 andr,
~ and 1, are integers. The bits on leads 511 are applied to 2N-dimensional trellis
encoder 520, r; bits at a time, which identifies on its output leads 521 a sequence of
L 2N-dimensional subsets. In the general case, each such subset consists of 2
sequences of N/M 2M-dimensional subsets, each subset being a subset of the
35 constituent 2M-dimensional constellations of the 2N-dimensional constellation. To
this end, the information on leads 512 is applied to selector 540, r; bits at a time,
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25 fractional bit rate of r bits per 2N-di nensi onal synbol. The functions
of scranbling (all of the input bits), serial-to-parallel encoding and
differential encoding (of some of the scranmbled bits) is perfornmed by
circuitry 510. W define a paranmeter L as being an integer such that L x r
Is an integer. Preferably, L is the Iea§g such integer. Then, circuitry 510
provides on its output |leads 511-513 L X r3 bits on leads 513, 30 L x r2
bits on leads 512, and L x [er h}blts on Ieads 511, where r [err] + [err]
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ers

or nore inne er enco ee enbodi ment s di scl osed herei nabove.
can perhaps nnst easily be related to t he generalized enbodi nent of FIG 10

by sinply consi degi m'he;.aa'ﬂ’éadiz'l‘ﬁé-i-fj wd,,_e2dhtd;ea{Gadt ers set forth in
Table I for each of those three 15 enbodi nents. TABLE | Enbodi nent r
[err] [err] J[err] L N M J[err] m J[err] J[err] [J[err] Z Y 20
Figure 1 Z = numbe} of fon-zedo co¢fbicients, &’s, inthepxpressiopforjfferr] 3 [err] 1.
10 6 [err] 2 [err] 2 2 2 9 1 _ [err] 8 8 [err]

1 384
Assume there are Y 2M-dimensional signal points in each 2M-

15 dimensional subset, Y being determined in a manner that will be described
hereinbelow.” We begin by focusing on the first term of the binary expression for fs,
namely dg2™™. (As long as L is the least integer such that L x r is an integer, then dp
is always non-zero.). The Y signal points are divided into inner and outer groups (on
the basis of energy) such that the ratio of the number of points in the outer group to o/

20 the number of points in the inner group is 2™. In order to eliminate (at least some
of the) sequences of 2™ 2M-dimensional signal points that are not needed, we
eliminate all sequences that have more than one point from the outer group. Ifdyis
the only non-zero coefficient in the binary expression, the task is complete, as is the
case in the embodiments of FIGS. 1 and 6.

25 Assume that the next term in the binary expression that has a non-zero
coefficient is the term having the coefficient d; for some j. We divide the sequence
of 2™ 2M-dimensional signal points into 2} sub-sequences of 2™ 2M-dimensional
signal points. Each of the groups (or sub-groups if this step needs to be repeated as
described below) is itself further divided into inner and outer sub-groups--again

30 based on energy. The division of each of the groups into inner and outer sub-groups
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2 15 -16- W& now address the question of' how t he 2M di nensi onal
ssubsets can illustratively be divided into inner and outer groups and, if
necessary, sub-groups and perhaps, sub-sub-groups, etc., in order to

transmit an input bit streamat a particujar fractional bit rate of r bits
per 2N-di nensional synmbol. (In the following 5 discussion, it is always
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| east soma1 ofg%%fmgoéaﬁgﬂﬁtggm&gé?&r] 2M di nensi onal signal points that are
not needed, we elimnate all sequences that have nore than one point from

the outer group. If [err] is the only nomlzero coefficient in the binary
expression, the task is conpl ete,Ya'"sigsl S I-I)e(lc‘hg-e'%i'h t he embodi nents of

FIGS. 1 and 6. 25 .. Assune thatiZfhe next termin the binary
expression that has a non-zero coefficient is the term’'having the
coefficient [err] for sonme j. W divide the sequence of [err]

2M di mensi onaffossufficientolargesis), wherd EJ is| the ninltplipation spmbél, bgcojvention.

step needs To. be ropedt ol s HERE Blr she SR 1 Q1P SpENRRS o Aol

i nto inner andabireselected arerfoom onlysspisctedImbinasions of varieusppb-groupsdifuhsi on of

each of thg GishsBmehiBM-difRRSioRd CoRdtiiBitions! with eRDmbinations being selected, at
least in part, on the basis of the average energy of the sequences of 2M-dimensional
points in each combination.

The values of the parameters m, 15, is, f5, Z and Y for each of the three
embodiments disclosed hereinabove are also shown in Table I.

20 The degree of advantage provided by the present invention depends
somewhat on the values of the parameters involved. As a particularly dramatic
example, consider the case of transmitting data at 19.2 Kbits/s with a 2D trellis code

- using a baud rate of 2,742.86. This results in a transmission rate of 7 data bits per
2D symbol. Adding one redundant bit, for a total of 8 bits per 2D symbol, results in

25 the requirement of a 256-symbol 2D constellation. Suppose, now, that one wants to
fall back to a rate of 16.8 Kbits/s at the same baud rate. This results in a
transmission rate of 6 1/8 data bits per 2D symbol. Adding one redundant bit, fora
total of 7 1/8 bits per 2D symbol, would result--following the prior art approach to
the realization of this bit rate--in the requirement of a sequence of one 256-symbol

30 2D constellation followed by seven 128-symbol constellations. The presence of the
128-symbol constellation in this scheme will, indeed, improve the immunity to
AWGN. However, since a 256-symbol constellation is also employed in this case,
the robustness of the scheme against impairments other than AWGN is not
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5 bt e per 20 synbor The fobgaop Wereb fIRAlEs RASrbEiRIN @ithe MibasdPind), ' O
constel | at i variouSiexpuplary aliernativea: vasiationsiandmodificationsogilknawo ba deseribedf  16. 8
Kbits/s at the sane ﬁ%r{ ' 6 1/8
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bi ts pert3200550H58, ] quﬂm%umunMwweml guz e investion is desspbedbhereing t he
real i zat i onirpthe icbhexboft mbRiple ahplithe/ mivdiple bﬁiﬁerﬁonﬁéllﬁuﬁ@%tﬁﬁeﬂu&fall
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i nprove t heconstan amplitude Aindiipleiphase/eonstellations, suchos- MyB&IGIandM}ﬁRSK ation is
al so enpl oyggs) nidti*] Salﬁﬁw*iﬁvénﬁmi 1 éseribéd nerbif iRl HEBnSE O VSiceband
i mpai rment s’ ot
20 data transmission, it is equally applicable to such other applications as cellular
mobile radio, digital microwave radio, and satellite communications.
The subsets associated with a particular group of non-trellis-encoded
bits need not be subsets that are identified by the trellis encoder successively.
Moreover, the bits input to the pre-encoder which ultimately a) identify the subsets o
25 and b) select particular points from the identified subsets need not have any g
particular time relationship one to the other. For example, the bits that identify the
subsets need not be contiguous in the input data stream with the bits that identify the
particular points from those subsets.
For pedagogic clarity, the various functional blocks shown in the
30 illustrative embodiments are represented as discrete circuit elements. As is well
known, however, the functions of those blocks may be realized, for example, via one
or more appropriately programmed general-purpose processors and/or digital signal
processing (DSP) chips.
It will thus be appreciated that although specific embodiments of the
35 invention are presented herein, those skilled in the art will be able to devise
numerous other arrangemexits which, although not explicitly shown or described
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-18- inproved, Wwhich is one of the reasons for going to a fallback rate in
the first instance. Indeed, the perfornmance may be even worse than at the
original rate because a |arger peak-to-average power ratio results fromthe
conbi ned use of the two constellation sizes. As noted above, it is for this
reason that the prior art favors 5 a nultiiﬂ%ﬂpnsional trellis-encoded
schene which can handle a fractional bit raté¢, even though a much |arger
decodi ng delay is incurred. Using the present invenation, by contrast, a
144- synbol 2D cdieseia) emhadyrthe inventiorused excl usivel’y to provide the 16.8
Kbits/s fallback rate. Because the constellation is now smaller (conpared
to the 256-synbol constellation used at 10 19.2 Kbits/s), perfornmance is

i nproved not only with respect to AWG\, but also with respect to other

i mpai rnments, as described earlier. The foregoing nerely illustrates the
principles of the invention and various exenplary alternatives; variations
and no#i fications will now be described. The various constellations, bit
and baud rates, and other paraneters are, 15 of course, nerely
illustrative. Mreover, although the invention is described herein in the
context of multiple anplitude/multiple phase constellations, conventionally
known as "QAM', it is equally applicable to other types of constellations,
such as constant anplitude/ nultiple phase constellations, such as M PSK and
M DPSK. Additionally, although the invention is described herein in the
context of voiceband 20 data transmssion, it is equally applicable to
such other applications as cellular nobile radio, digital mcrowave radio,
and satellite conmuni cations. The subsets associated with a particul ar
g»uﬂp of non-trellis-encoded bits need not be subsets that are identified
by the trellis encoder successively. Mreover, the bits input to the
pre-encoder which ultimately a) identify the subsets 25 and b) sel ect
particular points fromthe identified subsets need not have any particul ar
time relationship one to the other. For exanple, the bits that identify the
subsets need not be contiguous in the input data streamwth the bits that
identify the particular points fromthose subsets. For pedagogic clarity,

t he various functional blocks shown in the 30 illustrative enbodinents are
represented as discrete circuit elenments. As is well known, however, the
functions of those blocks may be realized, for exanple, via one or nore
appropriately programed general - purpose processors and/or digital signal



probessing (DSP) chips. It will thus be appreciated that al-though specific
enbodi nents of the 35 invention are presented herein, those skilled in the
art will be able to devise nunerous other arrangements whi ch, although not

explicitly shown or described -19- herein, enbody 20
- | Cains: 1. A nethod for.gpcoding a strmmummmuim mlto
i dentify, froma predeterm ned 2N-di nensi onal- constel | & i &n of syrsboks

being a pregeterm ned integer, a plurality of successive ones of the

synbol s th *to be transmtted over a 5 comrunication channel at a

predet er mi ned synbdl. A atethod foeescoding &stedam bdaphbiss o identifynfromiang di vi ded

t det t bi t
o el g At AT By N e 2 b1
conpri si ng integes taguratity ofgycesssive nge&mhgsy@b@é&mwm@ bovigansmitisdQYET &r ni ned
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bei ng sucCh an I ntegra bits i,s.a trelljis.e

ones of thecongtellaten bems |d!‘§dQ4)mFQj%HPFlFS¢“n¥”8Fl Pé‘gg'ﬁtyd&%'gl%?nﬁmﬁ st“)b%
synbol s, a gREMedatatitsoeemeing at @ Ravtiom bitliate retibeto the symbokrathtieen, and
choosi ng each of, the lur |Ité g{ synbols fromtheir respective subsets 15
jointly as B® SIeRS) a particular group of the others of the
aggr egat ed bits. 2. aggﬁegaﬂwgaﬂielbmméumhgmﬂapndmnmmdaum}mmﬂtbel n each of

said 2N, di ne an s and

wherein 1.Qal nﬁ‘l} ﬁ%ﬁv ?’iw%@ags Hﬁgﬁgdgﬁﬂmﬁaﬁiﬁeﬁ %b“ﬁgﬁbr%‘g& romonly

sel ect ed coninnhutofchmmaggega!ﬂbroups 20 3. The invention of

claim2 wherein sai gy ?@ﬂg&ﬂg%ﬂ%@ﬁf‘m@fa §ﬁ:‘g9tea|ﬂlts% [RAkfY fotlcathibS@kes are W,
an

di vi ded i nt d first bas f t |
Cher oot 4. ity of Ié)r’i;bdﬁ e g ol o ouhich S SoB A BECRarh B8 oo oq

at choosing each of the plurality of symbols from their respective subsets
15 jointlyasa function of at least a particular group of the others of the aggregated bits.

2. The invention of claim 1 wherein the symbols in each of said 2N-
dimensional subsets are divided into first and second groups and wherein said
choosing step includes the step of choosing symbols from only selected
combinations of said groups.

20 3. The invention of claim 2 wherein said symbols in each of said 2N-
dimensional subsets are divided into said first and second groups on the basis of the
energy thereof.

4, The invention of claim 3 wherein said combinations are selected at
least on the basis of the average energy of the sequence of 2N-dimensional symbols
25 that comprise each combination.

8. The invention of claim 2 wherein said choosing step includes the steps
of _
‘generating, in response to said particular group of bits, a binary word
associated with each of the identified 2N-dimensional subsets and '
30 mapping each binary word into a particular associated symbol in the
associated 2N-dimensional subset, '
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| east on the basis-of t-he average energy of the sequence of 2N i rrensl omat—

synbols 25 that conprise each conbination. 5. The inventi
wherei n sai d choosi ng step includes the steps of generati ngml ml ”m
said particular group of bits, a binary word associated with each ofn

I dentified 2N-di nensi onal subset s and 3021- mappi ng each bi nary
word into a particular associated symbol in the associated 2N-di mensional
subset,  -21 - ea@acﬁ%ldbma G&Srd"&rtﬂ Qf‘dhrlﬂat%kpvr}h%r@tthéﬁ?ayﬁhmc@ the bit
at a partic e particular

| t
group to mhrofgtr’?qtglctg '8& lﬁnt‘@'éf Wﬂﬁ%m’ s?@%g’émcelar g1oup twhichithey of claim 2

wher ei n t heasyeibrdsymbobbelbngdf said first and 5 second groups are further
divided into first and second sub-groups and wherein said synbol choosing
step includes the step of choosing synbols fromonly sel ected conbi nati ons
of the sub-groups. &. THhinvemtionofictaimdl whéxatﬁthésyﬂmgnreaelaoﬂszﬁdﬁmlaﬁdl n each

o2 o ¥ paeand s KheIgAL YRRl b Sha BSaP EROR0 SR RER G | 0
wher ei n sai &M OOSII!IEBiFP ingludgs sheeytep ofathodsiag simbals feprm only spdentecht i ng, in

response toc&ﬁbﬂa@@,{stdfqhgﬁfb_%gggg of bits, a binary word associated with
each of the identified 2N-di hensi onal subsets and mappi ng each binary word

into a particular associated synbol in the 15 associ ated 2N-di nensi onal
subset, each said by, Wﬁlielxn\ﬁaitﬁ)nttﬂ’lcmﬁhekhaiaxdsl?ﬁ:bbl%'ﬂ@adhfoﬂsbﬁlﬁ}b @t a

first part| I Lop-w.thin that e les t rtlcular
group to \/\h%fﬁ(’ﬁgg 3@8%1?&{%8" 9??88&55%5 g°'\£ﬂ’tﬁ%§ﬂéﬂp{hﬁ§f‘°ﬁgﬁé§§f§$ue of the
blé;[“fat a second particular location within that bi nary word |dent|f|es t he
p i cul sub-gro | | @

Appar at u]? ) o?eﬁ%o@?%gmlmmgﬁgﬁaﬁgﬁsl ﬁpﬁx@g fgﬂg%? %’Zl ng an

i nteger, a @Fh@&ﬁﬂ@f“‘?mﬁ’&t bits occurring at a fractlonal bit rate of r

bi ts per 2N-di nensi QRakrafing] me be'xs%ttb‘ﬁﬁd b 8f B abimary g " at e,

sai d 2N- di nensi onal I n ?Qﬂﬁum%aa 2N- di' nensional
const el | at i 508 ng%ang %e ﬁemgied%bfglmensmnal subsets an
' mapping each binary word into a particular associated symbol in the
15 associated 2N-dimensional subset,
each said binary word being such that the value of the bit at a first
particular location within that binary word identifies the particular group to which
the associated symbol belongs and such that the value of the bit at a second
particular location within that binary word identifies the particular sub-group to
20 which the associated symbol belongs.

\/ 9. Apparatus- - for ertcoding, into 2N-dimensional symbols, N
being an integer, a stream of input bits occurring at a fractional bit rate of r bits per
2N-dimensional symbol relative 10 a predetermined symbol rate, said 2N-
dimensional symbols being selected from a 2N-dimensional constellation comprised

25 of a concatenation of N/M 2M-dimensional constellations each of which is
partitioned into a plurality of 2M-dimensional subsets of signal points, said
apparatus comprising

- means for encoding first ones of the mput bits to identify a sequence of
2M-dimensional subsets, and _

30 ~ means for identifying signal points from successive ones of the
identified 2M-dimensional subsets jointly in response to at least a particular group of
the others of the input bits, said particular bit group being associated with at least L



25 of a concatenation of NN M 2M di nensi onal constel | attons—each of whi ch

Is partitioned into a plurality of 2M di nensi onal subset ' I s,
sai d apparatus conprising means for encoding first onestmwﬂ“Immmm“L '
to identify a sequence of 2Mdi nensional subsets, and 30« ¢ t ® spmeans
for identifying signal points from succedsdi ve ones of the identified

2M di nensi onal subsets jointly in response to at |east a particular group

i th | o pimbibiorsl Bibeol bl 1 beRU ) kel allr BB UOT 1) 22R0c! ol o

integer greater than unity. 10. The invention of claim9 wherein said

encodi ng neans i ncl ?§? mrit’%”’faﬁﬁ?i“?fﬁ%‘g%g% in ﬁﬁﬁﬁs SRludes | r st ones

of the input bits. . The | nvention o wher e I's such that L X
r is an int eygeans far trellis encoding at leasp said figst ApEPL the IPULPRE- O wherein the

signal points in each of said 2Mdi nensi onal subsets are divided into @rst

"Gent i 165 points fdm Beipvensaer cad AoVRGER s S et A3 B Beers. e
201 di mensiconal subSaLs are gy ded i nta saLdthr st A aeeqa RS on ¢ he
basi s of lshe energyFi?héﬁ’(?d’f“.’enﬁﬁ??l ogﬁigxqgﬁvxiﬁ%r@%ﬁh%ﬁ%ﬁ@%%?g?tﬁgsal d
conbi nat i ons2Mrdineasionaleubsets re dixideshintcnBirshand second groupsans whereimreidyy of
the sequenceygha sl iabaiPyin HeaRliddhiiidsRintE HORI 1§ sA8GE] eAbinAAoRE 15

15. The invent erein said signal point identifying neans
i ncl udes nea$Md gWUPenerating, in response to said others of said bits, a
bi nary word associated with each of the identified 2Mdi nensi onal subsets <

and neans for nappi ch _binary [d . Nto-a particul ar. as LWa ..si gnal
20 point in the assg&' d"m‘m?éﬁfﬂﬂ‘&&&lw SFrnspd s%ksglggdﬁgg%égsq\l/\d;rd -
bei ng sudi t 2M-dinfensionhl subsdts atealivided tto saig first and sexond gromps on the basisroft hat

bi nary word | | £ e particular group to which the associ ated si gnal
poi nt bel ongggeei%gy'l"ﬁe |fr°:vent ion of claim 12 wherein the signal points in
each of said '

14. The invention of claim 13 wherein said combinations are selected at
least on the basis of the average energy of the sequence of 2M-dimensional points
that comprise each combination. '

15 15. The invention of claim 12 wherein said signal point identifying
means includes '
means for generating, in response to said others of said bits, a binary
word associated with each of the identified 2M-dimensional subsets and _
means for mapping each binary word into a particular associated signal o/
20 point in the associated 2M-dimensional subset,
" each said binary word being such that the value of the bit at a particular
location within that binary word identifies the particular group to which the
associated signal point belongs. -

16. The invention of claim 12 wherein the signal points in each of said
25 first and second groups are further divided into first and second sub-groups and
wherein said signal point identifying means identifies points from only selected
combinations of the sub-groups.

17. The invention of claim 16 wherein said signal points in each of said



25 first and second groups are further divided into first
sub- groups and wherein said signal point identifying nmeans i it :
points fromonly sel ected conbi nations of the sub-groups. 17!@“‘[&'@‘]'3%2‘“&&!" f
of claim 16 wherein said signal points in each of said - ¢ Un ;
divided into said first and second sub-gregps. on the basis of the energy

thereof. 18. The invention of claim 16 wherein said signal point
identifying neans incl.udes.b . means for,_generatin i n response
to said other §T°<5‘Ps%%@F@?O%ﬁﬁ?ﬁéﬂydmdﬁ@m%@a the basiscafche energyne

i dentified 2Mhgreofnsi onal subsets and neans for mapping each binary word
into a particular associated signal point in the associated 2M di nensi onal
subset, each said binary word being such that the value of the bit at a
first 10 particul ar 18cEte inventiontof claiinas whereinsaldxighal peint ideheidge
particul ar grgﬁgn{)ﬂc 'sch t he associ ated signal point bel ongs and ‘such t hat
the vakue of the bit at a second particular location within that binary
word identiXies. the paneansforgenenatingrinaesponsevthisaid ctiers efsaid bits, adbimirgnal

poi nt bel ongSword associated with each of the identified 2M-dimensional subsets and

means for mapping each binary word into a particular associated signal
point in the associated 2M-dimensional subset,

each said binary word being such that the value of the bit at a first

10 particular location within that binary word identifies the particular group to which
Y the associated signal point belongs and such that the value of the bit at a second

particular location within that binary word identifies the particular sub-group to
which the associated signal point belongs.




