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Application 86303165.4 (published as EP-A-9299595) to which
reference should also be made.

In an alternative respect this invention relates
to a method for estimating the most likely sequence of
multi-dimensional. signal points to have been sent via a
channel from a transmitter of the kind that causes.said
multi-dimensional signal points to carry information
about said sequence based on state transitions of a finite
state device. .

In typical so-called uncoded communication systems,
the Q information bits abﬁédripg in a signalling slot are
used to select a signal point from a two-dimensional (2D)
constellation having 2Q signél points. The choice of the
signal point to pe sent in a given signalling slot is un-
related to the choice of the signal points to be sent in
other signalling slots. The receiver estimates which signal
point was sent by simply'finding tﬁe nearest 2D signal
point to the received, ﬁqise altefed signal. The inmunity
of such a system to noise depends on the minimum distance
between any two signal points in the 2D constellation.

Various techniques have been developed for improving
the noise immunity of such systems,.
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systems of the type disclosed in Csajka et al., U.S Patent

Appl i cati OnN%63Q6316524 ( R Itﬁﬂﬁ&kﬁ&cﬁP A*r&?&&@ﬁ)cé@lwlﬁhtneﬁanenmevd/
shoul d al so_be an alterpative r ect pventlon
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carry |nfornat|on about se uence based on stat® transitions
finite statdutdened. coder in th yiransmbotenl adds uncoedunddnfinPa4t iton

systens, thenQ iNhAEERALdH ISLEPPEATd PidRa Bl ShGNELELNENE! Bheare used to
sel ect a signal point froma two-di nmensional ﬁéﬁ%p@onstellatlon haV|n
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gi ven signaldddlg shfe i22+IN-sighategolifAtEnencheCepobchit edigalo UM S to
be sent in other signalling slots. The receiver estimtes which signa

poi nt was se@atthhyisnegdl yintionéiquglt-isd zedasedtseds silgivah pavetthe the

received, n?ﬁ%%e%%&eEﬂQtsE%%ahiniEQ% hT@EHAaé between any Lwo
signal points in a subset is larger than the minimum
distance between any two signal points in the
constellation.

The convolutional coder is arranged so that the
signal points to be sent éfé respectively drawn only
from certain allowed sequences of subsets. The receiver
estimates the sequence of sent signal points as those
signal points from an allowed sequence of 2D subsets
that are nearest (in the aggregate) to the sequence of
received, noise altered signals. The immunity of such a
convolutionally coded system to noise depends on the
minimum diétance between any two allowed Sequences of 2D
points. Because the minimum distance is larger than
that of an uncoded system, a coding gain results. One
cost of the system is that the size of the 2D
constellation is doubled, offsetting some of the coding
gain.

In the Csajka and Ungerboeck scheme, decoding
is by means of the Viterbi algorithm described in
Forney, “The Viterbi Algorithm", Proc. IEEE, Vol. 61,
pp. 268-278, Maxch, 1973, the disclosure of which is to be
regarded as inéorporated herein by reference.
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Channels®", IEEE International Conference
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si gnal p0|nts in the 2D con'st'e T on. have been
devel oped f ord¢s§%iRe n&h%euﬁ@ séfl nehetky eddingh igysthavr and eight
- 2-

dimensional signal constellations to achieve improved
error rate versus SNR performance over conventional two-
dimensional encoding. The higher dimensional signals are
achieved by concatenating two-dimensional signals..

Wei, "Rotationally Invariant Convolutional Channel
Coding with Expanded Signal Space - Part I: 180° and Part
II: Nonlinear Codes", IEEE Journal on Selected Areas in
Communications, Vol. SAC~2, pp. 659-686, September,
1984, describes convolutionally coded systems of the
Csajka and Ungerboeck +type that are capable of
differential encoding for 1mmun1ty to rapid carrier phase
changes. Part I descrlbes design rules and procedures
for certain 180° rotationally invariant codes. Part IX
extends these design rules and procedures to certain
rotationally invariant codes with 90, 180 and 270° phase
ambiguities. These papers describe simple non-linear
convolutional codes resulting from the described

procedure and include description of generalised feedback
codes.
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constel |l ati ong}‘lgg{%}o%?mcf éogi?ze%ﬁb G4 c?lmcf‘e %[ er r%/ %1‘?’8%% if&tf{;)n foﬁ convo-
| uti onal codé:‘ransmiﬁ;ﬂtmansmnmelrtaadi:ﬁsneﬁsmatﬂdanmysmllQbmheca}l be

| nformati on %&%ﬁ,@d 98 adilith cu Rl R ¢ § % fEHdE W Qdnbiitughe used

to select a signal point points int

constelIéMJcn?QuQPnﬁﬁﬁklﬂﬁkﬁnﬁi|#h%)¥¥&kﬂ é@%mbm¥cﬁfhave the

property thatg{dita I indUMskStHNGE PRIMEEN z@%ﬂ@-&iﬂ@ﬁél@ﬁamt §ibHad
subset is | arger than t he m ni nrum di st ance betmeen any_twp S|gna1 0|nts in

the constel | I 18 a concayenalion, qf RFELRRRTL | P FHERY thRat the
si gnal poi nt orie® firons adclrconfsiinednty e2ry ebste Ddyion. (In this

respect, concatenating constituent signal points means

15 assembling the coordinates of the respective constituent
signal,points as coordinates of a multi~dimensional signal
point; .concatenating ‘constituent constellations means
COncatenating'the'reSpective signal pOints'of the
cdnstituent cbnstellations.) ,Ceftain dependencies exist

20 between the constituent 2D signal points of a multi-
dimensional signal point selected for a block. A coding

~gain results from those dependencies. However, no depen-
dency exists between the. two multi-dimensional signal
.points. selected. for any two blocks of . signalllng slots.

25 Multidlmen51ona1, convolutlonally coded systems
have also been proposed in which dependenc1es do exist
.between the multi-dimensional. 51gnal p01nts selected for
different blocks. :

One such system is proposed in our European Patent

30 Application No. 0154415, the disclosure of which is to be
regaxded as incorporated herein by reference.
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Here we show “a four-dimensignal (4D).
fromcertain all owed sequences of subsets The recelver estimates the

sequence of sERPVSILYtHONilY Soded imysdken ghat piat < 144 sHEnal oved

sequence of 2PodulRs@les Hafhdfulae drAEHudd zme:oawfeegeé@:)or{ a:d heeriquence

of received, noise_ alt.ered .signals. .The nnunlt uc convol utional ly
coded system t-8 ﬁ(’fl'“?é:ld’é"pg)r%"sg@r?rt e SR %rt'anc lS\IA!Een any two

al | oned 5sequenns$eaﬂaa@qnﬂﬂuspar&kﬂinnﬁﬁtﬂmtdnﬂbumunuhs&amce is larger
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of the codi ngofaitwo 819naﬂlngrskqnscangI@xnanﬂaﬂmﬁbmoeckag@hbhﬁ decodi ng

i s by means ofgisfig ¥ t&fr@oﬁl%déﬁrﬁd&fﬁr i hedh & Ns EPEOEYon "B 1Es Vs &d bi
278, March, 1973, the disclosure

A gorithnt, Proc. |EEE, Vol

of which is t §DEelEsE: Fod By inah RS rRﬂ’e&"ed-me% At seeblahten. The

jo 4D constellation is a concatenation of two 240 SLgnal
point constltuent 2D constellations and is partitioned
into 16 4D subsets each of which is a.concatenation of
two of the 2D subsets. (A 4D subset is -a concatenation
of two 2D subsets if every 4D point in the 4D subset is

15 a concatenation of two 2D points from those two 2D
subsets respectively). The signal point selection bits
include four subset selection bits that are associated
with 4D subsets in such a way that the Hamming distance
between the allowed sequences of subset selection bits

20 is indicative of the minimum squared distance between
allowed sequences of 4D signal points. We
differentially encode the bits fed to the convolutional
coder in order to accomplish transparency to
channel-induced phase rotations of 180°.

25 Another 4D convolutionally coded system is

y disclosed in Fang and Lee, "Four-Dimensionally Coded PSK

Systems for Combatting Effects of Severe ISI and CCI®,
Globecom, 1983, pp. 1032-1038. They use a 29+l signal
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point circular constituent 2D constellations. 2ZQ .

- 3- shaQeR Y tiz-dinmensional Signal .Desi for
Digital T?aﬁ%%%ggﬁo% oyerséﬁﬁﬁgf?hgbeﬁl%ﬂggnBPém,s aF%Eﬁeaﬁﬁi ati onal
Conf er ence iﬂwciﬁﬁnﬁmté§i@hsz Thet e Heat1dn 1¥s Magdeogaichp thAk7 380
descri be themisstmeh &lO€knc00bOGwEENT AN, 8DY 8LYBEcdmaBsisaRalaisi gnal

Comvent | ona Bepbes 02 RaXindBLd) *rfe " FROFE S YEEREY D Hgnat 00 OV
points are partitioned into equal-sized subsets such
10 that the minimum distance between any two 4D signal
points in a subset is lgrger than that between any two
selected 4D signal points. The partitioning is made
directly on the 4D constellation without referring to a
partitioning of the constituent 2D constellations. A
15 convolutional coder of up to eight states is used to
expand the 2Q information bits appearing in each block
of two signaling slots to 2Q + 1 selection bits to
select a 4D signal point., .
Another 4D convolutionally coded system is
20 disclosed in Wilson and Sleeper, "Four-Dimensional
Modulation and Coding: An Alternate to Frequency
Reuse", NASA Report, UVA/528200/EE83/107, September,
1983. Their 4D constellation is taken from a 4D lattice
(i.e., a regular arrangement of signal points) used for
25 a block éoded;system. The paftitioning of the 4D
constellation into subsets is done directly without
“referring to a partitioning of the constituent 2D
constellations. Preliminary investigations on the
design of convolutional codes with four states or less
30 are made for Q-up to 2.

Calderbank and Sloane disclose a 4-D, 8-State code in

"A New Family of Codes for Dial—ﬁp Voice Lines'", IEEE, 1984 pp 673-676.

We describe below examples of transmitting apparatus that
defihe a partitioning of
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description of generalised_feedback codes.
the minimum distances within constituent subsets, and

subfamilies and families of constituent subsets of each
15 constituent constellation, and multi-dimensional subsets
are grouped to form multi-dimensional families also
‘based on those diséances. Each multi-dimensional subset
is made up of multi-dimensional types each of which is a
concatenation of constituent subsets. The constituent
20° gsubsets that belong to a given constituent constellation
and that are associated with multi-dimensional types of
a given multi- -dimensional subset, are different and
belong to gne constituent family (or one subfamily) of
that constituent constellation. . :
25 . We describe below rgxamples of
transmitting apparatus that define a partitioning of
the multi-dimensional constellation and establish a
correspondence between signal point selection bits and
the coordinates of a multi-dimensional signal point in
30 such a way that the multi-dimensional signal points -are
susceptible to being decoded in a manner that avoids the
effect of channel-induced phase rotations of any amount
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In:some preferred arranbaments, each constituent
subset is translated into another constituent subset
under a phase rotation amount corresponding to one of
the constituent constellation phase ambiguities, and the
multi-dimensional constellation is partitioned by
grouping multi-aimensional types into multi-dimensional
subsets such that each_multi—dimensional subset is
rotationaliy'invafiant under that phase rotation
amount. . .

' Some preferrédarrangementsinclude the
following features: Partitioning is defined so that
each multi-dimensional subset is invariant under a phase
rotation of any of the phase.ambiguity_amounts. The

,transmitting appératus'includes a convolutional coder

whose output bits are used to select the
multi-dimensional subset from which a multi-dimensional
signal point is drawn, and a differential encoder which
differentially encodes at least one non-convolutionally
encoded information blt to remove the phase rotation
amblgultles. In partlcular, the dlfferentlal encoder
can be arranged to differentially encode only
non-convolutionally encoded information bits.
Othek'pfeferfedaxrapgements include the
following features: The multi-dimensional subsets are
rotationally invariant under phase rotations of some but
not all of the phase rotational ambiguities of the
constituent constellations, and are translated into
other multi-dimensional subsets under a phase rotation
of another of the phase rotation ambiguities of the--

constituent constellations, and the convolutional coder
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multi-dimension subsets in such a way as to remove the
-4- I n so-capﬁeg Sﬁoc coaed systens (?o .exanpl e, those systens
di scl osed in é@ttedr Bpass patasioppprbignityi- PuBNigaiFoACRAMPH1S8H865, "t he
di scl osure of pyhiaglkighing REer AodEdediasnsN6ARR0EabedthahecA R¥shekear ence)
the [ nformali on bt L2caRRsa" L 1B 2, Dopk; O ere; thay 8lE.2koRg' khio o of
are used t o séFQPt TREMIANS- fPRehdFShaly Y
: latter ambiguity to a state transition which is
determined based on a one-to-one function of the
transition to which the first multi-dimensional subset
is assigned. The convolutional coder generates the
10- convolutionally-encoded bits from bits which include at
least one differenﬁially encoded information bit. At
least one non-convolutionally encoded information bit is
also differéptially encoded to remove the former phase
rotation ambiguities.
15 : 'ile describe below examples in which- .-
each multi-dimensional subset comprises at least two
multi-dimensional subtypes each of which is a
concatenation of constituent 2D subéets, and the subtype
from which a multi-dimensional signal point is drawn is
20 selected based on the convolutionally-encoded bits and
atrleast one non-convolutionally-encoded subtype
selection information bit. .
Preferred arrapgememx{inblude'the'following
features: The transmitter includes a bit converter that
25 translates each bit value combination of the subtype
selection bit and the convolutionally encoded bits into
groups of constituent 2D subset selection bits, each
group being used to specify a constituent 2D subset
corresponding to the multi-dimensional_subtype. The
30 multi-dimensional signal point in that subtype is
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least one subtype selection bit 1s differentlally
si gnal poi nt énaoded nwtavaidmgstsalweamb:mitﬁlésatdmrttwrcctrrmmasi on. A
nulti-dinen5| el Jatl an_be .conceiyv ) concat nat of a
nunber of conscﬂ?%ugﬁ?é %hs?%?ﬁ?lﬁtcfoor}%tl Yy, ﬁ%asu e?%gl?h‘g ‘lir%r
si gnal | i ng 5slioee i fies bl ank. second tgralipe regidriie i gmap ipmrmtwtnscla
concaLenat! ool Sofstitient SRSAONALROLIL e 4 pEhREcdn CORpt T uent 2D

constel | ation 'S respect; corficatenatlng constituent signal points
means assenbl9iRPR h%‘?:‘boﬁ”@l%%t@&o‘éfert ronsEsMaianty s karat | PeERE 5% gnal

poi nts as coadelhwal esTivé @rﬂﬂéhité’éf%llf@és%&E@éc@%ﬂéodé@nﬁﬁéenat| ng
constituent constellati concatenating i he respectjyve si poi nts
of the constlgxiféciﬂ %%hs?’é?‘f‘a?\?o %as)t C:ai a’iﬂ“%‘gb’e‘%e’rfbf‘ggm%{}&%? }ngween t he
consti t uedtd 2&k s gufil gpoupt sebéceiomlbits diged st espéctigeny poi nt sel ected
depen- dency ‘BESFLYpfE BahERLtoEnE SIS e SRR E P e A8 ™
sel ect ed formf:@/rma\bmnobkt:,SOaresqngmrbiza@ Eho ssets each used to
Mil ti di mensi o9& ac €OQVOLHLERRALAY P50 SYSEEBErom one of the
constituent groups. The first and second groups of each
15 constituent 2D subset translate respectively into first
and second groups of other constituent 2D subsets upon
rotations'cdrfesponding.ta Phasg rotation ambiguities of
the constituent 2D constellatiops. The same bit pattern
of each set of group selection bits is associated with
20 the constituent groups that are obtained from each other
upon those phase rotations. The same bit pattern of
. each set of constituent signal point selection bits is
associated with constituent signal points that are
obtained from each other also upon those phase rotations.
25 - Ve describe below examples of
techniques for estimating the most likely sequence of
multi-dimensional signal points to have been sent, in
which the distances between each received constituent
signal (with dimensions fewer than that of the
30 multi-dimensional constellation) and the nearest
constituent signal points in the corresponding
constituent subsets are determined, the distance between
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distances between each received multi-dimensional signal

- and the nearest multi-dimensional signal point in each

multi-dimensional subset. _

Preferred arrangements include the following
featurest The distance between the received
multi-dimensional signal and the nearest
multi-dimensional signal point in each multi-dimensional
subset is determined based on combining distances with
respect to constituent subsets of each multi-dimensional
type within the multi-dimensional subset, a

multi~-dimensional type being a concatenation of

constituent subsets whose dimensions are fewer than that

-of the multi-dimensional constellation. The distanceé

between each received twofdimensional signal and the
nearest two%dimensional'signal points in the
canespondiﬁg two-dimensional subsets are determined,
and the distance between each received constituent
signal and the nearest constituent signaf point in the
corresponding constituent subset is based on a
combination of the distances with respect to .
two-dimensional subsets corresponding to the constituent
subset.

'We ‘describe below-.arrangements in which
the multi-dimensional subsets comprise respectively a
multi-dimensional lattice and translations of that
lattice.

One
t he

ich,is. ta b .d |1 rated h inb f :
[ 1 BE, fakEd B ERE Yt o BRESFOBRE] BASEnSIs S provi ded
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_ We describe below arrangements in which the _
In apparatus with for transmtting a streamof infaormation bits by sending
cor r espohdi n§OBpEAEMens, D &Qi’rﬁ-@%@iaqlﬁ”? NEEr m%%%%%&:m? Xfots,

the apparat ughhRClEBdrN@onstituent subsets. encodi ng means adapted
Sai d sl ot s by addi ngOh et RASESHE Hh AMAARETRNC T Sroriie St el &t
poi nt sel ect ifeathires sf OEaTH EdHNGkuIR] 2Bt consHRANG HdAPtiad divviigct, for
cach o210 sel gl P PRI SO B LS Sl S S0l o1 ona
mul ti-di gensiescadludeisgsaimepeiullt isel iodrad on@l 3 igaall @diartsaildidi eode bei ng
ot hor sai d_biCSpARbnF AfE R Xal BRI AH Ko iyl On
establ i sh a @& consheddredsidre wddre audit ipddgieisd comdbisignah pdints d si gnal
point sel ectipydh s AUk NFEP VMRS Jh Blld igupasionmiononal -
point in said nmulti-di nensional constellation, sald encoding neans and said
sel ection nedi® IRANRF eyl DRy RIS hejong.  All of the
"15 constituent subsets for each constituent 2D
constellation have the same numbers of constituent
- signal points in each group. Each group is invariant
under a phase rotation corresponding tc an ambiguity of
the constituent constellation. One group is divided
20 into sqbﬁimps that are rotationally invariant under
those phase rotations. -All of the constituent subsets
for each constituent-ZD constellation have the same
mumbers of constituent signal points in each subgroup.
There are N constituent 2D constellations. and the groups
25 in each constituent 2D constellation include a first
group that has N times as many signal points as the
second group. The first group is divided into N
subgroups. The excluded multi-dimensional signal points
correspond to more than one constituent signal point in
30 the second group. The multi-dimensional constéllation
has 2N dimensions, N being a power of two (e.g., 2, 4,
or 8). The constituent constellations include a
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The number of multi-dimensional subsets is fewer than

define a parti N Qme[}% ofy S@l r{)mtggrn%}s '?ﬂ%'nsci%[?x tele Jpgtion into a

plurality of nultl | menskona sets nult nenS|onaI
constel | ati on%%ddﬂmﬁlﬁ@ﬁatqwtﬁlle@tm% al Tthﬁf@f agen$i difenor 32

constel |l ati Sn%ﬂ@hdﬁméﬂgﬁhm%lf@lﬁs (@rmwsa Qns 4, tghat said

mul ti - di mensi gnal l.atiq and nodul n ans adapt d_in operation
to nmodul ate at™$ é’ ﬁg‘yc)a‘rrl, f'B‘}m‘%er‘ar?sfﬁ\"g)&t&n% %' SRS in
accordance vvuish fetmae: tdoeatr B hatlesca g eise ritred rinmb@a:cbfseimmm d

mul ti- di nensi COngr[lﬁltilpca1%en§1h§1aalp%nastt%s.|.l%% i%h. Charghaecéeeralzse%é n that

sai d constituen at1ons co | Se arrangene
multi~-dimensional subsets (N=2). The minimum distance

10 within the multi-dimensional constellation is smaller
than the minimum distance within each multi-dimensional
subset. The constituent constellations are all
two-dimensional constellations. The constiﬁuent
constellations are all four-dimensional constellations.

15 fThe minimum distance within each constituent
constellation is-smaller -than the minimum distance
within each constituent subset. The phase ambiquity
amounts include 90°, 180°; and 270°. There are 8
constituent 2D subsets. The multi-dimensional

20 constellation has 4 or .8 dimensions and the
convolutional coder has respectively 16 states or 64
states. There are multi;dimensional families that
comprise multi-dimensional subsets such that the minimum
distance within each family is greater than the minimum

25 distance with;q the multi~dimensional constellation, and
the information bits are encoded on the basis of the
families. The multi-dimensional families comprise
multi-dimensional sﬁbfamilies such that the minimum
distance within each subfamily is greater than the
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outer groups redquiring respectlve Ullitl=iit aVELags= Fyi==s=r ==
- 4b - si grdlgrqiliisy Wiets amermﬂpgm@u’so isrkressive Signalldng dmtervals.
particul ar unt s 188 6651 ﬁﬁ&biﬁgﬁéﬁidnamﬁ
in that sauﬁﬂghéﬁﬁﬁﬁg*ﬁéﬁﬁégg salﬁﬂggﬁégg{gﬁhkggns are further ted to
cause said selldoteadt wonviolufiimnsl sindexi gfhe penftit ‘P%"Bez%%t‘biﬁ‘f aetJt‘?)“S

bei ng dECOdeaq:é% Q‘t%?{ée ot Bk p¥etdsghhareideecicof Thenoehvolutioral phader
rotations of any of sald anpounts.
adds one redundant bit.

According to the present invention in its broades; aspect,
there is provided - apparatus for transmitting a stream of
information bits by sending corresponding signals over a
channel in a plurality of signalling slots, the apparatus
including encoding means adapted to
encode the information bits that appear during a block of
at least two said slots by adding one or more redundant
bit(s) to form a set of signal point selection bits for
said block; selection means adapted to select, for each
said set of signal point'séléction bits, a multi-dimensional
signal point arawn from a multi-dimensional constellation
for said block, said multi-dimensional signal point
selected for a particular said block being dependent on
the multi-dimensional signal point selected for at least
.one other said block; said selection means being arranged
operatively to establish a correspondence between each
possible combination of said signal point selection bits
and the coordinates of a multi-dimensicnal signal point in
said multi-dimensional constellation, said encoding means
and said selection means being arranged oberatively to
define a partitioning of said multi-dimensional constel-
lation into a plurality of multi-dimensional subsets, said
multi-dimensional constellation being a concatenation of a

plurality of constituent constellations each of which has
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to modulate at least one carrier for transmission over
convol uti

- 5- . Her e show a four-di nensi onal %5% nal l'y
coded syst enf®hgdt ﬁ&“%egﬁolﬁgrﬁ?cﬁﬁfjﬁt“?eect'éﬁ{jg‘l agt ns??f’ﬁgﬂ‘t"a%ﬁs
constel | ati onepresentied i Mfyor nedclon selecped sisgid | mulstiotdinkEmesizinal
CQ”Ste"at'QQiéﬁafagﬁﬁﬁgﬁneghé”%gﬁé%%&uiuﬁ§%5§§ é?&%acter&@&dlig' Hy¢mation
bits appearing”in eac ock of signaling Sl ots are expanded (by a rate
3/ 4 said ccnstituent constellations comprise arrangements of

signal points which are ambiguous under phase rotations

, of particular amounts, preferably including 90°, 180° and

270°, and in that said encoding means and said selection

means are further adapted to cause said selected multi-

dimensional signal points to be susceptible to being

decoded in a manner that avoids the effect of channel-

~ induced phase rotations of any of said amounts.

In a preferred arrangement, the multi-dimensional
constellation is-a concatenation of constituent constellations
each of which has two dimensions and is :partitioned into
constituent subsets. Each multi-dimensional subset comprises at
least: two multi-dimensional subtypes each formed by a
concatenation of the constituent subsets. The encoding means
comprises a convolutional encoder adapted to generate from at
least one of the information bits a plufality of convolutionally-
encoded bits that include the redundant bit. The selection is
arranged to select the subtype from which the multi-dimensional
signal point is drawn based on the convolutionally-encoded bits
and at least one subtype selection bit from among non-
convolutionally encoded information bits.
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relatively good codln gains in the mlnlmum dlstance between
8-state convol.utiopal coder) to sel iCt ion bits q]se e

si gnal poi n@lilpwedisepirhess £F oﬁlg% B BbAst EF‘I s sga 3t i on
of two 240 gigraltis BE ensst teeait2Dvgensthél ﬁh.ndnmnalaistsarmer,t |atndoned

nto 16 4D bset h_ of h t f f1

Subseis.  (ALPSRRREHCY o PAETe FehaFrBRCop e r ok SR RER o
point in thauéﬂh b sat cept ab b npaskrbo-anerhgewpo@ mpaiattiv f r e hose two
2D subsets 1 ?Srgs‘é-_%béaf’e%{g’)z TQ&étQﬂthEBhgt a§%' ‘f:%tl' flbd@ff én{zﬂludqr&ﬂyng

subset sel ec are assocl ate set’s i n such
that the Hargdlinpler stegrivertdeehnrhang| Péw*éersé’&&'éﬁ’ééb”‘tﬂe suld "é‘bltte‘c't i on
bits is 'nmd%ﬂédﬁidﬁaﬁ*&iéﬁé&'&@% ﬂﬂgr@d gbavaptedbeinetie ditowethverter

sequences of al i al Ly _encaqde the hit.s fed to
the convol ut® Qsl"gg‘déer"ﬂf‘ﬁ{] FHRE? o’“‘é%%bﬁ% % Péﬁ‘?ﬁ’grlé) 6P fhde;
channel - i ndwdeethp leasdd Jre athea_nsepeaﬁ&ﬁ)[ese]of very sho/m:omh@pm
ConVO|Ut'0n%!B&ﬁ fQSP c;éggééhf@é&fogﬁg tReF2B8ed0€erleeGrouping the

" Four - Di nensi ona . ,
multi- lmenSlonal types or subtypes into multi-dimensional

subsets makes possible the design of simple and powerful
codes and reduces the decodef'éomplexity by reducing the
number of state transitions leading to each state. The
computation of trellis branch metrics at the decoder can
proceed in'steges by determining the branch metrics for
constituent ' '
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che aeslign ©or the convoliutional code neea not considader
Systens for Qs tiatatHdrectef didalerapnSHe b {66, d obecom 1983, pp.
iL(6)?’2 18§|8n? -(I:-lh(raé/uijz(ra ?o‘gngtf{% uenlté;%lgconsjt qqrr%almtbino objét-ésndp'a:l nf ormati on
bits per sigrigignalling clot ThehatD ertatdl AP ofvstterm aohiavesadi on of two
2[err] si gna|cd?ﬁrf§t i W AT CHNFR t UsM e e 0Sheh | 8 & OR8ce) 2668F] an
uncoded system using a 128-point 2D cross
constellation. The multiplicity of the error event with
10 the minimum distance (the number of nearest neighbors)
is 12. The peak-to-average power ratio is 2.16. The
constituent 2D constellation has 122 points. The code
is transpareﬁt to 90°, 180°, and 270° phase
ambiguities. By comparison, for the best known 8-state,
15 2D code, the coding gain is 4.01 dB in the minimum
distance, the multiplicity*of-the error event with the
minimum distance is 16, the peak—ﬁofaverage power'ratio =
is 1.93, and the 2D constellation has 256 points.
Theoretically, both larger coding gain and smallé;
20 multiplicity of the error event with the mindmum
distance of the 4D code imply better performance over
the 2D code. Furthermore, the larger coding gain of the
4D code is not obtained at the cost of increasing the
- peak-to-average power ratio to an unacceptably large
25 value. It is important to keep this ratio small because
the transmission medium may distort the transmitted
signal nonlinearly. The smaller 2D constellation for
the 4D code than for the 2D code implies simpler
receiver design and better performance when the received
30 signal contains signal-dependent noise. The 4D code is
less complicated than known 8-state 2D codes.
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sel ection 3 sigmdel SucHThdacoddei s vianspal et ance $PwebA08ny 2708 sel ect ed
4D si gnal p%ﬁ£§e'§m5’f’§<ﬁﬂfé’§' e 3&%%1t?@ﬁ@cﬁﬁdcépsﬁégﬂgltlgﬂ' Abg are

partitioned Tnto e si zed subsefs suc e m ninum di stance between
any two 4D s%@%a?°¥ﬁﬁ%ts A a ceMREiIseN} okhRrce@bndt 8ainpeEwEBR any two

seleftfﬁ ?F)Ségﬂfﬁn@fmn3%vsﬁbeep?ﬂbléb@@{ﬁ? 4$BGHdBfQ?L€ﬁb|Mlﬁﬂmhﬂet4gD
constel | ati oq, ou erring.to,a, par oni ng_o €,$0Ns n
constel | at| oneStAReEr, ofus i nbPinfidiBRroL 408 Sfefr epanfonicn B8 (o
expand t Hed 2@inibhon ndd s andet $sappear The p@abaeb bbetbgpfpbwersmgmab ng
ol o10,2Q fa Ly eph eolign Db Sl SPLEELoF (R ShORTboRRLAL.

son and Sl eeper,

Anot her 4D convoTu |ona systemis |sc oSe
" Four - Di nensTbﬁarembd@lbeoalahduqhdthg 8hncofiechnast @ LterBegquency Reuse",

NASA Report, p @g%??39945§§3éﬂg7er§59tSU@EE  wiBH3tnéNfiihidliconstel | ation

Is taken froma .
distance, the effect of this larger multiplicity is more

15 than compensated by the larger coding gain in the
minimum distance of the 8D code. As for the 4D codes,
the_lgﬁgg;_gpding gain of the 8D code:is not obtained by
incféégihé the ﬁeak—to-average power‘ratio to an

unacceptably large value. The 8D code has a 2D

20 constellation which is even smaller than for the 4D
code, implying further improvement in the performance of
the 8D code over the 4D and 2D codes. Transparency of
the 8D code to 90-degree phase -ambiguities gives
immunity to-rapid carrier phase changes. { The 64-state,

25 8D code is 1ess conpllcated than the 32-state, 2D code,
and is less than twice as complicated as the 8-state, 2D
code.
| The 64-state, 4D code achieves 5.63 4B coding
gain in the minimum distance over the uncoded case. The

30 multiplicity of the error event with the minimum
distance is 72 and the code is transparent to all
90-degree phase ambiguities.
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embodiment, and from the claims.

(i.e., a reqgular arrangenent of signal points) used for a block coded

system The partitioning 4D _con teIIa |0n |nt subsets i s done
directly without ref ew% ﬁg'rtsd: g”' t 8ﬁ|cﬁd GSti%Srent 2D

constel |l ati ons. PreI|n1nary |nvest|gat|ons on the desi gn of convol uti onal

codes wit h four states Ie r [ u
Cal der bank and Sl oane cI OZ% gd Z)l%%% d§% rgmcocﬁa%l ﬁzra'nﬁ%tt?am |y of
Codes for Dial-up Vbl@@gtlﬂé§s 3 EEECK1@8¢9§GKG¢§-Gﬁ@ encoders an@@

describe bel gAY Sewicd ANt ing apparatus that define a
artitionin of
P g Fig. 3 is a block diagram of a receiver for use

with Fig. 1.
10 ' Fig. 4 is a block diagram of the decoder of
Fig. 3.
Fig. 5 is a 192-point signal constellation.
Fig. 6 is a chart of 4D subsets and
corresponding bit patterns. - - _
15 - .Fig. 7 is a block diagram ‘of the encoders of
Fig. 2 for a l6-state, 4D code.
Fig. 8 is a trellis diagram for the 16-state,
4D code.
Fig. 9 is a bit chart representing the
20 functlons of the block encoder of Fig. 7.
Fig. 10 is a flow chart of the Viterbi
algorithm for the 4D code.
Fig. 11 is a 160-point signal constellation.
Figs. 12A&B are a chart of 8D subsets, and a
25 bit conversion procedure.
Fig. 13 is a block diagram of the encoders of
Fig. 2 for a 64-state, 8D code.
Figs. 14A&B are a trellis table for the
64-state, 8D code.
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algorithm for the 8D code.

-7- the _nul ti-di mensignal ﬁonsteligéion,into.nuLgi-dinSEih%E%k subset s
such that @ach mul ti-di fiefsi dratSsBbdel PeiBLisE49NBIN SOBREE: “subset s
of the constitpentitdpsedl Latioordight shbsaukti - di mensi onal constell ation,
but is other than a con engtyl f b ngti tue ets.
Preferred arrangenents %%%Fugg g%egfgﬁggﬁiﬁg ?2&?§r§§P§¥%%'
mul ti - di mensi onal subseFigroddwiisch hlegkt diapreRsPénihesiegeadess mt is
drawn is seleckgg, 2 for a 64-state, 4D code.

10 Fig. 20 is a l44-point signal constellation.

Fig. 21A&B are a chart of 32 16D subsets.

"Referring to Fig. 1, in transmitter 10 a
scrambler 12 receives a serial bitstream of information
to be sent over a channel 14. The scrambled information

15 bits are then delivered to encoders and grouping device
le'at a rate of Q bits péf'éignaling'interval (for
example, Q = 7 bits per signalling interval). Thus, the
bits appearing at the input of encoders and grouping

20 device 18 with respect to a given signaling interval
(for example, the nth signaning interval) can be denoted
Iln throuéh IQ . Based on the information bits
appearing with respect to a block of some number N (for
example, N = 2), of successive signaﬂivg intervals (that
is the information bits Ilm through IQm, for m = n,

25 n+l,...,n+N-1), the encoders and grouping device 18
deliver to modulator 20 N pairs of in-phase and
quadrature coordinates in series, one pair in each
signalling interval, each pair corresponding to a point
in a two-dimensional (ZD) signal constellation. These

30 pairs of coordinates are then used in modulator 20 to
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analog signal fo ransmission over channel 14, as in_a
based on convol utional ? encoéea %lts rom a convol utional coder. The

partitioning %?nYﬁ%thﬂP?i fradraturarreBhitudeieenlehed $QB¥bts is based
on the niniFrusadi séansgstvint hin constituent subsets, and subfanilies and

famlies of constituené gubsets g gach onsti%aent coa;tellatlon and
mul ti - di mensi onal subs€B5AF&NGr 68pedTt o°f oFRFABFEF- APfeREPBRAPSfani i es
al so based ondevibce HBsianmaée Eashrﬁul%tedbanaklehabitubeaVerSenade up of

it - 0 mens! gRaby {4P6aEAEH0L B ENoT BcPafRIEA! 8021LON:OL SEPSN ! uen!

subsets. The cons 'ven constituent
constel | ati oninke bhe@karefa§ﬁo§caasuladthnﬁgrmatdpnehsténahdtypa@sof a

gi ven ”U|t10déH€HSbQGék éwbﬁatbleéelql§£95§m&1aee é&k@egehelaae consti tuent
famly (or one subfamly) constituent constell ation. W

descri be bel ofPcedafpPls’. ofther dAsfrrentiabpraracadedninfoeppidongbits
par titi oni ng ake! bRefupbbsdaTeRToAGAl acEBAYBHLELbAE1aRACETEFD LS Hhich

correspondencg,pet yeen, 8hanahnaoh2t $8658LL90e b5 tA%current state

of a finite state device represented by the

15 convolutional encoder. The convolutionally encoded bits
are then passed thrbugh a bit converter and block
encoder 34. ‘The bléck encoder encodes some of the input
bits and adds N-1 additional bits; and the bit converter
converts a set of bits into an equal number of bits in a

20 manner to be described below.

The output bits of the bit converter and block

encoder 34 are a set of NR point selection bits, where R
is an inteéer equal to Q+1 (because bit% have been added
by the convolutional encoder and the block encoder). A

25 bit grouping device and parallel to serial bit group
converter 36 then organizes the NR coded bits into N~
groups denoted as zom through sz' m =
n,n+l,...,n+N-1 and delivers one group in each signaling
interval to a 2D mapping table 38. For each combination

30 of bits in a group, table 38 contains the corresponding
pair of modulation coordinates which are then delivered
to modulator 20 (Fig. 1).
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both on its current state and on the current information

t he coordi nates of a multi-di nensional signal t that th
nul ti - di menBiERal tBegAUFPRE REESaPE §D§c%%?YB%§8%8“B P §g§886d2%¥9 5 ©

manner thathanekdehéherghimstted shanaek)yi edvegdhpbaseicatations of any
anmount . . . -8z . . . .
information about the sequence of information bits being
sent. This historical infoﬁmation is exploited at the
receiver end of channel 14.
Differential encoding removes the phase
10 ambiguities of the signal constellations.
Convolutionally encoding NQ bits at one time
adds only one redundant bit (instead of N) per N
signaling intervals, thus achieving additional coding
gain. The'EIock encoder and bit converter, while adding

15 an additional N-1 bits per N 51gnanlng intervals, retain
almost all the coding gain achieved by the convolutional
encodlpg{ and convert the multidimensional signal
constellation mapping into N two-dimensional signal
constellation mappings.

20 . Referring to Fig. 3, in receiver 40, the
received modélated carrier channel signal is passed
through an A-to-D converter 42, an adapﬁive equalizer
44, and an adaptive demodulator 46. Equa%ized and
demodulated coordinate pairs are delivered serially from

25 demodulator 46 to a decoder 48. Decoder 48 feeds back
preliminary decisions on the received coordinate pairs
to equalizer/demodulator updating signal calculator 45.
These preliminary decisions are processed in calculator
45 in a conventional manner to generate updating signals

30 for the equalizer and demodulator, as disclosed in
Falconer, “Joiﬁtly Adaptive Equalization and Carrier
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¢ whi ch tMarChr %936 tThe pfel%mlnary dec%ilons may be delaye?

or i C e £o ituent constellations o e [ si oga '
constellatigﬁ §B d°Agbe Ehﬁh§§@°?6 3%?5n°%ﬁ§?§uvf¥i b 'defaye n sone
preferredhraamge@nngky bencdelaysélénment 4$uUbsefors itanslsenﬂ tat o anot her
const it uent cSvRarhedpUgs. 2 BUBSAeLOLat! QPLaPPUNbeERY SEPANHLABeE CBNC, Of

the constituent constel se ahb I gul I - di meénsi ona
constelIatl%hgnéubﬁﬂtlﬂtﬁﬁéﬂlﬁy grbepi Aglhvers- H@n@ﬂ§¢§ﬁ§b1€yp§§ into

”U|t"d'”9n§i99§|déH?§§B§sSHEhsEPéﬁbEé&thEbEhaQiHﬁnﬁhegahh§éﬁsﬁErés
rotatlonall¥%|nvar|ant under that phase rotation anpu one

pr ef er r edar $&RGemefib€ PHEPHHe°Fh§eF6FPBR}ﬁ§ ?3a%ﬁr§§e PéFEFPPénlng i s
defi nedldo &batakabhtcBukeamdi nensi onal subset is invariant under -a phase

oA o O Ay o BReBIRTReR IR, B YR oo BhE WRTRRE. S EdyapP ot s
mul ti-di menscondinatbspaitsoarehdehinenult todan¥nseobdl algorithm
device 60 which feeds back the preliminary decisions to
the equalizer and demodulator and after some deléy
15 gdelivers N final coordinate pair decisions in parallel
for every block of N signaliné intervals. Converter 62
apﬁlies one coordinate ‘pair in each signaling interval
to a bit mapping table 64. For each block of N
coordinate pairs applied to table 64, the cdrresponding
20 N groups of R decision bits are grouped together in
serial-to—pa%allel group converter 65 and delivered to a
bit deconverter and block decoder 66 and then to a
differential decoder 68. The deconverter and decoder
perform reverse conversion and decoding from those
25 performed at the transmitter. A parallel-to-seérial bit
converter 69 then provides the original scrambled
information bitstream to the descrambler 52.
Using convolutional encoders having selected
numbers of states operating on selected numbers N of
30 signalling intervals worth of information bits at a time,
' coding structures having different desired properties
can be attained.
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si gnal pdi ntWirkcly dHnto e redrriefcRd| apceﬁeeaéfie%heﬁeapf bgr crfrLepge-
encodes at | east one n nvolutlonall tion bit to renove
t he phase rotation anbi ; tial encoder can

be arranged to dlfferﬁnml&hbwmémco¢e sringd ﬂoha¢snw@kumugmwnpwgencoded
information Rik3rval us:.m?l Q |1 _ Ragker 4?,d@;);3§nq@g%@ %s',n%lrxléd?zhEQ%

foll ow ng features: I mensi énal” subset's are rdtational

i nvari ant un@@PdéﬁéséWPoﬁéﬁﬂﬁﬂ}ﬂﬁ iades vadss MﬂFQﬂIOQﬁlﬂﬂﬂiﬂﬁﬁaﬂ@ rotatlona

anbi gui t1@s Qflttsh%tcﬁﬂ%t ictimRnt, q-.@\réstt@Ialn%&nllQrt@r and talke o fedes lFalued el O
other multi-di n5| } Qﬁ$ der a phase rotation of, another of the
phase rotati &l‘i‘ a&} S e apPsaT, it R SUA9RS 10, and the

convol uti onalsigmadMing intervals and encodes them into two 2D signal
points drawn"from a 2D constellation having 192 points.
Fig. 5 shows how the 2D constellation 70 is

15 constructed and partitioned. The 2D constellation
includes the same 128-point cross constellation 72
(located within the boundary-shown) which is typically _
. used with a non-channel-coded system for sending 7 bits =
per signalling interval (Q=7). Those 128 points
20

(indicated as dots) within the boundary are called inner
.group points. The 2D constellation also includes an
outer group of 64 points, half as many points as are in
the inner group. The outer group points are selected
from the points lying on the extension of the inner
25 group rectangular grid to regions beyond'the boundary of
the 128-point cross constellation. The outer group
points are arranged as close to the origin as possible.
Furthermore, if the 2D constellation is rotated by 90G°,
180°, or 270° about the origin, each outer group point
30 falls on another outer group point. And the same
property holds true for the inner group points. (The 2D
constellation as a whole is chagacterized by phase
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rotated by amounts correspondlng to those ambiguities,
-9- has state transjtions hﬁb £ assocjated, wi t

mul ti - di menstdnat2BubRREESFR € h%@a%SPQEPF%nb%e gﬁﬁl?%?tbr phase
rotationSanbiguity. Thhe igzapcnwplIBF&mhinermstgmmngstp&rﬂuti¢nddnen5|ona

DSl v CIuREs g (RO LBTLE L hemta d s ongla syt by
one-to-one fim 4§Nliﬁ e $mbﬁ%ttt@nwmtﬂNWR%¢htmelmtrb%lﬂugs|1€|nenS|onaI
subset indicated by a corresponding lower case letter, a, b, c,

or d. The subsets are grouped into two 2D families,

10 denoted AUB (the union of A with B} and CUD. All

subsets have the same numbers of inner group points and

outer group-points. The ratio of the number of outer

group points to the number of inner group points in each

subset is thus the same as the ratio for the entire 2D

15 constellation. The minimum squared distance, 4d§,'
between points belonging to the same subset is greater
than the mlnlmum squared dlstance,-zdo, between
points belonging to different subsets within the same 2D
family, which is in turn greater than the minimum
squaied distgnce dg, between any two points.
(Examples of such distances are shown with reference to
point 74 on Fig. 5.)
In the constellation of Fig. 5, the 2D points

of subset A are labelled with a six-bit value
25 representing a-bit pattern 22_, . 23, 24

n+i n+i n+i
an+i an+i Z7n+i (i =0 or 1l). The same bit
pattern of a point in subset A is assigned to each of
the three 2D points which can be obtained from the given
point in subset A by 90° rotations.
30 Two identical such 2D constellations taken

together can be -conceived as the constituent
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polnht beling the same as the twO pairs OL coorainates of

i's assignedth§heo;oaspbuﬂﬁmgabad@deﬁ genebahes,t beaec@ronl wactnad y- encoded
bi ts 17O bebiie kbl $0:iBA! UdB3Y Loaeh qOSI0N! Ler eal alday engoded

i nformation n-conv Iut| nal’l y en ormation bit
i s al so di f PeLBESI HLLY} Becoged t damedyy shehonest mivo Sehees nesmeniddmy

anmbi gui ti espair of 2D E@lﬁ%%cbeﬂerbgﬂ%ebéﬁBh%Stkﬁ1ﬂmﬂ‘3&&%@Ch
.mul ti-dinmensional subset conprises-at |east twd nul_ti-di nensional_ subtypes

each of whi 8h°PB-a gﬁﬁ@aPQHéPPGnléfdé§ﬁ§§§ﬂﬁ€thED¥§ﬂiﬁﬁ§$ cafe theE subt ype
from whi ch araubmntduﬁgn9|@ﬂ&b @egnahgpquﬁhglind@&wmlhsw&ehﬁQUed based on

non- conil uF EERBI Y. SRESaat TR RIAD & APeSEMBE SRR 4 1S 40

Preferred acpangeddatdonnc| (The awerhgblewemgyf@@mumagnémungransnitter
i ncludes a mewage%%r el g IRRR 9% 3G Ml BRI PTE Al | on of Lhe

subtype sel ection the convol utionally enco ts 1nto groups of
const it uent §B’§G§§gt S§M@9ﬁ(ﬁ$QMHﬁ?k eackgy per signalling

interval is 60. Sdo, the peak~to-average power ratio

15 .is 2.16, smaller than the peak-to-average power ratio,
2.33, for the 64-point rectangular 2D constellation
commonly used in a non-channel coded system for sending = ©
6 bits per signalling interval.

We now define 16 (=4 x 4) 4D types, each

20 corresponding to a concatenation of a pair of 2D
subsets, and denoted as (A,A), (A,B),..., and (D,D).
Each 4D type hés 2048 points and the minimum équared
distance between two 4D points belonging to the same
type is 463; which is the same as the mirnimum

25 squared distance between two 2D points belonging to the
same 2D subseé. (The squared distance between two 4D )
points is simply the sum of the squared distances with
respect to the two pairs of 2D points to which those two
4D points correspond.) Note also that each 4D type,

30 1like the 4D constellation, contains only 4D points for
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group being used to SpreEéyrangonstFigens, Z%eubsetypesrasaopdiimgdt @ot he

corresponding to that 4D type.

mul U1 - di megsi ppal, SYBRYPEy oIRSY! thadhiERSLENg! 993 RO Qfdl g that

subtype is

10

15

20

25

30

TERRN

(see cols. 80, 82 of Fig. 6). The palrlng, while
yielding only half as many 4D subsets as 4D types, is
done in a way which maintains the same minimum squared
distance (463) between two 4D points within each 4D
subset as exists between two 4D-points within each 4D
tyée. Two advantages of pairing are that with fewer 4D
subsets, the de51gn of a simple and powerful
convolutional code is made easier, and the decoder
complexity is reduced.

The way that 4D subsets are formed is as
follows.

The two first 2D subsets assoc1ated with the
two 4D types in each 4D subset span either the first 2D
family AUB or the second 2D family CUD, and likewise for
the two second 2D subsets associated with that 4D
subset. Thus, because the minimum squared distance
between two 2D points belonging to different 2D subsets
within the same 2D family is 2d§, the minimum
squared distance between two 4D points belonging to the
same 4D subset 1is 465. The eight 4D subsets are
themselves grouped into two 4D families, denoted as
QUlU2U3 and 4U5U6U7.

The two first and two second- 2D subsets
associated with each 4D subset in the first 4D family
0U1lU2U3 span the same 2D family AUB or CUD, and in the
second 4D family the two first and two second 2D subsets
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sel ected bak¥d BAIRHE ?%%%P%?532F9f6+§§fF%mtb??ss“QEeFﬁagftBhB EBBt ype
sel ection bshmeszdlfaﬁieptiﬁlba gngadedhé om B Dhempsasaragbi guities of the

tit t t |1 , t 2D. d t
First ancs8Lananer A5Lodsn £ gpﬁﬁﬁf?#ﬁﬁ?w%ﬁegeoﬁg?Ffe'aé'ﬁt “&Pnal
point is dr &whsdbpepfsdbfifenenlyr dDpLambhieni th afot bbe mdRSMBmUENt si gnal
point is dr§&Gargﬁedi§€Q§8étB@Ewé@ﬁ'99854§ B$9H€SGB§QGﬁblkBanprOduces

fromat | east one renalnlng Information bit, sets of group-selection bits
used respecﬁﬁgéﬁyeﬂb 4Pety §eFﬁeWé§h59|Fh%n?a@?oﬁﬁsfamHéYoﬂﬁer r emai ni ng

lnforratlonzb LSaaaetﬁégﬁmﬂzﬂdmla&ea5338deaeanuéegﬁtafeale@b a constltuent
si gnal pojnt Prom the consti.t S e first a sec

groups O b §8h98bﬁ Pﬁiﬂ?g EﬂsgﬁsgfggﬁéﬁgFagg PUBBSES; @ 3 91¥ st and
second groupg® ﬁammnhes ¢endf Lt uPnktREravbschstdphakoti®t odd Correspondlng

Lo phase roLabken SEDLgULLER®aBhuknEnsOBpiLLHoRY, PoCRiRLEL e one. The

sane bit pattern of eac bits 5 assacidted with
another 4D .subset is obtalned And if a 4D subset is

rotated by 180° the same 4D subset is obtained.

15 The design of a l6-state, 90-degree
rotatlonally 1nvar1ane llnear convolutional code with
these elght 4D subsets is 1llustrated in Figs. 6 and 7.
(A code is described as 90-degree rotationally invariant
if it is transparent to all 90, 180 and 270-degree phase

20 ambiguities of the signal constellation.)

A rate 2/3, l6-state linear convolutional
encoder 84 1s used to generate three bits (YO , Il n’
and 12 ) needed to specify the 4D subset from whlch
a 4b 901nt is to be drawn. The bit patterns in the

25 yon, Iln 12; columns of Fig. 6 correspond to
the decimal number for each subset. (Note that
convolutional encoder 84 is intended to be the portion
of convolutional'encoder 32 (Fig. 2) that
convolutionally encodes certain bits.)

30 In convolutional encoder 84, each box marked 2T
(Fig. 7) representsla temporary storage element which

holds any input value for two signalling intervals; the
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elements. The outputs of the 2T elements are bits

the consti grQups tbhat gre jned fr h er upon t hose phase
rotations.kﬁﬁgggaﬁgnbiF%pétpgnh ggagggh géfgg}gggﬁgg%?uent si gnal poi nt
sel ecti on BPMpriiseasbeccarsent shakenoti thenfinigrastpsenteviceat are

obtai ned f rem-eaechtakhel; @heBalpOBat ho?ﬂep*ﬂaﬁstgow tf@s o _ ve
descri be bel ow exanpl es’ of technlaues or estimating the nost |ikely

sequence ofLfleRtSiARenbLERalaskgRaN pennt ¥2Eeohatlé aeen386nt, in which the
di stances W&t weewhdebhtbgetheedcenpsticbUuent fbgRaktawet bfdi mensi ons fewer
than that of ™f'ife nglti-dinensiohal constell ation) and the nearest
const i tuent "SPIFEl 3dints I n the correspondi ng constituent subsets are
deternﬂﬁ%d, t he di sOalyeceetwdensequences of state transitions of

the convolutional encoder are allowed as represented by
the branches in the trellis diagram of Fig. 8.
In Fig. 8, the 16 possible current states are
represented by a column of dots 86 each marked (to the
15 1eft.of the dot) with the corresponding battern of state
defining bits. The 16 possible next states are
represented by column 88. Trellis branches 90
connecting current states to next states represent
allowed state transitions. Each state can be followed
20 by only four possible transitions, and can result from
only four possible transitions. Each transition has a
4D subset assigned to it. The assignments for
transitions from each current state are represented by
_ the 4D subset numbers appearing in column 92 to the left
25  of that state. -For example, the transitions from
current state 0000 are assigned 4D subsets 0 2 1 3
respectively as shown. The assignment satisfies the
following three rules: _
(1) The 4D subsets éssigned to the transitions
30 leading from a state are all from the same 4D family,
and likewise for the 4D subsets associated with the

transitions leading to a state.
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SYUadli Tl UiliolLdilLoh VELweTll LwlL 90 pULIILe Wi lllilh a4 13U

each recélvéabﬁﬁttl-Epﬁeﬁsamﬁéﬁrstghalruhé iBespsapEdLdnbt thei nensi onal

si gnal pO'“EolﬂoﬁQﬁ HFbEba@h”EQéEgﬂﬂhnéubée?1@% dete@nuadea@seqcan a
conbi nation of istances with respec constltug t subsets

correspondlﬁQrFSthﬁtﬁﬁFtwla FéaiSiBRar §BSsgPuraRBS§H fost |ikely sequence
i s determ nadxkasedtes tlte wBswanmxzbetqweea gax2 =co®i,ved, 10,

s Tor SRS BP0 PIRIRRERE! Pty e = nal point 1
follow #§ even-numbered states (states with W4n equal to 0) are
assigned 4D subsets from the first 4D family 0UlU203.
(c) All transitions originating from odd-numbered states
(states with W4 equal to 1) are assigned 4D subsets
from the second 4D family 4U506U7. (48) If Y is the 4D
15 subset assigned to the transition from the current state
w1nw2nw3nw4n to an even-numbered (or
odd-numbered) next state, then.Y is also the 4D subset
_assigned to the transition from-the current state
WanZAﬁgnW4n to an odd-numbered (or.
20 even-numbered) next state, where "-" appearing over a
letter denotes an inversion. '
(3)‘Eor each transition from a current state
Wl W2 W3 W4' to an allowed next state Wl n+2
’ WZn+2 W3n+2 4 +or 1f X denotes the 4D subset
25 assigned to thlS transition, and if Y denotos the 4D
subset obtained when the 4D subset X is rotated 90
degrees clockwise, then Y must be assigned to the
transition from the current state Wln W2 W3

—

' W4n to the next state WL n+2 W2n+2 W3n+2
30 w4 n42° For example, if 4D subset 0 is assigned to the
transition from state 0000 to state 0000, then 4D subset
1 must be assigned to the transition from state 1010 to

state 1010.
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minimum distance) of the code over the uncoded 128-point

features: The ot Thyaee RAIARAN 41 A4RIrLed /8!l itd - di nensional signal and
t he nearest nulti-di mensional signal point in-each nulti-di nensional subset

i s determ ned based on conbi ning di stances W respect to constituent
subsets of each nulti-dinmensional type within the nulti-dinmensional subset,
a mul ti-dinmensional type being a concatenation of constituent subsets whose
di mensions are fewer than that of the nulti-dimensjonal constellation. The
di stances between each received two-di nensd®ri2®i gnal and t he nearest
two-di mensi onal signal pointggnddie corresponding two-iieggdonal subsets
are determned, and the distance betlween eattrTeterved constlituent signal
and the nearest constituent signal point in the correspondi ng constituent
subset is -based on a conbination of the distghces with respect to
tmo-dinensi nal subsets corresponding to the Gonstituent subset.

We describe bel ow arrangenents in which

2

20.Sd0

whereldg is the minimum squdred distance between _
two 2D points of the 128-point 2D cross constellation,
and 20t56§ is the average energy per signalling
15 interval of the 128-point 2D cross constellation.
The second rule eliminates minimum squared
' distance error events which differ in more than one 4D
point from a given sequence of 4D points, thus reducing
the multiplicity of minimum squared dis@ance error
20 events to 24 per 4D point (or equivalenély, 12 per 2D
point), which is, in this case, also the number of 4D
pointé at squared distance 4d§ from a given 4D
point in the same 4D subset.
The third rule guarantees that the code can be
25 pade transparent to all 90-degree rotations of the
received signal. Since the same 4D subset is obtained
when a 4D subset is rotated by 180 degrees, the design
of a rotationally invariant convolutional code needs-to
take into account only 90-degree rotation. A linear
30 convolutional code is thus sufficient to accomplish
transparency to all 90-degree rotations.
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conscellaclion. rour coordainace values 4at lictcudcll LY

the nultis ddméhsromakhs dbs god ntonphiese foeepec sitwaliphd iaawardli mensi ona
lattice a”dmtabﬁ ﬁl;%'o%’iﬁ e c%xg e LALLIHGR of 131072

12 - ef er such arrangenents, the lattice com prises a
mul ti - di nendFahal xcéﬁs?@lolrdthn@rteoﬁathw@st ypEV@Fedtan 215 dde coded

nodul ation gyah@®ries of the 4D constellation are exploited to
reduce the number of coordinate values, a table of 8192
10 (=2ll ¥ 4) coordinate values would still be required.
However, the invention allows this table to be reduced
to only 384 (=192 x 2) coordinate values, and further
reduced to 96 - (=48 x 2) when all the symmetries of the
constellation are exploited, permitting a substantial
15 saving of hardware capacity. _
Referring again to Figs. 6 and 7, after using
the three output bits of the <convolutional encoder to
. specify a. 4D subset, a fourth non- convolutlonally ~coded
information bit (13 ) is used to specify a 4D type
20 within the 4D eubset. To make the code transparent to
90° phase ambiguities; the association or the three
convolutionally coded blts YO Il n’ IZ and
the fourth uncoded bit 13 w1th 4D types is done as
follows. Fo: each pattern of
25 YOnIlnIan3 ’ denote X as the associated ;
4D type. Denote Yl' YZ’ Y3 as the 4D types
obtained when the 4D type X.is rotated by 90° 180°, and
270° clockwise, respeotlyely. Denote s3lszl,
S32822, and S33823 af t?e bit pairs obtained
30 when the bit pair I3nI2n is advanced by one,
two, and three positions, respectively, in a circular

sequence 00, 01, 10, 11. Then the 4D types associated
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As a first step of the mapplng, a blt converter
W descrlbglyﬁ(bMﬁVéﬁﬁgﬁﬁﬁiﬂﬁbmflEK&§h(Y®€ILOD2tIBUBnt 2D constel |l ati ons

are partltlone H%O nor e g t? const,i % Q her
preferred arr%h e QE?T+ﬁﬁd% H ?%ﬂ??wﬁhg f ek uresn %ﬁch constituent 2D
constel l atioreQ s, e i wit boh war grosed. taheehedti tienpadronél 2D
constellatio 'ﬁﬁg dj opsl nal (RekBt eh¥ki phtare
concatenatloﬁz 0 S|gnafﬂg§?ﬁ¥§£%% %ﬁﬁgﬁé ?g E%%gtltéent 2D constel | ati ons,

t he nultl-dlmﬁﬂﬂQ#ﬁﬁfsﬁ@nhﬁ b@?ﬁ@@e%hF%hbarEh%xEPEBéﬂnbeﬁnﬁhﬁaQé& on the

groups t0mhl@dh\;m@pwﬁatyg@ékseseaae@osmt grhglony. tAkk pkrfbems

constituent s s, for each, cons ent. 2D co stella on.ha t he same
nunbeLsuof cdﬁé(%%ﬁnﬁ°%Y%ﬁ§}°Bﬁr tsE? Lgé§h°§$8&p9 LR dfoég i s invariant

under a phasesebéeﬁi@m bbtsespondspgnéls o anﬁDgahbyeﬁf1mheccom§@mKEEnt

constel l ation & nto subgroups that are rotationally
i nvari ant unde+§?ho %ﬁ%%gwgh¥ ?gglé

ero I'ONnS of the constituent subsets for
each constituent 2D cons2B| Bubseli have the_Qﬁﬁé or 20,4y Zla
15
A 00
B 01 )
c 10 )
D 11
20 The eleven uncoded information bits which

remain will be used to select a 4D point from the
previously selected 4D type.
Referring to Figs. 5, 7, and 9, a 4D block

encoder 97 .takes three of the remaining'uncoded

25 information bits (Il _,,, I2_,,, and 13n+£) and
generates two pairs of selection bits (ZZn Z3n and
zzn+l 23n+l). (Note that block encoder 96 is
intended to be the portion of the bit converter and
block encoder 34 (Fig. 2) that performs the bit

30 conversion.) Each of the pairs of selection bits can
assume any of ﬁhe values 00, 01, or 10, but they cannot
"both assume the value 10. The first pair 22n Z3n
will be used to select the inner group or outer group of
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group is organized into two halves called subgroups. 1Li

nunbers &f gRaStditicst SépatidRiHiSsiDs e@e) SndgsOUphe Theleear efN

constituent 2D constell atiops and the ' h [ 2
constel | ati BRei HAPRHIEOYR r L% @?gﬁﬁt?%g{?Eggh%nPﬁﬁésaggnﬁék;ggggnaP poi nt's

as the secosther chglf Toe €hesingeouprospdisi setleched: NoshbgwdapsthThe
excl uded mul t

const1 tuent O8FShaf LORP nbe i RELRECE Eond group. The mul i-di mensional

constel | ation has 2NFberensirent6 RDbpohgta powEReoPULRS GEOYP, ©F iR or 8).

The conglo tyephe FORSE €l bRt £ABS1HhAELUYBoBD of a 2D subset, and eight

uncoded information bits remain for selecting from among
those 2D points. Those eight bits are taken in two
groups of four bits each, and are renamed as z4n an

ZGn Z7n and Z4n+l an+l an-*-l

15 27 ,1- The first group z4, 25, z6 27  will
be used to select a 2D point from the previously
selected outer group or the selected half of the inner
group-of the first 2D subset, and likewise for the
second group Z4n+l ZSn+l-an+1 Z7n+1' _

20 Thus, the bit converter 96 and 4D block encoder
97 take the three output_bits'of the convolutional
encoder and the twelve remaining uncoded information
bits and produce sixteen point selection bits (R=8).
Those sixteen selection bits are then grouped by

25 grouping device 36 into two groups of eigﬁt selection
bits each,_ZZn Z3n Z4n ZSn 26n Z7n z0

2l and 22 ., 23,y 24, 25,4 Z6p4
27 .. 20

n+l n+l 21

n+l"
Z4n ZSn an Z7n zon Zln is then used to

30 address a 2D mapping table 38, the table being

n

The first group ZZn Z3n

constructed from the constellation of Fig. 5 simply by
associating with the coordinates of each point the eight

.o -
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‘coordinates for the first 2D p01nt corresponding to the

- 13 - 2MNnd [ ngt e Lop two. The nunber
of nult|§d|%2n§?§ﬁglgg§ n& 8& L*g pr?ﬁa%u ?%E ? g§m§g g €i s the nunber of
di mensi ons éPnVﬁéUﬁﬂPﬂﬁldEneﬂdﬁonahdcbhetEWéhVEonemaThenQ aneo8gedl6, or 32
nul Li - di mensheosha ubAChELL] Of LbkEu e %ﬁerrfégﬁ Lh¥glp) osThe nuMDeEr of

nultl-dlnen5|9nal subsets is_fewer N“ i s the nunber of
di nensi ons BFf FﬁelﬁﬂIPFtﬁlﬁQQEFﬁﬁaﬁ EBﬂs?éWFa pBhe JBete gpt&aipm the

mul ti-di menebonainaubseds thNelyecdhe ﬁbnpayﬂtdlssanee éhbhlaébh% o
cach mitd %ﬁﬁﬁsﬁsﬂ e RB bt e rhnchaat £ Fxchioncbhat /hat i ons are il |
Zl + when m=n or n+l, can assume only 192 values
(because sz ;3m cannot' be 11), the table has only
"384 (=192 x 2) coordinate values. The table can be
further reduced to only 96 (=48 x 2) coordinate values,
15 since the same pattern of
-ZZmZ3mZ4mZ5mZ6mZ7m, for either m=n or n+l,
is associated with each of the four 2D points which can
be obtained from each othér by 90- degree rotations. 1In
that case, the table prov1des the pair of coordlnate
20 values corresponding to 22 nZ3mZ4n25426,27,
for a spec1f;c pattern of ZOm Zlm, m=n or n+l. The
pair of coordinate values corresponding to other
patterns of ZO Zl can be obtained through
90~ degree rotatlons of the pair of coordlnates obtained
25 for the specific pattern of 20 21 .
The last technique also enables making the code
transparent to 90-degree rotations of the constellation
(of the kind which may be caused by phase hits in the
channel), which is accomplished as follows.
30 Referring to Figs. 6 and 7, note that if we
translate a sequence of the bit pairs 13; 12'
appearing at the inputs of the convolutional encoder and

ot
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the 4D constellation mapping proceaure willd D LOLALTU

t wo- di mensi obgpl 9¢pnk8e} | ahdono aégmensmnlamkwiseonseépeati@ﬁ%Yare al
four-di mensi gnal g?theglg&kgg§e g } digtRCEnW EBER each

consti tuent cTogps ationyi s sSma an e m ni num di st ance within each

constituent Z3hsER #hé1§Ha§eIathgh|I%ha%%yht@°¢nb99335802 aB6[err], and

270[err]. TQEESrE‘éEp@nQQHEt BhidepterDi sUbsEESdeFhe6BULKI FdguEASi Offal
constel |l ati on has i nrensi ons_and t hetconyghutional coder has

respecti vel ythe E0ERmed3gr 184 &t 4fdg. I3per el dpeambifhi-2di mensional families

t hat comoi sRo8ULDO; dlﬁEnSanQheSUbﬁpﬁﬁ &ficbhéhadbnt’beukiiphaim di st ance
w thin each fam |

at t 1 d
nultl-dlnenspﬁﬁapgéoﬁggé Pa?rSﬁlggﬁdwgﬁgl?ﬁgggha%ﬁ%agﬁlng%?;n E%%&bd on
the basis of ambéghatibsein the wvhstedlathenenal(Nb&ei thad &bepri se
mut - A1 ensieal SHRLAN Lianaaychol BR! P F1 BEMIRMdndedN€® We i each

subfam’y is greater
portion of the differential encoder 30 shown in Fig. 2

15 that differentially encodes certain bits.)
At'the receiver, the deéoder uses a
conventional maximum-likelihood@ decoding algorithm such
_as ‘the Viterbi decoding algorithm described in the
Fofney Viterbi algorithm article.

20 Referring to Fig. 10, as a preliminary step,
the decoder must determine the 4D point in each of the
eight 4D subsets which is closest to the received point
and must calculate the squaréd distance from each
closest 4D point to the received point. This squared

25 distance is called the 4D branch metric for each trellis
branch to which that subset is assigned. Because there
are 4096 4D points in each of the eighé 4D subsets,
finding the nearest 4D points to the received point
would be impractical without the following

30 simplification.

For each of the two received ZD p01nts
corresponding to a received 4D point, the decoder
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closest 2D points and the received 2D point (102).

- 14 - iy ﬁ%‘iﬁd’!ﬂéﬂr{b &AL d f%@(n)éd z%'b’}fa‘?{d"fﬁﬁde@} {ud s appear in

each S|gnaII|ng sI I'ng an 1 nteger non- integer (e.g. 6

1/8, 5[err] B@{cazpssa/ 81)hefﬁleafg¢dvph/ At e dinkseri ramagdutad treofisor equi ri ng

_respective dif st AY HRAISHIE Thg BIocHsEN3ld ifdd nid Y Tfiesspond to
successi ve signalling interyvals. The convol utional coder which is immne to

90[ err] phast(-,h tt-?hq GIFALCRANG Refu it e ol il FeaPstddio arriP Gffi&H tuent 2D
constel |l ations are paléxtonstind ddwodeacidigtinindsattitieesd Pwimonvol uti onal

coder aqg§ dfed qugﬁgtlg)&D types which is closest to the received

4D point and calculates the squared distance between
each of those closest 4D points and the received 4D
point. This is done merely by adding the two 2D branch
metrics for the pair of 2D subsets corresponding to each

15 4D type, because the closest 4D point in each 4D type
corresponds to the pair of closest 2D points for the
pair of 2D subsets corresponding to that 4D type (104).
finally;-the decoder compares the two sums of 2D -branch
metrics corresponding to the pair of 4D types within

20 each 4D subset. The smaller sum becomes the 4D branch
metric associated with that 4D subset, and the pair of
2D points associated with the smaller sum-corresponds to
the 4D point in that 4D subset which is closest to the
received point (106). '

25 The 4D branch metrics are then uged to extend
the trellis paths and generate final delayed decisions
in the usual way (112).
Note that the closest 4D point in a 4D subset
obtained from the above procedure may not be a valid 4D
30 point becaﬁse both of the corresponding 2D points may
come from the outer group. This condition is detected
in the block decoder 66 after final decisions on
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then the corresponding 4D point is not valid. When this

Accor di ngst ohbbpeRseS e I &Hd Mitd Bdilrs 1048y RL nakld &t ItSeo |
provi ded apparatus for transm_tting & streamof information bits by sending

corr espondi n§24F§n&PIeSNer yadi&mel in a plurality of signalling slots,
the apparatus incl udi BecRueRdidly YRARS mddFied tioncieodmd D i nf or mati on
bits that apﬁe%r td I q:g a bl ock of a%}el east .t wogsai d slc t%i(lﬁ/?%ddi ng one or
more redundaif Bt (SR T8 HARPS et NAERAN I &I §8L S ¥s for said
bl ock; sel ectiegridesardd gaepttedaak dud ditte f4orindaaimaddich dettofisitgmnl poi nt
sel ecti opgbi lstd -G ol 9 sRQJ N I

BRcofefUild GBS iU ?tgf%l%?w ta %_tg%l{tﬁlﬂdﬁvard

mul ti-di nensi onal constellation for sal . sal I mensi onal

si gnal poi nt "ePRdaGe ool AR icanstelatdan dackhdindregehdent on the
nul ti - di mensijgFdlrmaitdd PUNtveitl@lefhifir@ Attdraastoone ot her said bl ock;
sai d sel ecti ans bei ng 1@ ranged operativel o estapblish a
corresponden§§7 Wedrt 6ch pdssidl Liimi rﬁi’t‘?%r\’ ?a?rasd %ﬁsg‘?ﬁ? poi nt _
sel ection bi tsymmed rtiles e rithenatcdrsstafl latidr iad rexpElicitadd signedbei nt in
said ml g5 APy ao 2PN | @I S SACUAA AL be

required. However, in the invention each 2D point of

the pair of 2D points corresponding to.the 4D point can
first be mapped back to eight Z bits using a single bit
mapping table 64 (Fig. 4). Then performing the inverse

20 conversions corresponding to the bit converter and 4D
block encoder produces the 14 information bits. The
nmapping from a 2D point back to eight Z bits requires a
table of only 1536 (=192 x 8) bits even when the
symmetries of the constellation are not gkploited at all.

25 Another reduction in complexity‘of the decoder
comes from the pairing of two 4D types into a 4D subset
which reduces from eight to four the number of possible
transitions leading to each state.

This coding system offers a number of

30 benefits. The coding gain of the code over the uncoded
case in terms of the minimum distance is 4.66 dB. The
multiplicity of the error event with the minimum
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to 90-, 180-, and 270-degree phase ambiguities.

By
| e def
Sggt??:gnfﬁg #ﬁé nUftISéPgE ﬁ%ﬁgfgegﬁ FSX g%vO2°lﬁP§2: gpﬁrality of
mul te d|nenS|QW@dn$u®sens‘ssahdlndBtindtaem5|oﬁatbeomihéhbatﬁdsthahmg a
concatenationd Pk ipREEL¥yObeCRAS! EEVBPL e6BAR! LAl kRESHERGRUY i Ch

has dimensions that
said multi-ddkeraPeRals 16, the peak-to-average power ratio is 1.93,

and the 2D constellation has 256 points. Theoretically,
10 both larger coding gain and smaller multiplicity of the
' error event with the minimum distance of the 4D code
imply bétter performance over the 2D code. Furthermore,
the larger coding gain of the 4D code is not obtained at
the cost of increasing the peak-to-average power ratio
15 to an unacceptably large value. It is important to keep
this ratio small because the transmission medium may
distort the transmitted sigﬂai nonlinearly. The smaller
2D constellation for the 4D code than for the 2D code
implies simpler receiver design and better performance
20 when the received signal contains signal-dependent
noise. Transparency of the 4D code to 90-degree phase
ambiguities.gives immunity to rapid carrier phase
changes.. When both the 4D and 2D codes are tested in
the laboratory, the performance of the_4p'code is indeed
25 significantly hetter than the 2D code in the presence of
many kinds of channel impairments, and the 4D code is
less. complicated.
64-State, 8D Code
In another embodiment, the transmitter takes

30 the 28 information bits which appear in four successive
signaling intervals and encodes them into four 2D signal
points drawn from a 2D constellation having only 160

points. . - o
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boundary 1<U, as 1n the Jlp—-stace, 4D code. Jihe 1nner

const el | at iPongrang hﬁdatéﬂlonh&eaas-gdaptedrbasopenatbddatdonudulate at

| east one cargig ng.gSi e I 3 ange W th the
évé? gﬁ%yﬁ%@% g@ﬁgét 58§ hg BB%P'E% o2 %‘3 RGe

coordi nates represenfe eac said th-di me SIO S|gna
poi nt; the apParBRUE Bein§sSchar aceeinssbei AnnBAt ISQUP -coTHE PUERE

ConSte||at'Onérﬁeﬁpﬁbiﬁtéré@@gﬁﬁﬁﬂhssgﬁeékQHaErBﬁ' ngr@hF%&%t%nbiguous
under phase r particul ar amounts, pref era%§% udln 90[ err]

gtatlons gg
180[ err] and 2¥578rP], CBRJFPRtARGELEEI §TiAcBXERGIREA &l ection
means ar e 10ur LRerpadapt edoks consteddiadisel,candd amel talrradugmamsomﬂlossa gnal

ts to b t oded r t.hat I.ds. the
Ffect of chabterioi RARBAN BRace raBaR o B RS RTaR 1o ditd SHmsThies in
a preferredgranpangensnus r0¢h¢ednbwtﬁﬂdlﬁ§@5|@WMZWﬂmﬁagﬂdQﬁlahodS a
concat enat | 0” AL 899§Eht ushb %%ﬂskﬁ't'eiu F%%é’e?’ CHE. Qh’i‘éé"‘ﬂz\s
i tuén se S.

di nensi ons an 'S pa lone I nto cons
nul ti - di nensi dRak §u%§€§t@oﬁprﬂ§b§°§ﬁrlé@@t1QQMP°HﬂHt%D(HQﬁﬁﬁﬁk%ﬁﬂlon
subtypes -l&achg ﬁ@&ﬁ&@loﬂﬁd dnto four equal-sized subsets, denoted A,

B, C, and D; the 2D subsets are grouped into two 2D
families, denoted AUB and ‘CUD; all 2D subsets have the
same numbers of .inner and outer group points; and the
ratio of the number of outer group points to the number
of inner group points of each 2D subset is thus the same
as that of the 2D constellation. The distance
properties of points in those 2D subsets are the same as
those for the 16-~state, 4D code. In. the constellation
of Fig. 11, each 2D point is labeled with a six-bit
value which represents the bits 22 .23\ .24

n+i" " n+i” ‘n+i

zsn+izen+iZ7n+1' i=0,11, 2, or 3. The same

pattern is assigned to each of the four 2D points which
can be obtained from each other by 90° rotations.

20

25

Four identical such 2D constellations taken
30 together can be conceived as a single 8D constellation
having 655,360,000 (=160%) 8D points, the eight
coordinates of each 8D point being the same as the four
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be used, namely the ones whose corresponding four 2D

‘concat enat iso o@ﬁtkhsneqaaéihHeRBs%UBEEtén EﬁﬁteB%? ggngﬁ%BSFQQ”pr'ses a

convol uti ona ncoder adapted to generate Troma
i nf or mati on BPEQraQBPHPaI|F§°Bfn88n9BPuﬂPoﬁéFFysséﬁeo&éﬁ §rstakat incl ude

t he redundantobetfozTheaaemeetuﬁg WSbateapaedshgnaqh%@t1hmer$uhtyn@ from
AT St S e A SR UL
anong non- c&heoBDtconatbylamaoded Cheorereriage knexrgy per signaling
10 interval of the 8D constellation can be shown to be
23. 59375d§ Since the peak energy per signalling
interval is 50. Sdz, the peak-to-average power ratio

0
is 2.14, about the same &s that of the l6-state, 4D
code.
15 We now define 256 (=44) 8D subtypes, each

corresponding to a combination of four 2D subsets, and
denoted as (A,A,A,A), (A,A,AX,B),...,.(B,;C,C,B),
(B,C,CC)¢tee., and (D,D,D,;D). Each 8D subtype has
2,097,152 points and the minimum squared distance

20 between two 8D points belonging to the same 8D subtype
is 4d§, the same as the minimum squared distance
between two 2D points belonging to the same 2D subset.
(The séuared distance between two 8D points is simply
the sum of the four squared distances with respect to

25 the four pairs .of 2D points to which those two 8D points
correspond.) Each 8D subtype, like the 8D
constellation, contains only 8D points for which at most
one of the four corresponding 2D points belongs to the
outer groués of the four 2D subsets to which that 8D

30 subtype corresponds.

Referring to Fig. 12A, the 256 8D subtypes are

grouped into sixteen 8D subsets (col. 122). The
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- 16 - 5 subtyphe enbodi ments described in detail achieve relatively good

coding gains in the ﬁbnfaﬂﬁ1Qhét@ﬂ0§u$§éwgentﬁé|ﬁﬂ@QtS§ﬁ§e§§€§nef si gnal
points, relativel

icities of error_even he m ni num
di stance, andrt¥ %%%gge%eyc?ﬁsbﬁ§£% +%R%I?%ﬁ§e%?°§?bﬂ3IE80ﬁg P#atlons,
with an accephsbéklpehéntaraveoagatenseedradi forfha £dnsti t uent 2D

const el at! 005 A1 £, LAk VEL N 8P| Le (LAD! YiBo oA BPLERSEESEhYEpRl N and

better perfornmance nsi ohal rs“converted by
the bit tonpertiétiongdbintk en9bdeﬁD|ﬁubSﬁbSt|@€BOta§ GSnﬁnsl@nal mappi ngs,

whi ch enabl gs_1 he aséeﬁtegnassrau ¥§rYné@oﬁ&o”EﬁpfaﬂliéékesdeoEQ@

transnitter and f{he receiver. ouplng t he [ ti-di mensi onal types or
subt ypes. i n#® ﬂﬂ%??ualﬁﬁﬂsﬁHﬁHﬁuiubééténnﬁkéslﬁo§§?5Pe fRec@E8i-gnPof sinpl e

and pover f uke§of@Scandtiedefessbheodeceueat eoAP! exkhgdbpyr aduci ng the
concatenation of the third and fourth 2D constellations
15 corresponding to the 8D constellation, is similarly
partitioned. The distance properties of points in the
4D subsets are the same as those for the 16-state, 4D
code. . ' =
Next, we define 64 (=8 x 8)'8D types, each
20 corresponding to a pair of 4D subsets, and denoted as
(0,0),-(0,1),..., and (7,7). . Each 8D type includes four
8D subtypes (because each 4D subset includes two 4D
types, note that the 4D types are equivalent to 4D
subtypes). The miniﬁum squared distance between two 8D
25 points belonging to the same 8D type is 465, the
same as between two 4D points belonging to the same 4D
subset, and as between two 8D points belonging to the
same 8D subtype, as desired.
Those 64 8D types are grouped, four at a time,
30 to form sixteen 8D subsets, denoted as 0, 1, 2,..., and
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16 8D subsets are described below.

e Ol ot L SRS SR LR ERcpthatgec SR o o

the branch wétthi &8ef Souso8 itypest in each 8D subset span either the . 17

- subset ¢j2a¢ apBLRENg bbaTUe gkt 8he B@ond 4D family 4USU6U7,

and likewise for the four second 4D subsets associated
with that 8D subset. Thus, because the minimum squared
10 distance between two 4D points belonging to different 4D
subsets within the same 4D family is 2d§, the '
minimﬁm s@uared distance between two 8D points belonging
to the same 8D subset is 465, the same as between
two 8D points belonging to the same 8D subtype.

15 ' Second, the four first and four second 4D
subsets associated with each 8D subset in the first 8D
family OUlU2U3U4USU6U7 span the same 4D family OUlU2U3
or 4USU6U7, and in the second 8D family the four first
and four second 4D subsets associated with each 8D

20 subset span different 4D families. Because the minimum
squared distance between two points belonging to
different 4D subsets within the same 4D family is
2dg, and the minimum squared distance between two
4D points_beionging to different 4D subsefs of different

25 4D families.is.dg,-the minimum squared distance
between two 8D points belonging to different 8D subsets
within the same 8D family is ng, and the minimum
squared distance between two 8D points belonging to
different 8D subsets of different 8D families is dg.

30 Note that 8D subset 0 for this particular
partition is from a portion of the 8D lattice used in

the non-convolutional block encoding scheme disclosed in

-
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distance properties between subsets as the above

mul ti -di .”E”;Ié&’ﬂ?‘it @.”CdeéJé:C,s:té1é rél%Q;’EE p‘%@:ciqgi'@{‘t%s e d.fié&*hff the
convol uti ondl codé need ‘not_ con'si der “phase ‘rotations of signa
constel | ati digoperty that |if tamBivigubsef A9 midrakad dy B18s G, Pynal i ng

slot, the 167§ ajicgrdds sYiEB A &Y QAR NG thed , 4 - whelB i the

nininun1géstance over an uncoded system using a 128-point_ 2D cross
const el | al i OAFOPERHEY mithe fei9y f 2 P Geveevahatt et ni ni num

di stance (thinvanieit domeseisiomel gy Ysiry Fhosd heipesdn t® aver age
power ratio

1S, 2.16., Th ti t, 2D tellati h 192 [ . Th
code is t ran%sgﬁﬁlﬁ (?%eﬁgfigp‘%elélg“(ef{]eﬁ%é C%Tnfi %‘d?%?lfﬁne pﬁ%%%gb%‘g?obﬂﬁtsi es. ° |
By conpari sobhefoenstel bastoknovwn Satatne;, 2 ode, the madeng gain is 4.01
dB in the m gigym di sg erxﬁ&??(mﬁ HAldgH té’oxR?ol&@PoEéi%o%ggé with the

m ni nrum di stance 1s 16, the peak-to-average power ratio is and the 2D
const el | ati oRUEEECDEEE ke NEemo ek etPafe yambiEhi t tegee f cblie ndPgai n and
smal l er nmul t kphsebivapiohhe error event with the m ni num
Grouping the 256 8D subtypes into 16 8D subsets
makes possible and makes easier the design of a simple
and powerful convolutional code, and the decoder
20 complexity is reduced as explained later.
The design of the 64-state, %90-degree
rotationally invariant linear convolutional code with
those sixteen 8D subsets is illustrated in Figs. 12A and
13. A rate 3/4, 64-state linear convolutional encoder
130 is used to generate the four selection bits needed
to specify the 8D subset from which an 8D point is to be
drawn.. Encoder 130 includes 4T delay elements 132 and
logical exclusive or elements 134 connected as shown.
The current state of the encoder is
30 WanZnW3nW4nW5nW6n. And the next state of
the encoder is W1l 2 3 4 W5

n+4W n+4w n+4w n+4 "n+4
W6n+4' Only certain sequences of state transitions

25
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di stance of the 4D codén ﬁﬁ?? bé??e?nge+f%fn%%%%m8v Pstﬁ nEBlggdghe

Furt hernor e deeihalgenmbedi 0§ thencofreme dEatede Thenoemsbndnged at the
cost of 1ncreashifinkhgPeqs” &Haegeaegeegewe dbhopkOcAR WBRaRRA!ab! Y |arge

value. It is 1 npor is ratio sma ecause the transmn ssion
medi um nay di BueBPert Aé 9ﬁ8n§ﬁ1tbedn§¥§n§Fah©ﬁ+|néaﬁP?beTh§n§EMI%&'@hB

constelIatloncBaEttbeFﬂgkeadg ahge:ﬁegsibgeZEkaﬂdethaalb@&w&empwmk receiver
desi gn and bett nce .when t he receLved

si gnal - dependEHFrﬁBFséta fe2RB tBHeNPEL| 8E2 thﬁaFgaggécg %hfﬁéﬁﬂ’8-state

2D codes. 10 and column in which the entry appears. The number entry
' i itself identifies the 8D subset assigned to that
transition. For example, a transition is permitted from
current state 41 to next state 14 and 8D subset 15 is
assigned to that transition. Each current state can be
15 followed by only eight possible transitions, and can
result from only eight possible transitions. The
assignment of 8D subsets to transitions satisfies the =
" following rules: ' '
(1) - The 8D subsets assigned to the transitions
20 leading from a state are all from the same 8D family,
and likewise for the 8D subsets associated with the
transitions leading to a state.
(2) The minimum squared distance between two
valiad sequénces of 8D points corresponding to two
25 distinct trellis paths is larger than the minimum
squared distance between two 8D points within each 8D
subset. For example, referring to Figs. 14A and 14B,
this rule is satisfied by the following approach, among
others. (a) For each current state
30 W1 W2 w3 W4 WS W6 n' the eight possible next
states are W4 WS WG X1X2X3 for X1X2X3 = 000, 001,
010, Ol1, 100, 101 110, and 111l. (b) All the
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transitions originating from odd-numbered states (states

- 18 - The_ 64:- st at 8D code a £ & & over the
uncoded case ot-Th ?6 ecﬁimlh the m%?nﬂﬁ%%%n? “?‘??e%rﬁﬂ%%‘h C ety of the
error event S/aqcmd HED nf aoi bdgm 0S¢ DAL U 12 UB(R UL 4KHE pe dlhvaro - tthee regeopdwer
ratio is 2. 4y Ihes codeid i dg aa{LSp@JleL'H\ﬁ 0 9(Q[)erff] Y, H@O[tﬂ{é]an 257\%&!4{] phase

anbi gui ties. The constituent 2D const ation has 160 pol nts.
conpar i son, agrignrrl nke gblhe bransit inntf nawrnent Atatep code is 4 80 dB

in the nini myh stanee. w3 hes m'ié'él{léfdérv-rﬁjmﬁél%d?r(&é event with the

m ni num tafte s Thid -t 0-average power_rati.o |s 1.93. The 2D
const el | g‘toscﬁé%a%u%%r%@ n‘P%ggTﬁ%‘%{ ihaT L3 tq?oifght}??\ 8RRt has a

| ar ger nult|a&sigﬂeﬁ(ﬁotfﬁeetfémsim&ﬁﬁ fdmn derdnthi stuteli st ance, the
effect of tP XBhISha KohbP,' E61%x1%2 "o, 01, 10, ana 11,
to an odd numbered (or even-numbered) next state. (ii)
If Y is the 8D subset assigned to the transition from
15 current state Wl W2 W3 W4 W5 W6 to next
~state W4 WS W6 x1x2x3, then ¥ is also the 8D
subset a551gnea to the transition from current state
Wl W2 W3 W4 WS W6 to next state
W4 w5 W6 x1x2x3. (111) If Y is the 8D subset
20 a551gned to the transition from current state
WlnwanBnWlln_WSnWGn to next state
W4nWSnW6nXlx2X3, then Y is also the 8D subset
assigned to the transition from current state
Wl W2 W3 W4 WS W6 to next state ‘
25 w4 ws ws Y1x4x3, for X4 = 0 or 1. '
The first rule guarantees that the minimum
squared distance between any two allowed sequences of 8D
g. And the coding gain (in terms of
the minimum distance) of the code over the uncoded
30 128-point 2D cross constellation therefore is

points is 4d

This Sheet t Has

uu/l///ul////fi‘/l/?’ii”



.2
_ . 23.59375 .. .
t han conpensated by the | arger coding ga?n ?n tﬂ@ m ni rum di stance of the

8D code. As for the 4D ‘codes, 4%héoBapger_cading gain of “t Re48D3Bode is not
obt ai ned by increasing the peak-to-average power ratio to an unacceptably

| arge val ue. The 8D code has a 2D constell ation which is even snaller than
for the 4D code, inplying further inproveﬁent in the performance of the 8D
code over the 4D and 2D codes. Transparency of the 8D code to 90-degree
phase anbiguities gives immunity to rapid carrier phase changes. The
64-state, 8D code is less conplicated than thg 32-state, 2D code, and is
less than twice as conplicated as the 8-20abd, 2D code. The
64-state, 4D code achieves 5.63 dB coding gain in the m ni num di stance over
t he uncoded case. The nultiplicity of the error event with the m ni num

di stance is 72 and t he Th&d&9eONG Fndgacdidmingtgs| mdpigegr d stpase

anbiguities. error events in more than one 8D point which differ from
10 a given sequence of 8D points, thus reducing the
multiplicity of the minimum distance error events to 240
per 8D point (or equivalently, 60 per 2D poiﬁt), which
is, in this case, also the numbe;_df'BD_points at =
sqﬁared distance 4dg from a given 8D point in the
15 same 8D subset.

There is no need to consider 90° rotations of
the constellation in the design of a 90° rotationally
invariant convolutional code because the same 8D subset
is obtained when an 8D subset is rotated by 90°, 1&0°,

20 or 270°. {

We now describe how to map the four output bits
of the convolutional encoder and the 25 remaining
uncoded information bits into the 8D constellation.
Eight coordinate values are needed to define each 8D

25 point; therefore, a straightforward mapping would
require a table of 4,294,967,296 (=22° x 8) coordinate
values. Even when all the symmetries of the 8D
constellation are exploited to reduce the number of
coordinate values, a table of 16,777,216 (=221 x 8}

30 coordinate values would still be required. However, the
invention allows this table to be reduced to only 320
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hardware ca
R&F aégantages and features will becone apparent from

the fol | o%i ng descrlpFPgﬁféﬂthQGEﬂ@féPr@dgéﬁbbaﬁﬁﬁnﬁndaha faB6keEhe cl ai ns.
W first briesiNgderer ebart Batdu@WMpIES- of the convolutional encoder

10

15

20

25

30

to specify an 8D subset, another four
non-convolutionally-coded information bits are used to
specify an 8D subtype within the 8D subset.

To make the code transparent to 90-degree phase
ambiguities in specifying the 8D subtype, the following
requirements are met. First, the same pattern of the .
first two uncoded 1nformat10n blts, I4 and ISn, are
associated with each of the four 8D subtypes which can
be obtained from each other by 90-degree rotations.
Second, the assoc1atlon of the second two uncoded
1n£ormatlon blts, 16 and I7 n' with 8D ="
subtypes is as follows. For each set of four 8D
subtypes which can be obtained from each other through

90-degree rotations, arrange the four associated values

of the bit pair 16; 17; into a four-element

sequence such that the 8D subtypes corresponding to the
second, third, and fourth values of this sequence can be
obtained bf'rotating the 8D subtype corresponding to the
first value of -the sequence by 90, 180, and 270 degrees
clockwise, respectively. Then, all of these
four~element sequences are rotated versions of the same
four-element circular sequence of bit bairs. In this
code, the four element circular sequence is 00, 01, 10,
1l. And, for example, a rotated version of the
four-element circular sequence is the séquence 01, 10,
11, 00. S
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Fig. 1is a bIocK &lagramlofla % (s T 30 to se*?Ct EPIS bl ock
di agr am of? t fevanEREudbats g:qmﬁsrg:nm/r&et@ftm 8D 1SuthPe- TfFﬁ g. 3is a

bl ock di agr a@aelr @ gopeRine’y HéHwéEﬁfgﬂﬂJbéﬁ&h dits 20 _z1 ddd.2¢t IS a block
di agram of the decoder of Fig. 9. 5is® ﬂ@z poi nt si gnal

constel | ati offubsets is Yhey 536“% 25 el (£F W siase st kP r Edndi ng

bit patternsbit converéz'.ucg\ table a::é’,’tl asK dkbnvedn Of orh hﬁl@f}_ﬁiﬂﬁlﬁé&u@é Fi g. 2
for a 16- stat S dlqﬂian1for

16-state, 4D 17 5. 128 gnigh Saliafidy of i S Tipdhes
functi onsloof Qetse tilbeck admoodlefonfmapming. the four ukcgded(bitsatd|am char t
of'the V'ter@D subtype within an 8D subset.

The 21 uncoded information bits which remain
will be used 'to select an 8D point from the previously
selected 8D subtype. Referring to Figs. 1ll, 13, and 15,
an 8D block encoder 142 takes nine of the remaining
uncoded information bits and generates four groups of
three selection bits each, 22 Z3 Z4 .

15

m—n,n+l n+2 n+3. Each group can assume any of the
values 000, 001, 010, 011, and 100, but at most one of
the four groups can assume the value 100. The first
group 22 23 74 will be used to select the inner
group or outer group of the first 2D subset
corresponding to the previously selected 8D subtype, and
likewise for the three other groups witq respect to the
25 second, third, .and fourth 2D subsets. The inner group
is organized into four quarters. If the group of three
selection bits is 000, 001, 010, or 0ll, one of the
quarters of the inner group is selected; otherwise, the
outer group is selected.

20

30 There are eight 2D points in the outér group or

in each of the four quarters of the inner group of a 2D
subset, and twelve uncoded information bits remain for

gt
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al gorithm for SRRUBDAEQEE 27 will bgj ysed]toj sedecs0ap@tnpPosngnal

constellati®n. from the pEé%ouéié@e%ét@&Bﬁ"t%r%r%@p%tisﬁftr%m apd a bit
conver si on proce 3i1s a %I’ am of he .encoders

1
of Fig. 2 for ﬁegﬁcg?gtguaﬁﬁﬁang the inner EF@gP ff Beaﬁéréttggllls tabl e
for the 64-stasebs8b,cadd. likewise for the other three grouds -

ZSmZGmZ7 (M=n+l,n+2, n+3. i
To summarize, the bit converter and 8D block
10 encoder take the four output bits of the convolutional
encoder and the 25 remaining uncoded information bits
and produce 32 point selection bits (R=8). Those 32
selection bits are then grouped into four groups of
eight selection bits each, 22 23 24 25 26
15 27 ZO Zl ¢ M=n,n+l,n+2,n+3. The f£irst group
Z2 Z3nz4n25n26nd7n20n21n is used to
address a 2D mapping table, the table being constructed =
'from the constellation of Fig. ll.simply by associating
with the coordinates of each point the eight bits needed
20 to represent the point (namely the six bits marked under
the point and the two bite ZOnZ].n needed to specify
the 2D subset), to obtain the pair of coordinates for
the first 2D point- corresponding to the 8D point defined
by the four odtput bits of the convolutional encoder and
25 the 25 remaining uncoded information bits. Likewise,
the second, third, and fourth groups of selection bits
address the same table to obtain the coordinates of the
second, third, and fourth 2D points, respectively.
Since each group of eight selection bits can assume only
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Fig. 15 is arefdeced ptooonby $0e(o4l put2bicsondinabebvadkesnsduee bheFig.

13. 5 sth&:pé@t%fhaoff'?ﬁ" £9a5d 5 jheyyitecbi algorithmfor the 8D
cpde. Fig. 17 1s a 192-pg| smgnal Bonstel |l ati on Rartltgoned into
ei ght subset&Ssociated with eaghjQftheafeupf 2BoPapnigpybish can be g

19 is a bl ockn€h2@é@NEPémt BECRNSEHEE SbPf 9 gegPebOE0Rab40nkat €IndD code.

Fig. 20 i 144-poi nt sj gnal tellat] . Fig. .21
chart of 32 §BEF sunser send eanfS BrSyadhr Phg pair gf PoSratfRRS 1o 10

a scranbl er t2luesecoeseapsnding bbtzzraaHZéLZB £6 ﬁﬁh:on to be sent over a

channel b Jhe scauRkedcl BhecdPhT 8P Pbiz1ale WheMpddl yared to encoders

and gr-oupi ng-devi
coordinate values corresponding to other patterns of

ZOm21m can be obtained through 90-degree rotations
of the pair of coordinates obtained for the specific
pattern of 20 21 .

15 The last technique also enables making the code
transparent to 90-degree rotations of ;he constellation,
as described later. . .. =

A straightforward implementation of the bit
converter 140 requires & table of 256 x 8 (=28 x 8)

20 pits. And a straightforward implementaticn of the 8D

block encoder 142 requires a table of 512 x 12 (=29 X

12) bits. Even though the sizes of these tables are

already insignificant compared to those which would be

required by an 8D constellation mapping which did not
use the bit converter and the 8D block encoder, they can
be further reduced. '

Referring to Fig. 15, the 8D block encoder 142
can be implemented as a short program without using any
table. Referring to step 1 of Fig. 12B, the size of the
bit converter table can be reduced to 16 x 8 (=24 x 8)
bits by including in the table only the four pairs of

25

30

selection bits, ZOlem, m=n,n+l,n+2,n+3,

-
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uncoded information bits I4 IS 16 _I7.
18 at a rate. §erQobnbs Tﬁgéai?hﬁg %{:nghe' The Bhxabel ftﬂ'é S5l e@ea, bits per

srgnallln vaI&# ts appe ring at the i nput of encoders and
grouping Fé@ 183hi-t hThesfesr paizsgpfesedieghdonn@iitst erval (for exanpl e,

the nth si gaakregpbﬂaeﬁgatb 6@Rebepdenetad b¥(err] through I Qerr]  Based

on the |nf0éqak#on ggegrlng Wi, th re%pect to a block of some nunber N

(for exanpl EhI ﬁfc 8sePbainpgnshrRYInt erval s (that is the

i nf or mati onmbatsithkeonk blir ehghfbQkepalirkobfmselectitn bitanhdd ), the

encoders an r i e I ulat 20 N pairs of in-phase
tnd' GRLAR A Kt RatE P e NaRaTbat i S

and quadrature o I"nat rni*n srgnallng I nterval,
each palﬂocmpdeﬁponQRQBStara pesad pn howwo- di mensi onal (2D) signal

constell ati gy ISTEQ§Q7 a&gsmggpggogq%gaggsg@wgdgyyﬁéwed in nodulator 20 to
(Flg. lZB).
Referring to Fig. 13, if we translate a
sequence of the bit pairé 16;17; appearing at
15 the input of the bit converter all by the same number of
positions--one, two, or three--in the same circular
sequence of ‘bit pairs, 00, 01, 10, 11, defined above: *
with respect to the mapping of bit pairs
_16;17; into 8D subtypes, then the resulting
- 20 sequence of 2D points produced by the 8D constellation
mapping will be rotated by 90, 180, and 270 degres
clockwise, respectively. Therefore, a differential
.encoder 144 of the form IGn'I7n'= :
(IGn_4'I7n_4' + IGnI7n) mod lQ.Obase 2 in the
25 transmitter (Fig. 13) and a corresponding differential
decoder of the form ISnI7n=(Isn‘I7n' -
16 _,'I7, _,') mod 100, .. , at the output of the
convolutional decoder in the receiver will remove all
90-degree phase-ambiguities in the constellation.
30 At the receiver, the decoder again uses a
conventional maximum-likelihood decoding algorithm such

as the Viterbi decoding algorithm. -

This Sheet Has Been Replaced

LTI




- 21 - noduPRSF £REHREE EhA STRFRGLAEF RIS ST $3h PHPEESEndRe
filtered, ahdpdiert Dot dh& cemededd podndn aThlicy sjumeed fdistarmeen ssi on -

over channel 1d,1ay ighe %&V%éhomfe%r%égfo? W d 1 e dpdulat ed (QAM

carrier system | erring ) , encoders and groupi ng device
18 include a $dvichl thatpsudised if @sedoved-er BEFaMfieHERRIPAT € he i ncomi ng
scranbl ed serizd, 854,4323P points in each of the 16 8D subsets,

finding the nearest 8D points to the received point

10 would be impractical without the following
simplification. For each of the four received 2D points
corresponding to a received 8D point, the decoder
determines the 2D point in each of the four 2D subsets
which is closest to the received 2D point (145) and

15 calculates the squared distance between each of those
closest 2D points and the:rgceived 2D point (146).
_These squared distances are called 2D branch metrics.
Because there are only 40 2D points in each of the four
2D subsets, the searchinhg process is easy, being no more

- 20 complex than the searching required with respect to a 2D
code. . .

Next, the decoder determines (147) the 4D point
in each of the eight 4D subsets which is closest to the
first received 4D point, the first received 4D point

25 being the 4D point corresponding to the first and second
2D points of the received 8D point, and calculates the
squared distance (called the 4D branch metric) between
each of those closest 4D points and the first received
4D point, in the same manner as for the l6-state, 4D

30 code. Only two additions and one comparison are
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_ point corresponding to the third and fourth 2D points of
~into bl ocks ofEPg scr apbl d infor,mati on bits and sends each bl ock of NQ
t

bits in parall LeQRive eﬁpl BPiBkcoder 30. The differentially encoded
informati o bits are thEhepaeeedethtaughdateemiﬁbstthﬁamnewﬁndﬂr132 mhlch

adds one redung?gé g%chQdkﬁath% gon;hﬁl coé 13%%%% %f f|n|te st

devi ce represente € convol u cOonvo uet [ onaﬁll
encoded bits aB® phéntpasdedafikndaghsatbet squavedt &l sdvach el chﬂ«:vamder 34.
The bl ock encodgeneggodrssaon®olbskhgpl Be%tg %ﬁaa%ﬂeaméwe@%“onal

bits; and the bit converter converts a Set Into an equal nunber of

bits in a mannBPipE:peThégcAsh8@nBebywadding (149 héheyuttnet 4R trratch ne bit

converter 1and ﬁbQQchnﬁegeEh§4gaﬁQ arseb 8hbbRtBOCB reed iy Rid ssacthere

R is an intege ual ause bits have heen ,added by the
convol uti onal éHchBF'aEB gﬁéS&&rgn PRIGY i SASHhPRUHRR: and

parallel to secbakebpbngsoup thavgauero$6clbs&smrgmnpnmnﬁdufdﬂ?tﬁmmﬂ bits
into N groups deqptgg 35 £hbettl LORURARGY ko that 8D type.
* Finally, the decoder compares (151) the four sums of 4D
15 branch metrics correspondlng to the four 8D types within
each 8D subset. The smallest sum becomes the 8D branch
:metrlc assocxated with that 8D subset, and the pair of
4D points associated with the smallest sum correspond to
the 8D point in that 8D subset which is closest to the
" 20 received point. The 8D branch mefrics are then used
(153)-£o extend the trellis paths and génerate Einal
delayed decisions in the usual way.
waever,.the closest 8D point in a particular
8D subset obtained from the.above procédure may not be a
25 valid point because more than one of the four
corresponding 2D points may come from the outer group.
This condition is detected in the block decoder 66 by
examining the four groups of bits, zzmz3mz4m,
n=n,n+l,n+2,n+3, associated with the four corresponding
30 2D points. If more than one of the groups is 100, the
corresponding 8D point is not valid. Then a
modification is made on those four groups to render them
together valid.
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each finally decided 8D point back to the 28 information

n,n+l, ..., n+N-3jesd; qelth\éea%cga%rgrlgualga eamB13rgRal.i NG LnlRy I, bp a 2D
napplng tab e 38. _Fo i-nation _of bits in a group,

abl e
contains th C%FfﬁéggﬁgPﬁﬁaﬁglWaBPlﬁﬂd§F8P|BﬁecéBrSPﬁéﬁéélﬂﬂ¥ﬂFaQ%?&hen
delivered to neduthtor82@nEbirfhatibn bits would require a bit mapping

22 - table of 536,870,912 x 28 (=22° x 28) bits. Even when
all of the symmetries of the constellation are
exploited, a table of size 2,097,152 x 21 (=221 x 21)

10 bits would still be required. However, in the present
system ', each 2D point of the four 2D points
corresponding to the 8D point can first be mapped back
to eight ‘2 bits. Then performing the inverse
conversions corresponding to the bit converter and 8D

15 block encoder produces the 28 information bits. The
mapping from a 2D point back to eight % bits requires a
table ‘of only 160 x 8 bits even wheén the symmetries of
the constellation are not exploited. The inverse
conversion corresponding to the 8D block encoder can be

20 done with a short program which does not even require a
table, as was done for the 8D block encoder. The
inverse conversion corresponding to the bit converter
requires a table of only 256 x 7 bits, insignificant
compared to the size of the- table which would otherwise

25 be required to map from the 8D constellation back to the
28 information bits.

Another reduction in decoder complexity comes
from grouping 16 8D subtypes into an 8D subset, thus
reducing from 128 to eight the number of transitions

30 leading to each state, which saves substantial
processing time, software, and hardware capacities.

The coding gain of this code over the uncoded
case in terms of the minimum distance is 5.41 dB. The
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Because the ng bpsg; gf"glgfmttﬁeesfl anthtf § é‘tsé:léé\?f‘g‘e 2rDep?r°é1§’é:r$tll§tb1°ri has
convol uti orfal 16Acpdéntdspedds s atdmpar lison ,c theesoddngt gadmd odh thive current
nformat i on bise kg puuls il olp Ucawal W eluprady denchdience

the transmtt gnal carr i’'stori ca i nformati on about the sequence of

i nformation bf“t’-é‘lb‘é‘i‘h&’-ss&?t“cel'hl he audrtiiediiciito ofatiith I WA Sited at
tﬂe reCﬁ{)ver ?ﬁ.‘ihOftfh“e{"ﬁﬂﬂﬁJmuhﬂ dlstance isDiyfd.er amle qieanmd@xfae;mves t he
phase anbiguities o e s con tions tional
encodi ng NQ bPP¥e4t "8 % i ’T%qa'(f ﬁllt ﬁe@é‘&&ﬁ&&rﬁtl% tha(ﬁ %‘léejad of y
per SI Si grlgﬂ L)lp@nm;tsarvairﬁeoriéunscaauty,e\amoam tihend@D comienchamian. The bI ock
encoder an | v | I

signaling int é.Lr%\Fg%r}, ?‘{u al n ré%t al'{}g?t ﬂegr%%gleh)e(?f@alwni\%%hl evéndﬂg{m&lh
convolutlonaldmahanqg} thﬁieﬁﬁna&toﬁrﬂbxﬁnkanﬂeﬁnm#kﬁmvls¢gﬁhl15 more
constel | ati on yBpPidihgdtsa thd Wy BHENS QA I gain in terms of

the. minimum distance of the 8D code. As for the 4D

15 codes, the larger coding gain of the 8D code is not
obtained by increasing the péak—to-average power ratio
to an unacceptably large value. The 8D code has a 2D w
constellatlon which is even smallér than for the 4D
code, implying fgrther improvement in the performance of

20 the 8D code over the 4D and 2D codes. Transparency of
the 8D code to 90-degree phase ambiguities gives
immunity to rapid carrier phase changes. When
implemented in the laboratory, the 8D code is found to
have significantly better pérformance than the 2D

25 code--in some tases, more than 1.0 dB better performance
in the presence of many kinds of channel impairments.
The 64-state, 8D code is less complicated than the
32-state, 2D code, and is less than twice as complicated
as the 8-state, 2D code. The 64-state, 8D code

30 therefore represents an advance from 2D codes because it
improves the performanée of 2D codes without increasing
the complexity.
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the coding gain in the minimum distance, but the

constellasiomunappiﬂgﬁty of the eE@&Eréb@SttQiEhgtha,miﬂimﬁﬁEiVer 40, the
recei ved nDd& %ed carrlgé hannel gaa I s passed through an A-to-D
converter 42; %ﬁ%pY?% %ﬁaf?fé?aﬁ and an adaptive denodul at or 46.

Equal i zed and denDduIEQedexampHenaae3pastatare8deboderednsproahﬂy from
dermodul ator 464§ 058 d§§9 1EEEHQeﬁlé§mLﬁeﬁ§sE§ﬁEep Gkl MR Y

)
deci si ons on’ t he recelveg8 % i nate pairs to equalizer/ genn dul at or
updat i ng S|gHaF°€%@c%¢%?ortﬁ5 SqﬁéséspF@Flﬁhﬁaﬁﬁ gkatsirof® gPEepr bddssed in

cal cul at gp 4§tsnmalegpy§ast9nak Eaens&rbs? eeeﬁeawtup@a@ RAnSmamal s for the

equal i zer ang,denodul ato di scl os F "Jointly Adaptlve
Equal|zat|0ngéﬁﬁaﬁﬁ?r+§r£24’ larger tg 20 %o tge 64-state;,

code. It can be shown that the minimum number of states
required for an 8D convolutional code to provide 5.41 aB
coding gain in the minimum distance over the uncoded

15 case is 16. And the minimum number of states required
for a 4D convolutional code to provide 4.66 dB coding
gain is 8. S

These codes with fewer states are useful when
"the complexity needed to achieve the larger coding gain

.20 in the minimum distance of the lé-state, 4D or 64-state,
8D code is an issue.

The design of the 4D or 8D convolutional codes
with fewer states is similar to that for the l6-state,
4D or 64-state, 8D code except that with fewer states

25 the minimum squared distance between twé valid sequences
of 4D (or 8D) points corresponding to two distinct
trellis paths can no longer be requifed to be larger
than the minimum sqdared distance between two 4D (of 8D)
points within each 4D (or 8D) subset. As a result the

30 mnultiplicities of the error events with the minimum
distance of those codes with fewer states are larger
than for the lé6-state, 4D or 64-state, 8D code.
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_ Given the partitioning of the 4D or obU
-S 23 - . Rﬁmajt;emm:‘ﬁmrl Boendieonsd- éfﬂagjd,alqn:armen@mm S@Btaamciae’:6 Bel |
ystem Technj ¢ J.our na 4 Nar ch 97,
deci si ons may be dlérfpoysscf‘b]ﬁ[")l ttch]{u case ]trhcrécﬁsle dtarf atord]ﬂ{tﬁe(‘{] a{(y be
del ayed accdh mgininn dbistande mntr efudsefire nult Epkigkty d-’fea‘ﬂt%l ator 45.
Decoder 48, aligr el Vi ehdUHimd éigmkéélgoy N &4 ¥th Sng 8 SO_del i vers

to descranbl er 52 final decisions of scranbled information bits which were
sent. The oRPR CIMRISSALAH IRyl H998 nafokf¥AMPHT (RY r eam

10 increasing the number of states.

With a finer partitioning of the 4D or 8D
constellation, however, it is possible to further reduce
the multiplicity of the error event with the minimum
distance b& designing a convolutional code with more

15 states.

For example, a 32-state, 4D code with 16 4D
subsets, each subset consisting of only one 4D type as
defined'for the lG—s;ate, 4D code, can provide 4.66 dB
coding gain in the minimum distance over the uncoded

20 case, the same as for the l6-state, 4D code, but the
multiplicity of the error event with the minimum
distance is only 4, less than the 12 for the lé-state,
4D code and the same as that for the uncoded system.

These codes with smaller mult1p11c1ty of the

25 error event w1th the minimum distance are!useful when
excess proce551ng capacity is available for the
16-state, 4D or 64-state, 8D code, but not enough excess
to implement 4D or 8D convolutional codes with a
constituent 2D constellation partitioned into more than

30 four 2D subsets (of the kind discussed below).
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Referring Po migimym gisgascgepfaghendDseri 8P codedi fmam gdiats of dhe

delivered to as\fsttalte' aln%rzl 6ans@avieG e 880 cWalesh WiBads nhﬁ%atlbﬁn?’ g imnary
deci sions to the denmodul’ator and after sone delay delivers N

ua
final coordi n3tEP g ?Dd85|§Poﬁ§nﬁﬁeﬁéP§PP€ImFBPléﬁenFlﬁ%ﬂﬂ% of N signaling

nterval s. CopaettieioGingpplfi @heOrOnc@Atdiend! @Daidnd te Ao Wl ity
interval to aBPEh mappi ng table 64. For each block of N coordinate pairs

applied to tablf€ 64, the corresponding N groups of R decision bits are
grouped tdfether in selisahnt expapikl,ch Ghoskateny D aods wtth dd vered to

a bit deconveebattandelkosk gm@s& 981800p00e0 idfed! &y Y gpcoder

68. The deconverter and deco Farmrebarsd SEoRa JdP & ¢odi ng
from those peftEsgts &?ntﬁéﬂvﬂﬂ§n§wﬁﬁtéﬁ cof ipgr &3 ia -kro-the imdln dxium

converter 69 ahe@aab@vw@% the ohiaheal ca%e}rrbﬁhqql:u NOramf7 & Ridrd reamto
t he descranbl g convol uti onal encoders havi ng sel ect ed

nunber s of st%%@? 5B@Fa9|n§h8g§§elgft§3 “FldtErs 49 sode-

. Referring to Fig. 17, in such a 64-state, 4D
- code for sending 7 information bits per signalling
inteLval, the 2D constellation 1ncluaes inner and outer
groups of p01nts, as for the l6-state, 4D code. The =
inner group remains as the 128-901nt cross

20 constellation. Note that the constellation has been
rotated 45° compared with the 16-state, 4D code
constellation. The outer group has 64 points, which is
again half as many as the inner group points. The outer
group points are again selected from the grid extended

25 from the inner 128-point cross constellaition and
arranged as close to the origin as possible, but with
the following two constraints satisfied. The first
constraint is that if an outer point is rotated by 90,
180, or 270 degrees, another outer point is obtained.

30  The second constraint is that when the 2D constellation
is partitioned.into eight subsets, described below, each
subset has the same number of outer points as other
subsets. The iriner 128-point cross constellation also

R

satisfies those two constraints.
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_ _ . humber of inner group points of each 2D subset is the
5|gnalln%f|ntervals worth of “information bits at a tinge, coding structures
havi ng di’f f e?@Re 88sfPEdtRRoBRrEPRStehhabion 28 Aeyhole. The

- 24- subdbest aaasgkbhipedanatbeeeby eppasebEapLieest edehy tpgogsamm ng
o, ETopoceRaRT ang, i 908l BLCCSRA0LRe! ILBERRRSRLd LN iy
di scl osure ofrouped into two 2D families, denoted as AUBUCUD and

EUGUFUH. The minimum squared distance, Bdg,

10 between points belonging to the same subset is greater
than the minimum squared distance, 465, between

points belonging to the same subfamily, which is in turn

greater thanhthe“minimum squared distance, ng,
between points belonging to the same family, which is

15 yet in turn greater than the minimum squared distance,
dg, between any two point;._'.

s In the constellation of Eig;.17, the same
five-bit pattern is assigned to each of the four 2D
points which can be obtained from each other by 90°

20 rotations. | _

Two identical such 2D constellations taken
together can be conceived as a single 4D constellation
having 36864 (=192 x 192) 4D points. Only 32768

- (=2'%) 4D points of the 36864 points will be used,

25 namely the ones whose corresponding pair of 2D points do
not both belong to the outer group. From now on in
discussing the 64-state code for transmitting 7
information bits per signaling interval, we will refer
to this .32768-point 4D constellation as the 4D

30  constellation, which again happens to be identical to
that for the l6-state, 4D code except for a 45°

rotation. The average energy per signaling interval for

Ut
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which is to beiFeﬁa}ded as incorporated herein by reference. 16
State, Four-IDi nensi onal WedDowCadEine 64 (=8 Eom)emr]ﬁ}q;espe;md 7 bits per

signal | ing. i nt seval AR 18 31 3 49 ohla ddials | PR hieh Jand! es

two signaling rntérva mat i-on " one tine)
transnmtter 10 (PaRds t(Re Eourteemndnf(d dat.i ofadsh sAhvHixpe dppea?lin two

successive i gpalihg APl B BRGAN SOART RS KR V&&&éﬁ%@é Poi nt s

drawn froma 2D constell ation hawng@CI poi nts. . shows how
the 2D const el PRENGH RS LONSIA houdhed Same d& (5RO 8dl'dj1e 2 ich

constel | atildn ijRcludesanze a3 Bhel ATARIUM ﬁ&s;sed:mﬁx{@é | watweeh | eG4t ed
wi thin the boundar sho which is typically used th a non- chapnel - coded
system for sen |Dn§y V\@e&é?ngsll%aﬁq r’FS‘q rﬁaé‘%/ei/aﬁu( etohRet iz%fﬁ& nts
(indicated as daat) e\anc&hlt!m thypd tiaxahe dameatlmtnneragrong ppints. The
2D constel | at i Qa1 AL HCS AL OUE HARHAE LIS BT 485 JBOY
only if the pair of 2D points corresponding to that 4D
15 point do not both belong to the outer groups of the pair
of 2D subsets to which that 4D type corresponds.
- Referrlng to Fig. 18, the 4D types are paired =
to form 32 4D subsets (col. 150), denoted as 0, 1,...,
and 31. The pairing, while producing only half as many
20 4D subsets as 4D types, maintains the same minimum
squared distance. between two 4D points within each 4D
subset as exists between two 4D points within each 4D
type.
éhe 32 4D subsets are grouped;into eight 4D
25 subfamilies, denoted as 0UlU8U9, 2U3Ul10UlL, 405012013,
6U7U14U15, 16UL7U24U25, 18U1l9U26U27, 20U21U28U29, and
22023030031, and are further grouped into two 4D
families, denoted as U i and t=11. Note that the
minimum squared distance, 8d0, between 4D points
30 belonging to. the same 4D subset is greater than the
minimum squared distance, 4dg, between 4D points
belonging to the same 4D subfamily, which is in turn

o]
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45 YCU 1Nl turn greater tnan e minlimum sduared

thetLnnertgrcw¢ﬁsﬁ?m§ﬁuté%,gbehpe@mimmy twe f@lsoiggsgroﬁptheapagnts gyiﬂg
on the extensigp, Of; kAN up.r i LI 89 eyon e
boundary oquhe 128*pd%n%ﬁcggggégoﬁzt§§F§€?§n3§ %Ee %u?er grggg poi nts are
arranged as clRIFLS ¢ RNOENGF ndBsSposet bie. ortrinefrore, if the 2D

constellation is rotategebyr99hgred, rig0leofla patd7@)/arr f4akeutet he
011911 2ach oul o R PHE. ! Shelall ocon Bnolfer SULST (A GURIBALI vy i e
as a whol e i s £hee as¢kreczbonblipbaseeded to specify the 4D subset from
"10 which a 4D point is to be drawn. The assignment of 4D
subsets to state transitions should satisfy at least the
following two rules. First the 4D subsets assigned to
the transitions leading from a state are all from the
same 4D family, and likewise for the 4D subsets assigned
15 to the transitions leading to a state. There are 16
transitions leading from each state to 16 different next
stateS. Those 16 next states can be grouped into four
groups of four states each such that the same subsequent
16 states follow each of the four next states in a
20 group. The second rule then says that the 4D subsets
assigned to eiﬁher (a) the transitions from a given
state to the four next states in a given group or (b)
the transitions to a given next state from the four
states in a given group are from the same 4D subfamily.
25 Following at least these two rules, it can be
shown that a 64-state, 4D code can be designed such that
the minimum squared distance between any two valid
sequences of 4D points is 5d§. The coding gain of
this code in the minimum distance over the uncoded case
30 is thus

This Sheet Has Been Replaced

AR




: S 2 . .
- 25 - rotational ambiguities of 90, 1¥D{®23d;270[err]; that is if the
pattern of 2D signal points in thergpnstellation is rotateg py ggounts
correspondi ng to those anbiguities, 1+ sane pattern of 2D signal points is
obt ai ned.) The 192-point 2D constellation is partitioned into four
equal - si zedSsubsets, denoted A, B, C, and D. :% Fig. 5 the subset to which
each point belongs is indicated by a correspondi ng | ower case letter, a, b,
c, or d. The subsets are grouped into two 2D-fantlies, denoted AUB (the
union of Awith B) and CUD. All subsets have the sane nunbers of inner
group points and outer group points. The rati@.ggzthe nunber of outer group
points to the nunber of inner group points in each subset is thus the sane
as the ratio for the entire 2D

Satisfaction of the first rule guarantees that
the mimimum”squared distance betﬁeen any two allowed
10 sequences of 4D points is at least 4d§.
Satisfaction of the second rule above is necessary in
order for the minimum squared distance between any two
sequences of 4D poinés,to be greatgr than 4dg. =
The multiplicity of the error event with the
15 minimum distance of the 64-state, 4D code is 72 and the
code is transparent to all 90-degree phase ambiguities.
To further increase the coding gain in the
minimum distance or reduce the multiplicity of the error
event with the minimum distance of the convolutional
20 code using those 32 4D subsets, the number of states can
be increased._ The limit on the coding gain in the
minimum distance in this case is 7.66 dB and the limit
on thg multiplicity of the error event with the minimum
distance is 12. Further improvements can be attained
25 using even finer partition of the 4D constellation.
Referring to Figures 18 and 19, in mapping the
available bits into the 4D constellatfbn, after using
the five output bits of the convolutionél encoder 151 to
épecify a 4D subset, a sixth uncoded information Bit is
30 used to specify a 4D type within the 4D subset. A bit
converter 152 then converts those six bits into two
groups of three selection bits each, ZOnZanZn and
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constellation of Fig. 17, each three selection bits

constel | at | 0o rBEDIHAUBIE 9ty bl TnARCRo BRI hri diPliREN POINLS
bel ongi ng 4 d%gﬁ_sane subset is greater than the m ni mnum squared di stance,

2[err] , bet %ﬁﬁqﬁf5 &nging to different subsets within the same 2D

famly, which is in turn greater than the mmyﬂnﬁﬁzﬂm&ged di stance d[err],

between any two poi nt 2D (Skobatl es of such dio |my§#fz sShown with

reference to point 74 on Fig. 5.) ation of Fig. b5,

the 2D points of subset A2Xare | abeled with a S|XKMlt value representlng a

bi t pattogf Z2[err] Z3[erd ZA[err] ZS[err] Z6[&Q  Z7[err] (i 0 or 1).
t

The sane pattern of a%oint in subset is & gned to each of t he
t hree 2D poi nts which canbe obtai ned fronlthe Men point in subset A by
90[err] rotations. E Two identical such (bonstellat|ons t aken
t oget her can be concei VE(g as the constituent igi
15 .H 100

The nine uncoded information bits which remain
w111 be used to select a 4D p01nt from the previously
selected 4D type.

A 4D block encoder 154, which is identical to

20 that for the l6-state, 4D code, takes three of the
remaining uncoded information bits and generates two
pairs of selection bits, 23 Z4 and Z3n+1 4 n+1’ .
whose properties and uses are llke the pairs 22 ZB
and Z2 n+1’ 3 +1 described for the l6-state, 4D code

25 bplock encoder. .

There are eight 2D points in thE outer group or
in either half of the inner group of a 2D subset, and
six uncoded information bits remain for selecting from
among those 2D points. Those six bits are taken in two

30 groups of three bits each, and are renamed as
25,26 27 and 25 .26 .27 .,. The first
group ZS Z6 nZ7, will be used to select a 2D point
from the prev1ously selected outer group or the selected
half of the inner group of the first 2D subset, ang .

35 « . .
likewise for the second group an+lzsn+lZ7n+l'
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and the 4D block encoder, the 4D constellation mapping

- 26 - Coﬂétﬁéﬂuﬁébéastﬁioé‘gﬁ'%ezﬁf?: Pié@ié{i’r}n 1%368@6&1’.( =192 x
192) 4E)£O|€h% the_four coordi nates of eac D point being_the sane as the

two pair d%Wﬁ?ﬂ%fe%“@fd??@ﬁ%ﬁn??ﬁﬁkﬁﬁﬁ?&ﬁimﬁ?eo?hﬁﬁ)Eﬁﬁ?ﬁ%d one from
each 2D constel | at iBrbod i@t 3848 q( T8betbhvblat ibhal 3684 4D points will

be used. narely the gnog, WIgSe: SPILERRON NG, PUL, O, BRI do not both

partitioned as follows to send 7 information bits per
signaling interval.

10 Referring to Fig. 20, the constituent 2D
constellation includes inner and outer groups of points,
the inner'group being the 128-point cross
constellation. The outer group has only 16 points,
which is one eighth as many as the inner group points.

15 The outer group points are selected from the rectangular
grid extended from the inner 128-point-cross
constellation, and arranged as close to the crigin as
possible. Furthermore, if an outer point is rotated by
90, 180, or 270 degrees, another outer poiqt is

20 obtained. As in the case of l6-state, 4D and 64-state,
8D codes, the l44-point 2D constellation is partitioned
into four equal-sized subsets, denoted as A, B, C, and
D, and the subsets are grouped into two ﬁamilies}
denoted as AUB and CUD. The distance prdberties of

25 those subsets are the same as those for l6-state, 4D and

64-state, 8D codes. All subsets have the same numbers

of inner and outer group_points and the ratio of the
number of outer group points to the number of inner
group points of each 2D subset is the same as for the 2D

30 constellation as a whole. - '

Eight identical such 2D constellations taken
together can be conceived as a single 16D constellation
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of the corresponding elghﬁ 2D p01nts,.one frOﬁ:each ﬂﬂ .
group. Fro n_di scussi g7t st ate e fqor transmtting
bits per S|§%§ 3Eaﬁ98PVaI%d%¥ °%e%gF ﬁg thig%3??6§tﬁoﬁﬁﬁ 4D
constell%llgﬁeds naaed® ¢mnsmeﬁbatwhnch dhemaser age eifertdy pdghti gnal i ng

i nterval foEoEQ%séQnﬁQ% % ervapgg §28 5%@ QFt h% %2§k[err] Si nce

t he peak energy per sig aI|n to-average
power rati oFFSM2neE ofpgmhen Mﬁaﬁeﬁhé anRhEoléDecaggtpdﬂ@mlpabl@e 2. 33,

for the 64-peaat th&%t Qﬁ@u:pgrln%Dmnefo%lsltatlua@lswmale%suwﬂ.ér@u%
r

non- channel codeg system sendi % bits Eer signaling 1nterva
Ve now def | RBSEAEAEH - At 87 PseShown: khas: B§p6H&Fﬂ§et8“§r68n@£FEnat|on
of a pait otighadlibgetinteandldeFoted asn( AoA)steﬁ.AaB)lon is and (D, D). Each

4D type has,20 @i nt e m_ni,rum squar ed di.st ance between two 4D
poi nt s beloﬁg %gsgo th%‘?&%ﬁ AR E&Fégy]pﬁﬁl ﬁgn§ﬁﬁﬁg sane as the
n1n|nun1squéﬂ@&rdaitaﬁcé4bé@wee¢hwwpea®—mormvsrbgbop@wmg trattike sanme 2D

subset. (Thegssguangd fli;Thanee RANeeR15%e 4Ran the peak~to-average
power ratié, 2.07, of the non-channel coded 128-point
15 cross 2D constellation. The squared distance between
two 16D points is the sum of the eight 'squared distances
with respect to the eight pairs of 2D points to which
those two 16D points correspond.
We now define 4° 16D subtypes, each
20 corresponding to a combination of eight 2D subsets, and
den_oted as (.A,A,A,A,A,A,A,A), (A,A,A,A,A,A,7A,B),..., and
(b,p,D,D,D,D,D,D). .
Each 16D suStypé has 241 points and the qinimum
© sguared distance'between two 16D points Belonging to the
25 same 16D subtype is 4d§, the same as the minimum
squared distance between two 2D points belonging to the
same 2D subset. Each 16D subtype has the same structure
as for the 16D constellation. That is, a 16D point
beléngs to a 16D subtype only if at most one of the

30 eight 2D points corresponding to that 16D point belongs
to the outer groups of the eight 2D subsets to which
that 16D subtype corresponds. The 16D subtypes are..
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points is s?n%?@e? %125%?%? ?ﬁgwgaﬁaF%% d?%t%%%%%smffﬁhresﬁggp %SDthe t wo
pai rs of 2FWYFeEsteobantha sApecaswbhab phthis @@¢he&§©ndU?tMDEe al so that

each 4D types Aé&&nﬁhﬁsﬂqwastﬂké&'eﬁe f—PPé@' NSe O8hY 4Pnb? ant gnb
- 27 - 3? i ch the corresponding pair of 2D points do’not ofh Belong to
t he outer %bgh thﬁgn§E£§aB§é9g are taken as forming a first 8D

constellation. This 8D constellation is partitioned
into 16 8D subsets, which are denoted as 0, 1,..., and
10 15, and are grouped into two 8D families, denoted as
0UlU20U3U4U5U6U7 and 8U9UL0U1lU12013U14U1l5, as in the
case of 64-state, 8D code. The second 8D constellation
formed by the fifth, sixth, seventh, and eighth 2D
constellations of the 8D constellation is likewise
15 partitioned. The distance properties of those 8D
spbséts are the same as those for the 64-state, 8D code.
. Next, we define 256 (=16 x 16) 16D types, each o
' cdrrespdndingfﬁé'é“pair of 8D subsets, and denoted as
16D type (0,0), (0,1),...,(15,15). Note that each 16D
20 type.has 256 16D subtypes and the minimum squared
distance between two 16D points belonging to the same
16D type is 4d§, which is the same as the minimum
squared distance between two 8D points belonging to the
same 8D subset, which is in turn the same ;as the minimum
25 squared distance between two-16D points belonging to the
same 16D subtype, as desired. This is the first step
towards the grouping of 16D subtypes into 16D subsets.
Now, referring to Figs. 21A, and 21B, those 256
16D types are grouped to form 32 16D subsets, denoted as
30 16D subset 0, ,..., and 31, and further grouped into
' two 16D families, denoted as U i and U i. 1In this
grouping, for each 16D subset the elght first 8D
‘subsets associated with the eight 16D types in that -16D
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******* hadh A whil W AGMLAW VieWVIIM VY DWWV MUY Wl AR A WL

cor r espondifitfh & tthatubge g ypeSince the mimfmen;$guieedi¢is®rneéde 4D types
are paired BéxvfeHdntﬁchf'ﬂD %ﬁm%élor@ﬂﬁj efo a8iPfeden?, 8D .sulbdsk g (see

cols. 80, 82 fL . 6). The pairi yielding.only half as many 4D
subsets as " q'l @‘,ei a"beoﬁni a’&lgégylﬁ\h#%m rrglﬁt'?a’rrzk ™e same ni ni mum
squar ed di sﬂcarmsaq 4 srarjge bee tveaen t ywo BDopoist i bélongbnd Y0 shbset as
exi sts bet % WQéhlnwﬁfgﬁ 4£)#Mgesaggoa§dyﬁgtages of pairing

are that wt emer @he design of a sinple and power f ul
convol ut i of&inigge sq;uarml% ‘éh%ﬁ‘-@?lce a*h%lt‘ﬁ%ndé&i@déﬁbcﬁ%néﬁl ty i s reduced.

The waylt hadeXdASUbpais e gg)‘ﬁ@egsmss@@t | ows. The two first 2D
subsets associated with the t 4D types.1n each,4D subset span sither the
first 2D fanmily AUBERT %cgexgﬁd ‘?kl?)ggﬁn}?yt’EﬁDP“éﬁa ?Re%ﬁ@gf}((ﬁothe t Wo
second 2D sipseies eifoci £ esit vahd éhght 4&ecoh8e8D sShibsetdecause the m ni num
squar ed diStgggéiated with the eight 16D types of that 16D subset
span the same 8D family 0UlU2U3U4U5U6U7 or
15 8U9UJLOULIUL2UL3UL4UL5. And for each 16D subset in the
second 16D family , U i, the eight flrst and eight second
8D subsets assoc1atec with the eight 16D types of that =
16D subset span dlfferent 8D families. Since the
minimum squared distance between two 8D points belonging
20 to different 8D subsets within the same 8D family is
ZdS, and the minimum squared distance between two
8D points belonging to different 8D subsets of different
8D families is dg, the minimium squared distance
between two 16D points belonging to different 16D
25 subsets within the same 16D family is ng, and the
minimum squared distance between two 16D points'
belonging to different 16D subsets of different 16D
families is dg.
Since the same 8D subset is obtained when an 8D
30 subset is rotated by 90, 180, or 270 degrees, this
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convolutionpal code with those 32 16D subsets does not
bet ween two 2D points e}onglng to dlp?erent %D subset s mntﬁln the sane 2D
g

famly is>2dpeed]teneakenppiinPSndageaedretasdensePhe&het wo 4D points
bel ongi ng t ocbhsteanBt 4BnSWAEE acksufd] er theThAes@igghbbf4Bosubgebs are
t hensel ves grouged |n£g t wo 4D.fag1||es,ld§notegtasd%PLU2§g and 4UsUeUr7.
The two firsFOEAL POR SEcORURE 2APEUGEBYELHE408R M 8% &F &8UR BR%Subset in
‘the first 4Dmbam éysfekU2URndpanltiheagsacen2bliudiiionglAdBder i6UD, and in the
second 4D fag)ky;LPgnt"Rof LERbvE"E11RNRCE8 EeaPeR BESLR anbiguities
10 of the constellation.
With those 32 16D subsets, it can be shown that
a rate 4/5, 32-state convolutional code can be designed
such that the minimum squared distance between any two
valid sequences of 16D points is 4d§. The coding
15 gain of this code in the minimum distance over the
uncoded case is thus
2.

460 : | =

| 21.87542
20 10 1o L5941 as
90 — '

dg

2

20.5d0

The design of this code only needs to satisfy the

25 following requirement. The 16D subsets assigned to the
transitions leading from a state are all from the same
family of 16D subsets, and likewise for the 16D subsets
assigned to the transitions leading to a state. The
multiplicity of the error event with the minimum

30 distance of this code is larger than 1000. This number
can be reduced by using more states. The limit on the
multiplicity of the error event with the minimum
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Further performance improvements can be obtained using a

-28- associﬂ;eelde%é%ﬁsggé:{}gsg f‘rv\V%SféD sg@rpcgéiiggggﬁ 2D fam lies. Because

t he nlnl&fn1squar en two points belonging to different 2D
subsets Wthin the sah® 2D theri¢gse sobdfrand %RdCPH8°ﬁPgFﬁﬂﬁisquared

di stance betmtwngw&@sb@ip@mm h&pPihd ecgnt bdDasnbeeta of

different 2D famljes.is d dist bet t
. 4D points betoRRYHY ?bgﬁFf£Br%%?sﬁﬁi%%B%%ggH%§g¥$égtHéEE CED ?aﬁ?F; |2D

Ed[gr;% andai%fsﬂ%ﬂéévﬂfSﬂuﬁiedcdmﬁéﬂﬂ@e &ed weeb6Dwb14Bkpehnbdebel ongi ng
note that | 1P ArERFETRES, 12 POt R e atou PhetBEk BE EInEtng, FHeC ook e,
anot her b pmhsétlnseabhaoﬁeﬂheA&ﬁ lé6Dasubssbbselosest to the

received point can be done by first finding the 8D point

in each of the 16 8D subsets closest to the first

received 8D p01nt the first received 8D point

consisting of the first four 2D points of the received

15 36D point, and likewise for the second received 8D point
which consists of the remaining four 2D points of the .
‘received 16D point. Thus the_encoder.ahd decoder are
relatively simple. Those 16D convolutional codes are
useful when larger coding gain in the minimum distance

20

and smaller constituent 2D constellation are desirable.
Other Embodiments
Other embecdiments are feasible.

The convolutional code can be of the
feedforward type. In that case, the convolutional
25 decoder (Fig. 4), in addition to providing the
finally-decided multidimensional point, also needs to
provide the associated m bits corresponding to the input
of a rate m/m+l convolutiohal encoder. In that case,
performing the inverse conversions corresponding to the
.30 bit converter and multidimensional block encoder on the
NR bits obtained by N uses of bit mapping table 64

.-
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the m bits provided directly from the convolutional
rotated by 18@kebgk f.he same 4D subset is obtained. - The design of
a l6-state, 90-degree rotationally invariant |inear convolutional code wth
t nese elgh§ 4D subsetswh§hqImﬁﬁnﬂﬂkﬂimentﬁﬁg@UN@&ﬂuﬁﬁ’ldﬂbnmnkaqm

described as BQtdegoeder Arakisaiaites iiRvar bq'at:kl bod v isid Aﬁﬁ%@rent to all
90, 180 and 2%0-de rﬁf phase anbi guities of the signal ‘constellation.)

Arate 2/3, 18P4EAVELS REaATCIMFSEGEIrokBe BNES8sr B eed R B afenerat e
three bits (Y@héegkr. Ilpemrkxamyielb[ebhhh meeded to specify the 4D subset

f whi ch Dy d atter n YJerr],

I Ir?cranrr] | IC2[ 2r ?5] : Etr?nlsl of |9 S r%)cggr r(eggpé'g‘ 3s'tehé’ em%é rbf(ﬁﬁ)«aﬁ“"rf or each
subset . eﬂoténﬁﬁaﬂaéoﬁﬁématﬁ@nﬁm @nd@demh&4mwmhaneaﬁkthSJﬁnxtﬁmnqkwtlon
of convol uti O'B%h.n%n%‘é‘i'ﬁr ad4 dffzteshe 3:%% QQV%' ﬁ‘?' | r}(e%ﬁz# (,(Sc.i__gcertal n

bits.) I n conval utional enco each q. 7)

represents a tBRpBRAL) tdEs: &fe té‘ieeﬁ’éﬂt"-lﬂﬁﬂ@wsﬁ@ln@sl Wshﬂiﬂtamme fhr two

signal i ng i ngesdanSoft e rotationally-invariant convolutional code,

the differential encoder and decoder, the bit converter

15 and deconverter for the constellationlmapping, and the
search for the closest point in each of the
multidimensional subsets remain the same as before. A
block encoder is used to generate S additional bits,
when needed, such that the resultant NQ+S+1 bits to be

20 mapped into the 2N-dimensional constellation can be
evenly divided by N. Denote the resulting quotient as
R. S is thus at most N-l1. The block encoder is a
combination of J block encoders (of the Find previously
described) which are operated in parallel, and are

25 dernoted as 2N5-dimensional block encoders for j equal
to 1,2,...,J. J may be equal to 1. Each Nj is a
power of 2 and is at most equal to N. Two N. for
different j may or may not be equal. Note that each
2N.~dimensional block encoder adds Nj—l additional

J .
30 bits. The selection of_Nj is such that the sum of
NJ, for j equal to 1,2,...,J, is at most equal to N,

preferably as close to N as possible, and the sum of. -
Nj-l, for j equal to 1,2,...J, is equal to S.

is Sheet Has Been Replace

TR



Ithe number of 1nPer group points in eacp %f thiﬁ?f The
- 29 - va In.t el.enent wa appears a S outpil
circles narkggnsgfggenﬁrg | §4BBat EQEFEéivégquélSﬁﬁﬁﬁsF°Tﬁb outputs of the
2T el enent8 and bhesnmabkedo¥l parel ~-g¥8lhpr pbin'¥8[ dnr lchaan@pM[err] which
t oget her CO”PBB§€eiT§t§UBrSHLait%Ee of the finite state device

(L/N) x 2RL,

A 2N-dimensional constellation is then formed
by concatenating those 2Njfdlmen51onal conste;latlons
10 w1th

N,EiN 2D constellations, if there are any, each
with 2 points (not divided into two groups).
A 2N-dimensional constellation mapping and
demapplng are then performed accordlngly by N uses of a
15 tablé for the largest constituent 2D constellation
involved. o
N need not be a powe{.of 2. .Then the partition
of the 2N-dimensional constellation can still be done in
an iterative manner as before. When N is an even
20 integé;, the partition of the 2N-dimensional
constellation is based on the partition of an
N-dimensional constellation in the same manner as
before. When N is an odd integer, the partition of the
2N-dimensional constellation is based on the partitions
25 of 2N, - and 2N,-dimensional constellations in a
manner similar to the case where N is a power of 2.
Nl and N2 are chosen such that their sum is equal to
N. Preferably the difference between Nl and N2 is
1. Assume that there are Ml 2Nl-dimensional subsets
30 jin each of the 2Nl-dimenSional families (or
subfamilies), and M, 2N2-dimensional subsets in each
of the 2N2-dimensional families. When Ml is equal

to M, the partition of the 2N-dimensional
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g :
. Then each -di i 1b ist f
represent ed b¥ encoder %ﬂ lnen i t?f %ﬁté?%ﬁ%h s%afe g&ts mar ked

W[err], we[ef¥] %@ﬁ%ﬁ%?“ahnﬁwﬂﬂ%er¢§CVWRNﬁﬁxm@ﬁﬁi@mabohﬁpﬁsbeuhe Aext

state Of erfcoplsn 84f a 2N, -diméRs VoLl t AP SEUMRACES of state transitions
of the convol i opal encg ei are allowed as represented by the branches in
the trellis d#égr%hm%?sF?ﬁa gSubset. fh?ﬂ“lF?éL %1mFH§196a5055|ble current

states are repmbsensedschﬂateaumntmfeakmszBGdEm@ﬂsnahhmdsﬁbeethg agf t  Of

t he dot with t r§.6S e e, definjing bits. The 16
p033|glé nextgstggggga%§l$§98%£%h§ﬁéﬁ fa%gi% a%%d g?%l#ls branches 90
connecti ng CU?N§Wﬁ1%Q®§é%n%b ﬁ@&%e%$a§%s0¢a@t@@emlthlEmed state _
transitiong Eﬁﬁé‘uﬁéﬁéﬁoﬁéﬂ Q@béé%l% eddpffé’Pé%{tf?Pémpgaéhbb%hrer a%@]' ons,

and can result fromonly four possi transitions. Each transition has a
4D subset ass?%%%ﬂgt%Plﬁ same MstQimenssonal famhbyti oByrthem each

current stategadepinPresepiedif¥néendD subsets NYALE! anRReds G i@l UM
92 to the lef{n a similar manner.
The design of a rotationally-invariant

15 convolutional code, the differential encoder and
decoder, and the bit converter aﬁd-deconverter for the
constellation mapping are done in the same manner as in
the case where N is a power of 2. The search for the
closest point in each of the 2N-dimensional 'subsets is
again done in an iterative manner similar to that used

in the partition of the 2N-dimensional constellation
discussed above.

20

A- combination of J 2Nj—dimensipnal block
encoders, for j equal to 1,2,...,J, (of the kind
25 previously described) operated in parallel can then be
used to geﬂerate S additional bits, when needed, in a
manner similar to that described above, however, without
requiring that the resultant NQ+S+l bits to be mapped
into the 2N-dimensional constellation be evenly
30 givisible by N. '
The N constituent 2D constellations and the

2N-dimensional constellation are then formed accordingly
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of that state. dePgpPépanpgre, Peldormgdsaccondingdm bur Nemsest afe 200G ke e

assi gned 4D sulgget $HQ aalsg%srte%l%%%ttll‘éﬁley\taQDsE%W%teih.%@ﬁﬁi GHFIMy Pl i ST es
t he follomnq? three rul es: (1) The 4D _subsets assigned to the
e

transitions Teading froﬁPa°§P§FeeQP@“&WF“FF@nFPﬁec&%ﬁ9L95H9ﬂﬁ43F°Qﬂm
| i kew se for thmayiBdsubeetes thanooinat e@dundanche bitgnaHed &igd8HE16t a

Sstate. can be other than a signalling %%térval in a QAM system,
and the constituent 2D constellation can be from other

than a rectangular lattice, for example hexagonal or
10 circular.
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(2) The mi ni nektSqREr 88NA1RY aAREL SEPAREINT vB GPR DSeQVEB RieTiRaRN} &P Roi nt s

COfreSSOSdingplﬁr%ﬂmtﬂiﬁfiQﬂﬁnhlﬁihésspﬂtﬁﬁ tEeIapg&f%thﬁﬂnEhﬁﬁﬁkni”Um

square i stance between two 4D points w thi D set
voafnd pir

Fgrdefanple,
this rule is satisfied by the follow ng a%% ?r?ﬁﬁp BF 85. 7, 8
(a) For each eucodat tbeainfvtietionPhirs | tVaf cappesvl| duringtaeblogk of

possi bl e neXtaétf&&étaEQOV@LEEfL1¥€£e§§]%&é@n%wéﬁﬁgo%%ﬁgré Pgdug&anéo’ and

11. (b) Al Lrgn5|t|ons orrgrnating fromeven-n ered states (states with
W err] equaiPitEShioafermsai §aedodrskapakt ROFREnFEheCELPR bibsT &AF| v

QUIL2WS. (c) AkkatpaBekti gB3eetiBhNabhAg hoapteddepugbesed, skakesatht at es
with Wi err] equal to 1) are aSS|8£ed 4D, subiets fromthe second 4D fam |y

4U5UU7.  (d) SPEAYSEE P%e%&@néabg nts8PYREH1PE PRESyr anBPLFoRdiPERsERRAL

cgaren;bstagst@haurbwﬁberaﬁmﬁbefgbmwéemﬁlﬁigdﬁmeﬁgeanamnbehgdgamatiﬁn
odd- nunber e next state, en_Y.s so.the 4D subset assigned,to the
transition frgﬁftﬁéléu#ﬁgﬁ%ls§§gg mu?Ll—dlmenSLOnaE 51gnai 8Olnt

selected for a particular said block being dependent on
the multi~dimensional signal point selected for at least
one other said block; said selection means being arranged
- operatively to establish a correspondence between each
possible combination of. said signal point selection bits
and the coordinates of a multi-dimensional signal point in
said multi-dimensional constellation, said encoding means
and said selection means being arranged operatively to
define a partitioning of said multi-dimensional constel-
lation into a plurality of multi-dimensional subsets, said
multi-dimensional constellation being a concatenation of a
plurality of constituent constellations each of which has
fewer dimensions that said multi-dimensional
constellation; and modulation means adapted in operation
to modulate at least one carrier for transmission over
said channel in accordance with the coordinates
represented by each selected said multi-dimensional
.signal point; the apparatus being characterised in that
said constituent constellations comprise arrangements of
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particular amounts, preferably including 90°, 180° and

vaerr] vl epcl Borer | A1 5l 10,80 800 suberedy (0L VS i 6cbs 9

state, wheré& €s-an I nversi o
(3) For eacheamansaite ofiuttbera adapted: tx atausd | spif wg}aqqedmww#t}—
Wi[err] to }B%rl e nexdty 5 L egmhﬁér 12 1 busBirrid1eN ebr lbéfnX

denotes the set assi gn transition, and if Y enote the 4D
subset obt aideePd@teninn@ ATRRRAE eEhat| aviodds: dh®0efEgFEe Ok " then

Y nust be asyi@l (ghdde toea6idndrof rany tde £alid enoshese V\l[err]
VW[err] WB[err] Wiferr] to the next state Wi[err] VW2[err] WB[err] Wi[err]

For exanple, if 4D %@ Slafuls éééf@ﬁgg to éb&ugr@nsrhkeﬂetr eRkshake 2000

to state 0000, then set assi gne he transition from
state 1010 tHeed dn thap. sald encoding means and said selection means

are further arranged operatively to define said
partitioning into said multi-dimensional subsets so that
the coordinates of each said multi-dimensional signal pcint
in a given said multi-dimensional subset will be translated,
under a phase rotation of any of said amounts, into the co-
ordinates of another said multi-dimensional signal point in
'said given multi-dimensional subset.

3. Apparatus according to Claim 2, further character-
ised in being arranged such that each said constituent
constellation is partitioned into constituent subsets such
that a said constituent subset is translated into another
said constituent subset under a phase rotation corres-
ponding to one said particular amount; and in that said
encoding means and said selection means are arranged
operatively to define said partitioning of said multi-
dimensional constellation such that each said multi-
dimensional subset comprises multi~-dimensional types each
of which is a concatenation of said constituent subsets
and said multi-dimensional subset is invariant under a
rotation of said particular amount.
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codi ng gain

terns of the m ninmu i st f th th d
128- poi nt 2D cré@s C%HE?EPFéﬁlBﬁcPﬁg}Egoanﬁig m Y
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Comprise alili poOoslilie CUllLaltildllJile VL S8a s eEasemememt e

subsetghandi eschr ghédgtupanbedengRatot At ALASHUANSqFE €Y
i A¥mdMei8hhowedpgeguences of 4D points is 4d[err]. The

ised in that said encoding means comprises a convolutional
coder which is adapted operatively to generate from at
least one said information bit a plurality of convolutionally-
encoded bits that include said redundant bit; in that said
selection means is adapted to select the multi-dimensional
subset from which said multi-dimensional point is drawn
based on said convolutionally-encoded bits, and in that
said encoding means further comprises a differential
encoder operatively arranged to differentially encode at
least one non-convolutionally-encoded said information bit
to remove the ambiguity resulting from a rotation of any
of said amounts. |

6. Apparatus according to Claim 5 , further character-
ised in that said differential encoder is operatively
arranged to differentially encode only non-convolutionally-

.encoded said information bits.

7. Apparatus according to Claim 1, further character-
ised in that said encoding means and said selection means
are further arranged operatively to define said
partitioning into said multi-dimensional subsets so that .
the coordinates of each said multi-dimensional signal point
in a given said multi-dimensional subset will be
translated, under phase rotations of at least one but not
all of said amounts, into the coordinates of another said
multi-dimensional signal point in said given multi-
dimensional subset, and will be translated by another one
of said amounts into the coordinates of another said multi-
dimensional signal point in another said multi-dimensional
subset; and in that said encoding means and said

selection means comprise a convolutional coder whose state
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h t
where dlerr] is the rﬁ%?rr-r%?ﬁlss ?J%(r:%ﬁd%ingt RSB ueth furtBBr SRS t he

128- poi nt ZDﬁﬁQxﬂﬁ(h#%ﬂ@l@érabﬂedaﬁHCQOtBéFth? m§lthedam§n§g§néﬂergy per

signaling i dyyaed widkherd<81e9i f'i—oﬁDrSEQQ%QOQSEQ'rE%t @Dt i-dimensiohlg
squared distanCe error events which differ

second rul e eI|n1n tes m m
in nore thatBiRs 4%%0??&&%5 YPrIBRAt sLHuBATLIBRILECPBI AE&tSt hus reduci ng
the mul ti pl itdans iafion nililich Slqasr £dpdeédébeeRireforelationship to the

state transition to which the first multi-dimensional subset
is assigned.

9. Apparatus according to Claim 8, further character-
ised in being arranged such that it said first multi-
dimensional subset is assigned to a transition from a first
state to a second state of said convolutional coder, then
said resulting mdlti—dimensional subset is assigned to a
transition between two states determined by a predetermined
one-to-~one function of said first and second states.

10. Apparatus.accordipg to any of Claims 7, 8 or 9,
further characterised in that said convolutional coder is
adapted operatively to generate from at least one said
information kit a plurality of convolutionally-encoded
bits that include said redundant bit; in that said selection
means is adapted to select the multi-dimensional subset
from which said multi-dimensional point is drawn based on
said convolutionally-encoded bits; and in that said
eﬁéodipg means further comprises a differential encoder
operatively arranged to differentially encode at least one
non-convolutionally-encoded said information bit to remove
the ambiguity resulting from rotation by any of said
amounts.

11. Apparatus according to Claim 10, further character-
ised in that said convolutional code. is operatively
arranged to generate said convolutionally-encoded bits
from bits which include at least one differentially coded
said information bit.
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events to ZAFW%W% * i eﬂfF?ngTE pE’PCED B:&arﬁ) ea\/ﬁﬂ chsqlsd in
this case, znonstjuuennﬂnnnsﬁelﬂhtmmmtBsamlwqﬂadeﬂndmstwmc@rdUPerr] froma
given 4D point in the same 4D sub third rule arantees

Th
that the code cah? b@?%@?\‘%n@ﬁ%?%ﬁ%nﬂotal Fl%l‘\jgér'eéfur%r rHChete

recei ved si gigdg ﬁtrueathgaiamnéadsugssabah% obt aiamad sslieh sk1detsidiset s
rotated by 180 degaees the d

I, t.
Convol ut | ondleU A o 109 PAXRBP G SEA8C B UE G et AT~ A
| i near convdiimemstixbnabdeonstéehliatdohf somentmﬂdr.Mmmisnsinaﬂr anigpwlency to

al | 90'deQr%§3{ﬁ¥§u&ﬁT@h are concatenations of signal points belonging
to constituent constellations, said multi-dimensional

signal points which are excluded being based on the groups
to which said constituent signal points belong.

' 15.Apparatus according to Claim 14, further character-
ised in being arranged such that there are N said
constituent constellations and the groups in each congituent
constellation include a first group that has N times as many
signal points as the second group.

" 16. Apparatus according to Claim 15, further character-
ised in being arranged such that said excliuded multi-
dimensional signal points comprise multi-dimensional signal
points which correspond to more than one constituent signal
point in said second groups.

17. aApparatus according to Claim1l3 , further character-
ised in being arranged such that said constituent constel-
lations include arrangements of signal points that are
ambiguous under a channel-induced phase rotation of a’
particular amount, and such that each said group is
invariant under a phase rotation of said particular amount.

18. Apparatus according to Claim 1,

further characterised in being arranged such that each
said constituent constellation is divided into two groups,
and such that all of said constituent subsets for each
said constituent constellation have the same numbers of

constituent signal points in each said group.
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eachh?ﬁ%ﬂm?ﬁ%ﬁﬁiﬁﬁ?qﬁmﬂt%?%ﬁnf%?ﬁf%+&%% %ﬁ?ﬁﬁf ginigﬁ fhe

convol uti onal peneadet dnd t lend vpetedenadrigl henging pdédokrnBer mation bits
into the 4D consteld aty raﬁﬁﬂ{ ac&%ﬁi 8. yaiLsmaf e needed to define each
a strai ght 2%% f

4D point; therefore a

or war pitng would require a_ table of

131072 (=2[err] fuptheroraharactenisas in Renghench| thekesafAnPuditds of
the 4D const eldijer¥y cHEL N PidErhi o SBICE thecaraRatish egordinate

values, a table of 8192 (=2[err]. x 4) coordinpate valu uld still be
requi r ed. Hom&%?ﬁtitwr}‘i(wv"é*ﬂsr%@]aﬁt}’)cﬂﬁs t’l'ﬁ"%f‘ﬁ‘él’d‘l"‘é ?osﬁéggﬁﬁﬂéé&n?& only

384 (=192 x 2)comutedilzat oAl Ngseimnch fpowdwerof etwsed to 96

(=48 x 2) when

all the symetri eszf)]‘ ﬁhe constellatipon are eéﬂi,ﬂhtfg’ permtting a

subst anti al

pparatus according to

further characterised in being arranged such that the
number of said multi-dimensional subsets is fewer than gN
where 2N is the number of dimensions of said multi-
dimensional constellation.

22. Apparatus according to Claim 21, further character-
ised in that N is 2 and there are 8 said multi-dimensional
subsets. o

23. Apparatus according to Claim 21, further character-
ised in that N is 4 and there are 16 said multi-dimensional
subsets.

24. Apparatus according to Claim 21, further character-
ised in that N is 8 and there are 32 said multi-dimensional
subsets. '

25. ppparatus according to Claim 1,

further characterised in being arranged such that
the number of said multi~dimensional subsets is fewer than
BN where 2N is the number of dimensions of said multi-

dimensional constellation.

26. Apparatus according to Claim 25, further character-

ised in that N isl2 and there are 32 said multi-dimensional
subsets.
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saving of haffePeriRplciiytance Wlthlﬁe?%Félﬁ l&ééﬁﬁ“?nﬁﬁonal St~
after using lLaeiohris swaplierbichsnothehwivdmvol disgaalceemidddmn tegdpecify a

4D subset, %9&rﬁg&??ﬂaERQKQEBBEQn@h&%FEOded information bit (13[err]) is

used to specl e wthin the subset. To make the code
transparent to @@[erAPPBﬁé§éSaﬁ§PQEﬂﬂP§st°tﬁ@aé§héblatlon of the three
convol utional 'y Eﬁgﬁﬂeblbﬁa¥gctekikéarhn baﬁﬁﬁrhrﬁaidéaiddﬁwtﬁhaﬁmxm&d bi t

I 3 th 4 f .Y
| Tlerr] 120 cPETHERoREFEaBERore iR SPRE 32LA: CRART DT E o TR Lon
Y[err], Y[eri}, shtiek ahamh&héDmuppmamoHuammmwaMmmhaﬂaachDsawﬁb Xis

rotated by 9 and 270 cl ockw se, respectively. Denote
SS[err]SZ[erg%gEggfg ?Sﬁerretf and S3[err]S2[err] as the bit pairs

obt ai ned when t hggbi ta fatéfseaéisz?éﬂﬁé]t¢sc_aﬁyﬁnmed Eyrener tharaztér-
EEQEZDPﬁibggqggéééﬁggé%a m31€1Cé£§3$2{o§§ ggggtgglaglbnlgasla Then
dimensions and said conwlutional coder has 16 states.

30, Apparatus according to Claim 5 , further character-
ised in that said multi-dimensional tonstellation has 8

- dimensions and. said convolutional coder has 64 states.
-31. apparatus according to Claim 13, further character-
ised in being arranged such that one said group is divided
‘into subgroups that are rotationally invariant under phase
rotations for which said constituent constellation is
invariant.

32. Apparatus according to Claim 31, further character-
ised in being arrxanged such that all of said constituent
subsets for each said constituent constellation have the
same numbers of constituent signal points in each said
subgroup. _

33. Apparatus according to Claim 1;

further characterised in being arranged such that
said multi—dimensional_subsets comprise multi-dimensional
families such that the minimum distance within each said-
family is greater than the minimum distance within said
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4. Apparatus according to Claim 33, further character-

- 33 - wiibe§ hfn BilinBabbeahy efdRidh thHtelsali dSAlardil- dﬁﬁﬂﬁﬁidnéiierr]
| 1[ err] 82 err

%err and Y err]Il[eqé]S%%gr;&? err] are err Y[err],
and Y[ err]fapidpec: FORpyise multi-dige Tt 495 SH ta bit
converter e CADHERLS dhie thade mﬂthl®N@bmmrbbibesﬁhﬂamyhﬂIfﬁegrqgtemto t wo

pairs of e?ll’ l[g t’ﬂg Rihimuﬁo%” c%lL&r rh]ln %Q%hzgaﬁrd ]fazrﬂ]:.[ﬁ)' whi ch are

used to s SSet < correspondrng to e 4D type (Not e
that bit Apparatus according to Claim 1,

further characterised in being arranged such that
Q said information bits appear in each said signalling
slot, Q being an integer, preferably 7.
36. Apparatus according to Claim 1,
further characterised in being arranged such that
Q said information bits appear in each said signalling
slot, Q being non-integral, and preferably 6%, 5% or 4%.

37. Apparatus according to Claim 13,
cuaracterised in that said two groups comprlse inner and -
outer groups operatively requiring different average
powers respectively.

38. . Apparatus according to- any preceding claim, further
characterised in that said signalling slots correspond to
successive signalling intervals.

39. Apparatus accofding to Claim 1,

further characterised in that said information bits
are arranged operat%yely to appear at the rate of seven
per slot; in that'each said block spans two said signalling
slots; in that said multi-dimensional constellation has
four dimensions; in tbat said multi-dimensional constel-
lation is partitioned into eight multi-dimensional sub-
sets; in that said encoding means comprises a finite-state
device having 16 states; and in that said constituent
constellations are two identical two-dimensional constel-

lation each having 192 two-dimensional signal points.
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block spans four said signalling slots; in that said multi-
converter &ﬁxm@nsimleadedohetaalhimoppms)rel@mtt 36 meints ﬁﬁﬁwerltﬁeruﬁud bl ockh
encoder 34 (Fi erf.or t he nv rS|ons n _thi eac
pair of sels(’ec C?O%Z%?%Eg P&S}SSR s C8'S 3 et Si B2 ét)&} éfs J\Mqton t he
fol | owi ng tsinteen multl—dlmeaiSubs.etsubsets, in ZOGper IS]alﬁl[eerqo]dlrrg
éC{err] Zideynd comprisesla finite—2tate dev&ce having 64 stQes;

10
D and in that sajd constituentheosis¢eddatiosge@rienfiourati on bits
whi ch renaifgenid icde wsddmeagll%talacf&ms@;@mtatflba@ EhenPhawiioks el ected

4D type. err to Fi , 7, and 9, a 4D bl ock encoder 97
takegpthree“bcf Cime‘?%h‘a’f*ﬂﬁ glﬁﬁé&dgﬁﬁ%r mation bits (11[err], I[err] and

I3[err]) and gener aappatratupainceopiisg eet iy tis (Z2[err] Z3[err] and
further characterised in that said information bits

appear at the rate of seven per slot; in that each said
block spans two said signalling slots; in that said multi-
dimensional constellation has four dimensions; in that
said multi-dimensional constellation is pértitioned into
32 multi-dimensional subsets; in that'séid'encodihg'means -
comprises a finite-state device having 64 states; and in
that said constituent constellations are two identical two-
dimensional constellations each having 192 two-dimensional
signal points partitioned into eight subsets.

42. aApparatus according Eo Claims 5 and 10, further
characterised in that said phase ambiguity amounts include
90°, 180°, 270°; and in that saiad convolutional coder is a
linear convolutional coder.

43. Apparatus according to Claim 1,

further characterised in being arranged such that
said constituent constellations are portions of rectangular
lattices.
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ABS CT . .
Z2[err] ZS['ETT:F%—( Not e that block encoder 96 is intended to be the
portion of the bit converter and bl ock encoder 34 (Fig. 2) that perforns

the bit conversion.) Each abphRRTRR FOROITENREIT NG dBrfMy asume any of
t he values 00, 01, or 10, BbpFo 1O BATP QIND agsritepd epval ue 10, The

first pair Z2[err] Z3[err]egriMabane adid Mody atikEme $EREINEE @HNPr outer
group of —T

Embodiments of apparatus are described for
transmitting a stream of information bits by sending
corresponding signals over a channel in a plurality of
signalling slots.

5 A family of multi-dimensional convolutionally
coded modulation systems achieves enlarged minimum
distance between possible sequences of signal points,
reduced number of error events with the minimum distance,
acceptable peak-to-average power ratio, reduced number of

10 signal points in each constituent two-dimensional constel-
lation, immunity to rapid carrier phase changes, and
reduced complexity, resulting in a reduced error probability
when maximum likelihood decoding is used.

. These advantages are achieved by the construction

15 and by the partitioning into subsets of the multi-
dimensional constellation, by the design of convolutional
codes using those multi-~dimensional subsets, by using a
bit converter and a block encoder to convert a multi-
dimensional constellation mapping into multiple two-

20 dimensional constellation mappings, and by a simplified
decoding technique.
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second group Z4[err] Z5[err]
converter 96 and 4D bl ock en¢
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produce si xteen point sel ect
are then group by grouping
bits each, Z2
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¥n OF Yn+i

under the point and the two bits ZO[err]
subset), to obtain the pair of coordinbile§ f& the first 2D point
corresponding to the 4D point defined byl the three qutput bits of the
convol utional encoder and thg tgel i rg wg\r!ﬁg ubicoed information bits.

bits needed to represent the paint (nanely the six bits marked

Zllerr] needed to specify the 2D

Li kewi se, the second group 80 sel 49 qn x d hebsama table 38 to
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by 90, 180, and 270 degreé CTERGPEQOER START

differential encoder 30 of The Torm[3[err]
+ 13[err] 12[err] ) nmod 100[err]
(68 in Fig. 4) of t
| 2[err]) nod 100bas
receiver will renov

encaoder 30 of Fiag

T2[err]
nd a correspondl ng differenti al

2FIRD CLOSESOLEDPRGING fiN teleH cnvol ut i

ablBse?-HrBiGe rEdEAED STlpbfii tiesfin-the constellation.
1S

respec§| ely. Therefore, a

= (I13[err] 12[err]
decoder

fOrr] - 13[err]

al decoder in the

gntended to be the

(Note that the diff ial
portion of the differenti al

encodes certain bits.) At ghe receiver,

encoder |30 shown in Fig.
t he

2 that differentially
decoder uses a

conventional nmaxi nufrTT Keli hood decoding argorTtimrsych as the Viterb
decodi ng al gerit hm destNP SQHARED PIREANCEr FRR/ EXCHer bi goLi'®Bm articl e.
Referring to Fig. 1Q, #<SESTH2RIPOINTA0\BRANGHMETRIESHecPder nust determine the
4D point in each of 1 ' ' sest to the received
poi nt and nust cal cul ate the squared di stance from each
ADD TWO 2D BRANCH METRICS FOR EACH 104 -
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cl osest 4D point to the received point.
4D branch netric for
Because there are 4096 4D p0|nas,o|n¢e
the nearest 4D points to the reécedwed

Tm

each trellis branahlto whi ch t hat subset

ot

@ oid the eight 4D subsets,
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determ nes the 2D point in each of the four 2D subsets which is closest to
the received 2D point (100) and cal cul ates the squared di stance between
each of those closest 2D points and the received 2D point (102). These
squared di stances are called 2D branch netrics. Because there are only 48
2D points in each of the four 2D subsets, the searching process is no nore
conpl ex thanghe searching required with respect to a 2D code.

Next, the decpder determ nes the 4D point in each of the 16 4D types which

is closest _tolthe received 4D point_and calculates the squared distance
bet ween eafhsmfsudsrse | cvosqdstidld pei Mt g3and t he recepvegbetD point. |This is
Cor oapontlag @ enen 4 e tocBude P 1PeaLat 1Al D X B P00
correspondb to the paitr Ot el Bsdst 6?F p}\i floﬁhr'-f(ﬂnmgjﬁmets
correspondl ng t @ that |40t ped(do4y. | © | (0,2),(1,3),(2,0),(3,1)

3 0 0 | I (0,3), (1,2),(2,1),(3,0)

4 0 ! 0 0 (4,4),(5,5),(6,6),(7,7)

5 o] I 0 I (4,5),(5,4), (6,7),(7,6)

6 0 ] | 0 (4,6), (5.7),(6,4),(7,5)

7 ) I [ | (4,7),(5,6) ,(6,5),(7,4)

8 | 0 0 0 (0,4),(1,5),(2,6}),(3,7)

9 i o] 0 I (0,5),(1,4),(2,7),(3,6)

10 | 0 1 0 (0,6}, (1,7),(2,4),(3.5)

I { 0 ! { {(0,7),(1,6),(2.5),(3,4)

12 I ! 0 0 (4,0),(5,1),(6.2),(7,3)

13 | I o) ! (4,1),(5,0),(6,3),(7,2)

i4 I I I 0 (4.2),(5,3),(6,0),(7,1)

1S ! I ! ! (4,3),(5,2),(6,1) ,(7,0)
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0 o 0 o (A A AA)
Finally, the decoder donParlesOthk tOw!suns |ofA2NhEhndh netrics
corresponding to the dai® of 8D |ydesiwQhin{éztKR BD qubset. The snaller
sum becones the 4D brgnc® net Pi c| adso¢i at ed WAtHCtBht |4D subset, and the
pair of 2D points -assqciated wth thelsral llefAsur €brrlesponds to the 4D
point in that 4D subsdt @hijchii s| cloosést! t ¢ tAeC £eBki ed point (106).
The 4D branch netrics jar@ tlhen uped t¢ extendattha dreljlis paths and
generate final delayed decr|sions|in the wsdakavayg £1137). Not e t hat
the cl osest 4D point i @ 4D gubpeip ot a ngd(Arom ¢ ne |above procedure may
not be a valid 4D poi t—pecEauge pogy 9f 1 Ng ¢RTA esgpndi ng 2D points may
come fromthe outer group—T T S[COMOITIPN[T TAGEREET €G I n the bl ock decoder
66 after final decisiqgmsyon—g | , (AACA)

i | 0 0 (AC AA)

{ l 0 I {ACCC)

! I ! 0 (ACAB)

1 1 1 | (AC CD)

STEP 2: 3RD 8 4TH 0 |]

ROTATE THE {2ND & 4TH
2ND & 3RD

STEP 3:

|

2D SUBSETS OF THE 80 SUBTYPE BY 180’ IF 14015 = {10

|

{r1

ROTATE ALL FOUR 20 SUBSETS OF THE 8D SUBTYPE OBTAINED IN STEP 2 BY

90°
180°
27C°

|

STEP 4:

} CLOCKWISE IF 16nl17n ={

ol
10
11

|

CONVERT 2D SUBSETS TO ZOmZim, FOR m=nn+i,n+2,n+3 BASED ON THE FOLLOWING TABLE
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13n+3 . 25n+2
- 38 - nul ti-tisensi onal signal points are made, by exani ni ngshbe pai rs
of bits, Z2[erriin+¥3[err] and Z2[err] Z3[err] associated wtrerhe pair of
2D points. If batp are 10, then the corresponding 4D point 1s zqh valid.
When this happefg., ON€ 0f the bit pairs Is changed to0 nake the Z00r | pairs

t oget her valid: 150+2 —Because of tne sinpriricatton 1mtne 4,
constell ation Ippi T | t back
to the 14 inforpgsl f ) rSs—si e ST a
. L f
strai ghtforwartc -
12n+2 Z4n+L
, - Ilne2 - Z3n+3,
Z2n+3
17ﬂ+| 8D 24ﬂ¥24‘
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mappi ng fromthé 4D constellation back to_the 14 information bits

138

woul d

require a tabl U?;ﬁg'g2768 x 14 (=2[err] folzﬁmfﬁts. Even when all of the

symetri es of e constellation are exploited, a table of size 2048 x 11
(=211 x 11) bit L hotIH 9588 |7 171843 @22 536 f BB\ ch 2D
poi nt of the RO ‘ot HAB pF At|s corrdsponding to fhe 4D point dan fir$t be
mapped back tfleight 4 bits U8iAfP d |8 hd €lbit ma ing tpble 64 (Fig. |4).
Then perform the inverse donversijons corflédd ﬁg tﬁré‘ue'tuggoyﬁerter
and 4D bl ock GOEes ',,ro.',"'“%: +-he—4—nFerfattor—p-ts——Fhe—fragpt-hg—Ff om a
2D poi nt back Jd|o g‘i:%ht 4 lk)%‘ts I ¢Oyig|6Sy g L3bl e of fonly 1536 (=192 x 8] bits
even when the symetrijes of tt?e cons e?latigm%rg pot sexploited at allf.
Anot her reductglon in donpl exijty of tihe decqder cofes fro the 4aising| of
two 4D types | g6uzdg AgSyip &t whirchjreducey fromgrght—tpfour{te—ujber
of possible tggnsitions | eadijggtp sqach st 3t e. This cqdi ng system
of fers a nunmbgg| of : 13276li"0s 4

22 7632|5410

24|67 2 3]450 |

26 2367|0145

28 76 32(5410

30 3276{1l 054

32|15 41 0|76 3 2

34 : 1 054|327 €

36 45016723

38 - 0145|2367

40{1 054|327 6

42 541 0{76 32

44 01 45|23 67

46 45016723

48(7 6 32|54 1 0

50 3276|1054

52 67234501

54 2367|0145

56|33 2 7 6]1 05 4

58 7632|5410

60 23670145

62 67234501

¥ CURRENT STATE = WinW2aW3,W4aWSqW6g,
¥ NEXT STATE = Wipneqa W2n4W3n+aWan, 4W5n 14 Won4g
% 8D SUBSET = YOplin12p!3n
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The/coding gain of the code over the uncoded case in terms of the
§7FEcity of the error event with the
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' Z a+t = [4n41

to 90-, 180-, and 270-degree phase anbl gwt By conparison, for the
best known 8-state, 2D code, the &odih® gain |Z§Mf1 V9 dB in terns of the
m ni nrum di stance, the nultiplicitam.ef= tha err(za,.gverzt,ww th the m ni nrum

di stance is 16, the peak-to-aver e POyer ratl 11| 93, and the 2D
constel l ation has 256 points. THEGY %eticall Y, 3h érzger codi ng gain and
smaller multiplicity of the errorZZexento wth tZBe+3rﬁ i rum di stance of the 4D
code inply better performance over the 2D code. Furthernore, the | arger
codi ng gain of the wHENCDgle =ilS THEN obt ai ned at the cost of increasing the
peak-to-average power ratio to an unacceptably large value. It is
inportant to keep tpi spof af4,Q, gyl because the transm ssion medi um may
distort the transmtted signal nonI inearly. The snaller 2D constellation
for the 4D code than f t he 2D code i ypl i es si npl ei ver__desi gn and
better performance whe hé’ r eceidfed “siPatlal & GTﬂrU;fﬁ‘ﬁ g TP cfép’éndent

noi se. Transparency of3ath® 4D ,c @3e+ t=01990- defFhe2c Wrase 2B gUildez €S Qi ves

immunity to rapid car ri'zgr= qhasq 22041 = O . Z2ne2= O . Z2a3: O

IF I2a44I3n+1 =01,

24n = ISn+t , 28041 = O » Z8n42= TTnel , Z8n43 = 12n42
Z3n = I8ad , Z3ne1 = O y Z3n42 = I6n+ , Z3n+43 = lins2
Z22n = O . Z2n+. = | sy Z2042= 0 , 22n+3 =0

IF  [2a¢13n+1 =10,
Z4n = ISa+t , Z4n+t = [7n41 , Z4n42= O o Z8n+3 = 12a+2
Z3n = l8n+1 4 Z3n41 = 16n+1 s Z3n42= O v Z3n+3 = Iine2
Z2n = O y Z2a+1 = O . Z2n423 | , Z22n43° (0]

IF 2aviI3n+1 =11,
Z3n = 15n+1 , Z8n+1 = [Ta+i , Z4n42 = 12042, Z24n+3:= 0O
Z3n = 18n+1 , Z3n+1 = 16041, Z3n42= ez , Z3n+3:= O

22n = O s Z2a+1 = O y Z2n42= 0 » Z2n+3= |

FIG. 15
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he 4D and 2D (‘D&PQ are tested |

t he

changes. \Wen both
performance of the 4
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-/énd the 4D code is
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aling intervals

FIND SQUARED DISTANCE FOR EACH

"CLOSEST 2D POINT(20 BRANCH METRICS)

the transmtter takes the¢ 28 information bits which appear in
nd encodes theminto four 2D signal

pojnts.
/|'4€

l

FIND CLOSEST 4D POINT IN EACH 4D
SUBSET TO THE FIRST OR SECOND
RECEIVED 4D PCINTS AND FIND 4D
BRANCH METRIC FOR EACH 4D SUBSET

147

-

l

ADD TWO 40 BRANCH METRICS FOR
EACH 80 TYPE( 80 TYPE METRICS )

|49

l

PICK SMALLEST METRIC AMONG FOUR

80 TYPE METRICS ASSOCIATED WITH EACH
8D SUBSET AS THE 8D BRANCH METRIC
FOR THAT 8D SUBSET AND USE
CORRESPONDING PAR OF 40 POINTS AS THE
CLOSEST 8D POINT FOR THAT 8D SUBSET

51

EXTEND TRELLIS

AND GENERATE
FINAL DECISIONS

| 153
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- 40 - Fig. 11 shows how thra"° E%"(':onstel | ation is constructed and
partitioned. The 2D constellation incluaes inner and outer groups of

poi nts defined by a boundary 120, as in tlhe 16-stfate, 4D code. The inner
group is still the 128-point crods sorst glol it j.on# However, the outer group
has 32 points, only a quagter as 8 oignt g/dsN\are in tée inner group. The
outer group points are agai s:elbeect ed ossi ph@opQi nts Jying on the
rectangul ar grid ext ended freopr't e i nner 42 - poi mt N\¢r@ss constel l ati on, and
are arranged as closg to phe/ogi gi nbas pgssiblbe. FuN hepnoreg if an outer
group point is rogated,byod®(, 180, oopo 273 degrees aboyNoedhg ori gin, anot her
outer group point®is obt/{dned. . /s in th G1t3-sdt are,o 49 cede
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- 41 - pa|r§7gf coordi nates of the correspondlng four 2D p0|nts 2/Re from
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will
constel |l ati on.

(=4[ err]) 8D subtypes,
and denoted as

subset s,
and (D, D, D, D).

is 50.5d[err], thd p
the 16-state,

refer to this 536,870,912-point 8D constellation as the 8D
The average energy per siygnaling interval
constellation can be shown to be 23. 5937
signalling interval
about the sane as that o

of the

I5d[err]. Since the peak

4D code

epch cdyregpond 1
AAAA, (AA

Each 8D pubtype has 2,d0¢

gsto B cogbi nat
AB),...,(BCC
[91524dpoi @ts &n

B),

8D
ener gy per
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16D SUBSET 160 TYPES
constel lation, g¢ontains only 8D points for which at nost one of the four
correspondi ng 2P poi nts bel dngs (igo, bye ouwtigry proups ,@) thet F odrn 2Dfsubset s
to which that 8P subt @pe corfresnands) (5, 5) Re{errging tor Fizg. 12A, the
256 8D subt ypes [are—gruouped QoS! f5eel|(@§poseg§ @O (& Zh) e
BRG ‘ (4.5)  (5.6) _(6.7) (7.0
2 (0, 2) (1,3) (2, 4) (3,5)
(4 , 6) (5,7) (6 ,0) (7.1)
(0,3) (1,4) (2,5) (3,6)
3 (4,7) (5, 0) (6 ,1) (7, 2)
' a (0,4) (I,5) (2,6) (3.,7)
(4, 0) (5, 1) (6, 2) (7, 3)
5 (0, 5) (1 ,6) (2,7) (3, 0)
(4, 1) (5,2) (6, 3) (7,4)
6 (O, 6) {(1,7) (2,0) (3,1)
(4 ,2) (5, 3) (6 .4) (7 ,5)
7 (0, 7) (1,0} (2,1) (3, 2)
(4, 3) (5,4) (6, 5) (7.6)
s (8,8) (9,9) (0,100 (1,1
(12, 12) (13,13) (14, 14) (15,15}
9 (8, 9) (9,10) (10, 11) (11,12)
(12,13) (13 ,14) (14 ,15) (15, 8)
10 {8 ,10) (9,11 (10,12) {u,13)
(12, 14) (13, 15) {l4,8) {15, 9)
" (8,11) (9,12) (10 ,13) (i1, 14)
(12, 15) (13, 8) (14, 9) (15, 10)
12 (8 ,12) (9,13) (10, 14) (11,15)
(12, 8) (13, 9) (14 ,10) (15,11)
3 (8 ,13) (9 ,14) (10, 15) (11, 8)
(12, 9) {13, 10) (14, 11) (i15,12)
14 {8 ,14) {9,195 (10, 8) (11, 9)
(12 ,10) (13,11 (14 ,12) (15,13)
(8 ,15) {9, 8) (10, 9) (11,10)
'S (12, 11) (13,12) (14 ,13) (15, 14)

FIG. 214
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16D SUBSET 160 TYPES
groupi ng, whille producing pnly one sixteenth as nmany 8D subsets ag 8D
subtypes, mai qtarns the sa|te mai gom sqqargeq U JANes bey9eq twol 8D points
Wi thin each 80 subsé® as ek *_L ) 5 51 | 8D
subt ype. Fo—FoFm "qi.;su( —Ee—HEstand j} ofd—eenst i t uent
2D constel | atijons cerrespoh '4' n(ﬁ ﬁ 5! )\m B at o 2L Tonead enated to
forma first donstituent 4D ca %TEJ aj I(dh I4;hl S 930} lﬁf\ncf AI ) an .l s
partitioned ifto eight 4D kubses'O)dendiled!ds 02312  (3.43Y4 7 | and
grouped into tjwo 4D famliks, dendtled 48,060 U2U36an8) ASWRYB) asfin the
16-state, 4D dode. pésecon corsstittluenti 14D esonsti@l,[1@0i on(3f o¥#led py a
concatenationﬂof the thirdf andid.ointh 28,comst el(legat @ ons ¢ @ Ispondi ng to
the 8D constélflation,_ 1S sjfmI@ligiparqnt®ned. (2naagi St aBces Pr operti es of
points in the |4D su® #Ret s € TNE JTE 35 1§9PSe (@ 1B Ipzstare, BD code.
Next, we defi e 64—(t=8—x"8§ 8?(6'”3:!'3, ‘f‘i"?‘Tqy (2, 15) (3. 8)
2! té, 9) 5,10) 6, 1) {7,12)
22 (0, 14) (1,15) (2, 8) (3, 9)
(4,10) ., (5,11) (6,12) (7,13)
23 (0.15) (1, 8) (2, 9) {3,10)
4, 11) (5,12) (6, 13) (7,14)
24 {8, 0) {9, {1} (10,2) (i, 3
{12, 4) {13, 5) (14,86) (15, 7)
25 (8.1) (9,2) (10.3) _(u, 4)
(12, 5) (13, 6) (14, 7) (15, 0)
26 (8, 2) (9, 3) (10, 4) {(11,5)
(12, 61 (13, 7) (14, 0) (15, 1)
27 {6, 3) {9 ,4) (10, ) (n,s6)
(12, 7) (13, 0) (14, t) {15, 2)
28 (8,4) (9, 5) (10, &) (1,7)
(t2, 0) (13, 1) (14, 2) (15, 3)
29 (8, 5) {9 ,6) (10, 7) (1,0)
(12, 1) (13, 2) (14, 3) (15, 4)
30 (8,6) (9.7) (t0, 0) (11, 1)
(12, 2) (13. 3) (14, 4) (15, 5)
3 (8 ,7) (9,0) (10, 1) {1, 2)
(12, 3) (13, 4) (14, 5) (15, 6)
FIG. 218
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SEQUENCE SENT
corresponding to a pair of 4D subsets, and denoted as (0,0), (0,1), and
(7,7). Each sOFe¥pelnNentdes relatep sobapperathsciosetsapRmibtingsat

i ncl udes tg\@réﬁnt&ﬁeﬁnfa%ﬁthbﬂt pibg B éé’xﬁ’@ﬁ@r@oﬁﬂééﬁ@héﬁlhgtQl?ﬁ)als
subtypes). The mn qu.aredl{g st ance between two, 8D pointS belonging to

the same S¥Y$Ypd F r’]“ ] R uEae Y e SAGR Y W9 o5 bBF Rt saBQIBﬁﬁl ng to
t he sane @smbslew,ldaaw ast bettwasie tgwPeSIX fed thien belformirspdan t hetease 8D

e "t PRATESFLen aE°oanen £ thuRLiched .00 o A, 00880, £ nfn

reference should also be made.

In an alternative respect this invention relates
to a method for estimating the most likely sequence of
multi-dimensional. signal points to have been sent via a
channel from a transmitter of the kind that causes said
multi-dimensional signal points to carry information
about said sequence based on state transitions of a finite
state device.

In typical so-called uncoded communication systems,
the Q information bits appéaripg in a sigrialling slot are
used to select a signal point from a two—-dimensional (2D)
constellation having 20 signal points. The choice of the
signal point to be sent in a given signalling slot is un-
related to the choice of the signal points to be sent in

" other signalling slots. The receiver estimates which signal
point was sent by simply finding thé nearest 2D signal
point to the received, ﬁqise altefed signal. The immunity
of such a system to noise depends on the minimum distance
between any two signal points in the 2D constellation.

Various techniques have been developed for improving
the noise immunity of such systems,
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For example, in so-called coanvolutionally coded
- 43 - shhsteagl dhethextgpe dRselbseds iar €sgrjkaped hhi 0 Tyvd Blredtam | i es,

denot ed as, QU1 UsUzZ and 8LOU10U11L12U13W14T5 ~ The, di %n%
properti ei\’%‘f W&% %B%@Bééfg%éﬁ%'del’s%ﬁ“ﬁ‘e‘# g'g‘laolvf/?g mla’" f? ?lres\{?/t he
four firstPhEse bbepnalassodidired mnshctionsown D ioxpestion dldr@8D subset

span el thajoi Nordlssl 8B.188Lley ORI O dde s4ronh AD{A0d] ve RS,

and |ikewi se Yor_ tf ) secand 4D sulsats assqciated wth that 8D subset.
Thus, becelmbleR HpnPidm Fqudnédudisstlance Béde PIW-9D Poi FREVDel ongi ng
to di fL ea ?Ikgtf&éﬁbééhérwihhltgé le‘_aS’ﬁ:ﬁEB..t;:‘{::atf afidsy d scedhedddcy thiee niEdi num
squar ed distance, bet ween two Qi nts hel ongi.ng ta the_ s: 8D subset is
ad[err], tHRe s%n’enggr‘aéi"\?vé’é’ntﬁ%&pgﬁ ﬁmﬁ%‘%%ﬁbl%ﬁ omf‘ﬂet Ame 8D
subtype. resulting Q+1 bits are used to select a signal point to bhe

sent. The 29Q+1- signal points in the 2D coanstellation are

partitioned into equal-sized subsets which have the
property that the minimum distance between any two
signal points in a subset is larger than the minimum
distance between any two signal points in the
constellation.

The convolutional coder is arranged so that the
signal points to be sent afe respectively drawn only
from certain allowed sequences of subsets. The receiver
estimates the sequence of sent signal points as those
signal points from an allowed sequence of 2D subsets
that are nearest (in the aggregate) to the sequence of
received, noise altered signals. The immunity of such a
convolutionally coded system to noise depends on the
minimum diétance between any two allowed sequences of 2D
points. Because the minimum distance is .larger than
that of an uncoded system, a coding gain results. One
cost of the system is that the size of the 2D
coﬁstellétion is doubled, offsetting some of the coding
gain. '

In the Csajka and Ungerboeck scheme, decoding
is by means of the Viterbi algorithm described in
Forney, "The Viterbi Algorithm", Proc. IEEE, Vol. 61,
pp. 268-278, March, 1973, the disclosure of which is to be

regarded as incorporated herein by reference. N
This is the replacement sheet
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- Design for Digital Transmission over Band Limited

Secbnd, t henfadnh &f1 £t ang 4" 4 ts a Lated with each 8D
subset in the first 8D fa%%eﬂwﬁﬁg%%%dnugﬁé‘tjﬁﬁgp%n ﬁ‘%ﬁ?% D% arﬁ’?y
QULU2U3 or CamBYBLFataRe s Aisdexdasnd 4137 May 984 Burd377+380 and f our
second 4D &abseibeasshei ahigd Woth m&’kBQﬁWt,iﬁpa@oﬁEffgﬁﬁntef&bt

famlies. C ¢ the m_ninum squared_di stance between, two poi nts” bel ongi ng
to di ffere‘??m%%g%ﬁﬂggtssﬂmgpﬁ?n gﬁesgsﬁgaﬁbovam ¥9 iachieeer |impravede

m Bi rr?m s?egizz atb&:azzéaa:]:w}mm pwgéanaﬁbét gvbed_ @wimﬁibriﬂ% ftg,_i&?t 4D
subsets o g Jjes r e nini mum squar i stance
bet ween two 8D p%lsﬁt% becg)n@llnﬁg' t_g%& Higﬁ’]gﬁ't déﬂeﬁﬁi'soﬁag \ﬁq%?ﬁﬁ% f¥%ame 8D
family is 2gpeeYed Ridcome bl mgs drvar-dd neinstiamed. Eetgrees £ wo 8D poi nt s

bel onging to different 8D subsets of different 8D famli€s is d[err]
Not e that 8D supset Q for .this_particulgr partition is, frqQqm a_ portion of

the 8D | atti céelsed"RAtARIORGIIEoNFOVEELBRE FPOVRLMIIMy hadmel
di scl osed ¢#ding with Expanded Signal Space ~ Part I: 180° and Part

II: Nonlinear Codes", IEEE Journal on Selected Areas in
Communications, Vol. 8Sac-2, pp. 659-686, September,
1984, describes . convolutionally coded systems of the
Csajka and Ungerboeck type that are capable of
differential encoding for immunity to rapid carrier phase
changes. Part I describés design rules and procedures
for certain 180° rotationally invariant codes. Part II
extends these design rules and procedures to certain
rotationally invariant codes with 90, 180 and 270° phase
ambiguities. These papers describe simple non-linear
convolutional codes resulting from the described
procedure and include description of generalised feedback
codes.
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Publication No. 0122805, the disclosure of which is to be

- 44 - th a |l cat] Publ i cation No., 0122805, and the
ot her 8D sgggg% g@?a%sggfn\% g’se%gcglret 1ONS %84‘ erfa%%?%?ﬂ)né&sf t hat :
lattice. Thép&oxmatdomepiks appeardnd tinnm HedD abrsore| thannohat o

sixteen 8D subagidihg @ivt Wi HAMR Ut ANCRPIORRIIL PSaRRLNERD, SyDSCL S as

the above parfition: "However, the above partition has the specral property
that if an BEFRBAsPPING A&om &dmmltdodimgmsignal constellation for

transmission. A multi-dimensional constellation can be
conceived as a concatenation of a number of constituent
2D constellations, the number being the number of
signalling slots in a block. A multi-dimensional signal
point is a concatenation of constituent 2D signal points,
one from each constituent 2D constellation. (In this
respect, conéatenatipg constituent signal points means
assembling the coordinates of the respective constituent
signal points as coordinates of a multi-dimensional signal
point;.cohcatenatipg constituent constellations means
concatenating the respective signal points of the
constituent constellations.) Certain dependencies exist
between the constituent 2D signal points of a multi-
dimensional signal point selected for a block. A coding
.gain results from those dependencies. However, no depen-
dency exists between the. two multi-dimensional signal
.points. selected. for any two blocks of.siqnallipg slots.

Multidimensional, convolutionallf,coded systems
have also been proposed in which dependenéies do exist
between the multi-dimensional signal points selected for
different blocks.

One such system is proposed in our European Patent
Applicatibn No. 0154415, the disclosure of which is to be
regaxded as incorporated herein by reference.
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270 degrees the sane 8D subset is obtained. Wth th| S property, the design
of a 90-degree rotatiofatFy “Envii9%nt I Fs1dimesifal onakie(4R) ng those
si xt een 8D subsapshdne:manbty remibd Gyt aiha OUdtagree {etatdans of the

constel I ati og,knt.0 d | S, Jus easi er urt hernore, a_linear
convol uti ona H erl%g: 44 erﬁor{ lrmé‘rﬁf\r}gc% CPEE Uit €Mt % he 8D
constel | ati Ohnformatlon t(;mmeng tign 266 BB Intht ypE’SeImO 16 8D subsets
makes possi bESn§'&@J.rI%Kﬁ§)r?a§é ?’ 1%%&3&&; afo%.hm)é Cg%sd powver f ul

coder u

convol utional_ code, and t s re ‘as expl ai ned
| at er . Now, The d'é’sﬁ g]n4 olfnﬁQﬁé“aGZILQﬂ ahlets %legeg iwterdlortldak

i nvari ant | i 8€akwe0RMeIAL ls1Cde IR S ets is
il lustrated i 3 1Qﬂ;'is reta{ée%/4 %646853{ate %Zgn f‘?

n
convol ut i ona%3 35@%&er¢°“l‘f§bl‘1‘%1‘l&ae]d c{‘:t53"gfe,)né‘r"atleS SR §VedoR P ies iuFedi t s
needed to specktjelite aBIZDSLdmta]f rpymwlﬁh aaMDde}%EElléti&u be qlr awn.

Encoder 130 'BCEBQ% éﬁ&é% e'%ﬁ?&&ﬁ%a jilon of two 240 sxgnal
point constituent 2D constellations and is partitioned
into 16 4D subsets each of which is a concatenation of
two of the 2D subsets. (A 4D subset is -a concatenation
of two 2D subsets if every 4D point in the 4D subset is
a concatenation of two 2D points from those two 2D
subsets respectively). The signal point selection bits
include four subset selection bits that are associated
with 4D subsets in such a way that the Hamming distance
between the allowed sequences of subset selection bits
is indicative of the minimum squared distance between
allowed sequences of 4D signal points. We
differentially encode the bits fed to the convolutional
coder in order to accomplish transparency to
channel-induced phase rotations of 180°.

Another 4D convolutionally coded system is
disclosed in Fang and Lee, "Four-Dimensionally Coded PSK
Systems for Combatting Effects of Severe ISI and cCI",
Globecom, 1983, pp. 1032-1038. They use a 2Q+l signal
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constellation is a concatenation of two 2Q+l signal

| ogi cal excluysive .or el ements 134 connected as shown. The_gg#rent state of
the encodeP°t8t ﬁ?g@ﬁ%jﬁMﬁQﬂ§ﬁlqﬁﬁ¥ﬁr D\ﬁﬂ%ﬁ?ﬁfiﬂﬁ%ﬁ?f‘vwferr]. And t he
s

next st ateoak offthe derss oMW [40 rd M=l rdoAR{tes rdrdvieledtedd [err]

Ws[err] On C I+ ce f Siate st | t]

Phs ! oy FERRLR SRS SIS IR shgh thap e
minimum distance between any two selected 4D signal

points is maximized. The 22Q+l

selected 4D signal
points are partitioned into equal-sized subsets such
that the minimum distance between any two 4D signal
points in a subset is larger than that between any two
selected 4D signal points. The partitioning is made
directly on the 4D constellation without referring to a
partitioning of the constituent 2D constellations. A
convolutional coder of up to eight states is used to
expand the 2Q information bits appearing in each block
of two signaling slots to 2Q + 1 selection bits to
select a 4D signal point.

Another 4D convolutionally coded system is
disclosed in Wilson and Sleeper, "Four-Dimensional
Modulation and Coding: An Alternate to Frequency
Reuse", NASA Report, UVA/528200/EE83/107, September,
1983. Their 4D constellation is taken from a 4D lattice
(i.e., a regular arrangement of signal points) used for
a block coded -system. The partitioning oé the 4D
constellation into subsets is done directly without

“referring to a partitioning of the constituent 2D
constellations. Preliminary investigations on the
design of convolutional codes with four states or less
are made for Q-up to 2.

Calderbank and Sloane disclose a 4-D, 8-State code in

"A New Family of Codes for Dial-up Voice Lines', IEEE, 1984 pp 673-676.

We describe below exanples of transmitting apparatus that

define a partitioning of
This is the replacement sheet
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AL LLATALIElS 10adal SuUbsSets sucn that each
chart of Figsmulhhrdﬁmem$30nwhishbsehréspbadsdt0pbhecbmb&ﬁmm@nan_on a
trellis diagragbsets of th%nc%hQ%1taéﬁta@gngﬁgllggkggg %ﬁ?tﬁﬁytalns the

deci mal nunber of ,the current he re the chart are
each headed b‘?u%ﬁé déBeRgionadhepnstedhatbent thHeXtS Sttdtegs thamarber entry

in the chart eeﬁéeaentas&mnpe)rfmsa&hbbengfc@%éhtoguB%L.W%en the current state
and the next state indic tg& EX t.he row and columm in which the entry
Préteare

appears. The nunber entr 4 AERAPPERENERe 185 1UAR dthasEe LIRS t hat
transition. Ff)eateunefpl.e Thet madsitddmehsipaami *sthdeftr @RoEdh . ate 41 to

next state 1 ' d to t tran5|t|on ch current
state can be4T@?P éﬁggégh %§e%gﬁsgpo s?BFel?r ﬁ§V i O1Ys,Se tfgﬁ resul t
fromonly ei ghespdsehbrenvodudiivneddy @heodeélgmnsnfr@mt&D subsets to

transitions sebhvbigeibha 1l ebleW, NIThU! Bsreit he 8D subsets
assigned to the transitiaons |eadi ng ? gmrals% ?éngr Itl romthe sane 8D
fanily, multi- dvmens1onal constellation into subsets is based on

the minimgm distances within constituent subsets, and
subfamilies and families of constituent subsets of each
constituent constellation, and multi-dimensional subsets
are grouped to form multi-dimensional families also
based on those disﬁances. Each multi-dimensional subset
is made up of multi-dimensional types each of which is a
concatenation of constituent subsets. The constituent
subsets that belong to a given constituent constellation
and that are associated with multi-dimensional types of
a“given multi-dimensional subset, are different and
Selong to one constituent family (or one subfamily) of
that constituent constellation. -

'We.describe below rgxamples of
transmitting apparatus that definer a partitioning of
the multi-dimensional constellation and establish a
correspondence between signal point selection bits and
the coordinates of a multi-dimensional signal point in
such a way that the multi-dimensional signal points -are
susceptible to being decoded in a manner that avoids the
effect of channel-induced phase rotations of any amount
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aaliaa i RASLE LN J s h N Al 83 nd oo Lo bl b 88 Nt Wl B A d b Ve oy e h e e WSS Al i

and | i kewi sd@¥dri1dinets Lenrbiconsteddiattiar Wantd leayeaRsPhRsfAs | eading to
a state. rotatidr?)anisum iy Jrum squar ed distance between two valid

sequences of 8D points corres | o t wo ct trellis pajhs s

| arger than the mini n%?‘n% %rgﬁenfgﬁi %EIBB?WTER ré(/\/0 §5np8?ﬂfgl&k’?ﬂ}:n each
8D subset. Frbssdanps e‘-;rar&bartremgut@ Iérgszhelmkca'rﬁitiuaﬁnthissbsate i's
satisfied by o] chgcurrent
state V\l[err err]é/{g err] Cﬁﬂﬁr[ erri%ﬁ#;@ﬁrﬁonﬁiﬁé Eﬁt ggsgl bl e next
states are ’e???%[%qﬁﬁ*é@ﬂ)%zi}@qurp S Hegn 199@t19§1 apdothe11,
100, 101, 1H%lﬁﬁ“hﬂﬁéns:&$%l/ﬁénéiéilatlon is partitioned by

grouping multl-dlmen51onal types into multi-dimensional
subsets such that each multi-dimensional subset is
rotationaliy'invafiant under that phase rotation
amount. . .

. Some preferrédarrapgementsinclude the
following features: Partitioning is defined so that
each multi-dimensional subset is invariant under a phase
rotation of any of the phase émbiguity amounts. The
transmitting apparatus includes a convolutional coder
whose output bits are used to select the
multi-dimensional subset from which a multi-dimensional
signal point is drawn, and a differential encoder which
differentially encodes at least one ﬁon—convolutionally
encoded information bit to remove the phase rotaticn
ambiguities. In parﬁiculaf, the differential encoder
can be arranged to differentially encode only
non-convolutionally encoded information bits.

Othek'pfeferredarrapgements include the
following features: The multi-dimensional subsets are
rotationally invariant under phase rotations of some but
not all of the phase rotational ambiguities of the
constituent constellations, and are translated into
other multi-dimensional subsets under a phase rotation
of another of the phase rotation ambiguities of the-~

constituent constellations, and the convolutional coder

This is the replacement sheet
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has state transitions that are associated with the
- 46 - transitions originating fromeven-nunbered states (states with

We[err] equaPitb5infiBessioerdnEHPBEES bR ESECH rdnYaKeafi L&t L8MOVANnthy
OU1W2U3U4UsUBbR ter bh)iseAlrbtthohr@rﬂﬁiquW OrTﬂiQa‘i EnectbapLeddegunber ed

tat tat th W 8D t th
gegoﬁz 3(33 ?a |\éMS§@§ﬁI¢L)* rf{]fz%r‘gkm%l@ “ggrﬁ%"h tﬁgg%&o%ﬁ?z fgegé‘fl%g{n. sf|6ed

as follows: ffon kbt¥tisgt hbe8bissbsetlassd nenlsiontlesubarti biyoRhkr om

cven: number 4 o oRB ATURETon) Aokt - EbaftanthERoY PEERA% N0 8D subset

assi gned to €aBerminsidt basefr ofm suprentosene efWReE PR VE[ &he] Wi[err]
X2Ve[err] feragdXeion0Qo QhichOtnanfilde £hQ1a0-89R=RIRAREd sLBSet

even- nunbered; next state. (i
assigned. The convolutional coder generates the

convolutlonally—éncoded bits from bits which include at
least one differenﬁially encoded information bit. At
least one non-convolutionally encoded information bit is
also differéptially encoded to remove the former phase
rotation ambiguities.

ile describe below examples in which-
each multi-dimensional subset comprises at least two
multi-dimensional subtypes each of which is a
concatenation of constituent 2D subsets, and the subtype
from which a multi~-dimensional signal point is drawn is
selected based on the convolutionally~-encoded bits and
at least one non-convolutionally-encoded subtype
selection information bit.

Preferred arrangements include the following
features: The transmitter includes a bit converter that
translates each bit value combination of the subtype
selection bit and the convolutionally encoded bits into
groups of constituent 2D subset selection bits, each
group being used to specify a constituent 2D subset
corresponding to the multi-dimensional subtype. The

multi-dimensional signal point in that subtype is
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selected based on the remaining information bits. At

1f Yis thelSEs&ubﬁets%&%bgaegel@ctb6nt5ﬁﬂsiél@ﬂffé@éhﬁ&él@Qt state

V6 t
Wi er ) Vel obPRORRE) PE RTRS R bRERb ens it Sef E $0F.GB0stiuentned (o the

transition éooertemlaeribnst.at Ba\M[eonQ;H\ﬂ[:mémt} lepesuﬂasm[ ésr WGides] Ws[ err ]

t t st f 8D bset
agsPSﬁedstgiﬁﬁgw%?gégygkgar%gghggr%?ékg‘ %I%ﬁ %??% 5$ferrrg [erfr >
Wil err] VB[ ene] cospsithens Béghaétaoenvw{erdiwﬁﬁedePVBFérDPXKKEXS then Y

is also theg8B,subsgh %&bﬁ“‘éﬂ Eﬂefh@oﬁé@{‘éﬁéﬁﬁ’”si{;ﬁﬁlc%aﬁ@t igtate Wlerr]
V\2[err]V\B[err] [err err]V\BEerr to next state

vw[err]V%[eﬁF?VBfer? R1kARDSMistexjinchudes 1a block encodge thagt rule

guar ant ees phaauehe MERO/U LS geakedofle St &feEn Deg WesHozmrtiva alikqwed

f 8D t 4 nd th di I, t f th
reauences, Shafp B Bl sddbeiihe HTEs ey cte 9 d Rt obotr ons

constel | ati spethéyetheeconistituent groups. The other remaining
information bits are organized into sets each used to
select a constituent signal point from one of the
constituent groups. The first and second groups of each
constituent 2D subset translate respectively into first
and second groups of other constituent 2D subsets upon
rotations'corfesponding't5 phasg rotation ambiguities of
the constituent 2D constellations. The same bit pattern
of each set of group selection Eits is associated with
the constituent groups that are obtained from each other
upon those phase rotatiéns. The same bit pattern of
each set of constituent signal point selection bits is
associated with constituent signal points. that are
obtained from each other also upon those phase rotatlons.

Wle describe below examples of

teduﬁgues for estimating the most likely sequence of
multi-dimensional signal points to have been sent, in
which the distances between each received constituent
signal (with dimensions fewer than that of the
multi-dimensional constellation) and the nearest
constituent signal points in the corresponding

constituent subsets are determined, the distance befween
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multi-dimensional signal point in each multi-dimensional
subset is determined baL%%rkn a combination of the
distances with respect to constituent subsets
corresponding to the multi-dimensional subset, and the
most likely sequence is determined based on the
distances between each received multi-dimensional signal
and the nearest multi-dimensional signal point in each
multi-dimensional subset.

Preferred arrapgeméﬁs include the following
features: The distance between the received
multi-dimensional signal and the nearest
multi-dimensional signal point in each multi-dimensional
subset is determined based on combining distances with
respect to constituent subsets of each multi-dimensional
type within the multi-dimensional subset, a
multi-dimensional type being a concatenation of
constituent subsets whose dimensions are fewer than that
of the multi-dimensional constellation. The distanceé
between each received two-dimensional sighal and the
nearest two¥dimensional-signal points in the
corresponding two-dimensional subsets are determined,
and the distance between each received constituent
signal and the nearest constituent signaf point in the
corresponding constituent subset is based on a
combination of the distances with respect to
two-dimensional subsets corresponding to the constituent
subset.

'We ‘describe below. . .arrangements in which
the multi-dimensional subsets comprise respectively a
multi-dimensional lattice and translations of that
lattice. |
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in a block-coded modulatlon system.
The second ruI e elimnates m ni num di stance error even{,l h Hore t han one
8D poi nt which dif & depRTAPEi DehOYRTEFRECBENED 1Bi KRS Kl reducing the

nul tiplici tdbrsﬁtitth@em nzﬁuabﬁsaéamgeleﬁsoarevpmfeltmoaéa petoSfomei nt (or
equi val entla%‘, I, nt in this case, also the nunber of

er
8D poi nts ®h ‘d?’é‘ggﬁ&'&é&&[ Enge%?Om a given 8D point in the sane 8D
subset . Thetiker sppefeeeddt arcangedent90Lincipdeothei §nd loWwinge

constellation in the design of a,90[err]_rotatijopal i nvari,ant
oo vt ortaetleetE o cEach cRasliPitab trtesstelfatYon™ 8" 6iliaea

into two groups. The multi-dimensional constellation
excludes some multi-dimensional signal points which are
concatenation§_of_éignal'points belonging to constituent
2D constellations, the multi-dimensional signal points
which are excluded being based on the groups to which
the constituent signal points belong. All of the
constituent subsets for each constituent 2D
constellation have the same numbers of constituent
signal points in each group. Each group is invariant
under a phase rotation corresponding tc an ambiguity of
the constituent constellation. One group is divided
into sqbyimps that are rotationally invariant under
those phase rotations. ‘All of the constituent subsets
for each constituent.ZD constellation have the same
mumbers of constituent Signal points in each subgroup.
There are N constituent 2D constellations and the groups
in each constituent 2D constellation include a first
group that has N times as many signal points as the
second group. The first groﬁp is divided into N
subgroups. The excluded multi-dimensional signal points
correspond to more than one constituent signal point in
the second group. The multi-dimensional constéllation
has 2N dimensions, N being a power of two (e.g., 2, 4,

or 8). The constituent constellations include a -
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_ bt ai g 2N-dimen§ional constellation, N being a power of two.

I s obtaine en_an, 8D sybset i, .rotated by 90[err], .18 r] ...Qr. 270[err].

W now descrTRE RERPES | “PﬁélrédPe8&%88FXbFP% SFLtﬁé;g%ﬁ&glJ¥¥%hal

encoder andthe Qﬁerenamﬂﬂg;memmm@eknbdrd&mbosibh$SQﬁﬂ§hqhe 8D

const el | ati oy B4 AR nGRAidAl €okalues RiGnCeaRd 0 18] iie 193CR BRopoi i
S h woul , 29

therefore, a rai ghttorward nmappin require a table of 4,294,967, 296
(=2[err] x 8pudséraimens ipqalesu viFex ¥ F 2he ‘gyrfvetries of the 8D

constel | ati opedpBc@iRediv)ed e et RE Munkerddmetaiclidlatsnbesluges, a
table of 16, (77,216 (Z"%l errjn x.8 L)g or.di nat e val ues

requi red. HohBvERYeFh&haly dht ivhie S t"éfﬂ‘lb@:t&%géf"é%&ic%’ldl%og only

320 of the multi-dimensional constellation. There are 32
multi-dimensional subsets (N=2). The minimum distance
within the multi-dimensional constellation is smaller
than the minimum distance within each multi-dimensional
subset. The constituent constellations are all
two-dimensional constellations. The constiﬁuent
constellations are all four-dimensional constellations.
The minimum distance within each constituent
constellation is-smaller - -than the minimum distance
within each constituent subset. The phase ambiquity
amounts include 90°¢, 180°; and 270°. There are 8
constituent:éD subsets. The multi-dimensional
constellation has 4 or .8 dimensions and the
convolutional coder has respectively 16 states or 64
states. There are multi;dimensional families that
comprise multi-dimensional subsets such that the minimum
distance within each family is greater than the minimum
distance with;é the multi-dimensional constellation, and
the information bits are encoded on the basis of the
families. The multi-dimensional families comprise
multi-dimensional sﬁbfamilies such that the minimum
distance within each subfamily is greater than the
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outer groups requiring respectlve ditfereént average powets. L4=
- 48 - l)ll%q-"@lrdﬁél&i&'r\éépmﬁ) toasdctasshee skdoabling BotgrvEls. 2)
when al | the S trles t t 001 Fibhngs a
subst ant i@ §§\é1rm§ \ﬁé’%% g‘gcﬁt §E Y T EB ?‘?%S ngl nto Figs.
12A&B anch 13neafrt ebnumm:g:ndmlf codeput [ﬂ‘he lﬁ%téﬁutew& 2Bnsenste biaf iR oder
to speci favreagog&%%s ?tﬁ@%@@ia*ﬁc{—lﬁaxmiﬁtﬁQaém it ranviploededalnfedemt i on

bits are use eci e wthin the 8D subset. To
make t he adste qf?%r{ﬁf&% nggb 9@ degree phase anbiguities in specifying the
8D subtype, thasdstd D ngo relgeli peeenits iventdon iR igs, brhadesheapeetern of

the there is provided apparatus for transmitting a stream of
information bits by sending corresponding signals over a
channel in a plurality of signalling slots, the apparatus
including encoding means adapted to
encode the information bits that appear during a block of
at least two said slots by adding one or more redundant
bit(s) to form a set of signal point selection bits for
said block; selection means adapted to select, for each
said set of signal point'seléction bits, a multi-dimensicnal
signal point drawn from a multi-édimensional constellation
for said block} said multi-dimensional signal point
selected for a particular said block being dependent on
‘the multi~dimensional signal point selected for at least
one other said block; said selection means being arranged
operatively to establish a correspondence between each
possible combination of said signal point selection bits
and the coordinates of a multi-dinensicnal signal point in
said multi-dimensional constellation, said encoding means
and said selection means being arranged oéeratively to
define a partitioning of said multi-dimensional constel-
lation into a plurality of multi-dimensional subsets, saiad
multi-dimensional constellation being a concatenation of a

plurality of constituent constellations each of which has
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to modulate at least one carrier for transmission over

first tV‘Qa'i'aCOQﬂgatheqr ma:tﬁ Ona@b&?:danzgeer ri@end khlerrdoorEnatsgci at ed

with each of the four %/ can be obtained.from each other by
90- degr e&EePELEENGRA Q%Oéonﬁac hes%%@é?,?%tl%ﬂl%f PH tdzEdREPERB Ehcoded
|nfornats@gnbatmoiﬁﬁﬁrthe aippalrafesr betingh diaradtempised siasthat! ows. For

each set _of fo R .subtyp can be ob ai ned ther through
90- degregg%ot & oﬁcslt%‘%rﬁ%nggn%\ﬂ f?at[fro% ’f%sdeva%ue?ggﬁg?ﬁg B?t pair
| 6[err] Eipeed] poimts wbuphelamaemmmmumscexm phaset lotabionbt ypes

correspogd g rkq dui% 1S ehitht 4 Nighd £e2a81,04HER UM hWES oo, &l@bs ggguence can
be obtained by rotati n% the 80 subtyE orrespondl ngéto the first val ue

of -t he sédfen@@%hyiBot deRANS RRY Saidy seHECtiQBI y. Then,
all of theaesf e efaﬂenbrsaqupnéas tar e:aruﬁeatsezchd/eseneaSeaf ruleisanme

four - of eURQLrEh U SEUINCEARLCD! (e as cLocLhLEnsaT%o g sbgur of errent

circul ar “sequence_ 1's for exa a rotatéd’version of
t he four Selcemtkest -'t-:lilréullwafms@qdé?m’é agomé shgueaftkeqt  ofochannel -

induced phase rotations of any of said amounts.

In a preferred arrangenmnent, the multi-dimensional
constellation is-a concatenation of constituent constellations
each of which has two dimensions and is partitioned into
constituent subsets. Each multi-dimensional subset comprises at
least- two multi-dimensional subtypes each formed by a
concatenation of the constituent subsets. The encoding means
comprises a convolutional encoder adapted to generate from at
least one of the information bits a plurality of convdlutionally-
encoded bits that include the redundant bit. The selection is
arranged to select the subtype from which the multi-dimensional
signal point is drawn based on the convolutionally-encoded bits
and at least one subtype selection bit from among non-
convolut‘ionally encoded information bits.



11, 00. relatively good coding gains in the mgnimum distance bgjveen
converteml&ﬁﬁd&uﬂeqmﬁweééSofhglﬁﬁul poiaus, bkéSaQﬁﬁély<HMHm1lﬂﬂIHEﬂ
erooder M8l LoUs voeadeel aLe LR L b Thtnl S LS, el ot on
cor r esporidiamgraxraney 8t sphagperofations of signal constellatlons,
with an acceptable peak-to-~average power ratio. The
constituent 2D constellations are relatively small, implying
simpler receiver design and better performance. The multi-
dimensional sjignal mapping is converted by the bit converter
and block encodé; into multiple two-dimensional mappings,
which enables the repeated use of very short mapping
tables in the transmitter and the receiver. Grouping the
nulti-dimensional types or subtypes into-multi-dimensional
subsets makes possible the design of simple and powerful
codes and reduces the decoder complexity by reducing the
number of state transitions leading to each state. The
computation of trellis branch metrics at the decoder can
proceed in stages by determin;ng the branch metrics for

consﬁitgent
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mnulti=dimensional branch metrics. JIn some embodiments,

correspondehbe Beswgenoselthet iconvbltxﬁa.ZfDa[Lea:@&lZl heenr] nand colisdidlegets is the

sane as tha ) T t yconversion table can be derived
brESt, 813katRs 48 00 LR BL A EERYBES

fromthe procedure rsP'8S the two requi renents
descri bed above for #apmrngsmhétioer Tubobdedabiop bdtsn @D subtype within

an 8D subsekignalling s1bR§ %%eUQ%OQQchnf@bﬂgyseembhE%ﬂMVé§1AWEWB'n wi il be

s
used to sel ect ,an 88 0|nt from_the previously selected 8D subtype.
Ref erring tS°¢FB§ 9?1“ 2% 4268 9B, (AR BDebMABAMEACEAStaneR) VEF Ritne of
t he renaini ugcuaeadegrslt@i—pmmwgoa hIIZBSpaﬂdtQEDeE:@b%% four groups of three

| ecti b Z3[ e 4l e I 2 Each
can_assune SR EFLERE OB uchBona bR by 8F: Thand TSy, SHANG o hdst Jone.
of the fourtheompsicam dastﬂamctehe(thal nemb8f. o £fTheafrierst rgarxgt;bors)
Z2[err]23[e§£]%ﬁLef&he akb%ouéggr58gggb§82 LAk e 23E 9@u°“ter gr oup

of the firs subset” Correspon e preV|ous y se ecte 8D subt ype,
and | i kewi seOﬂétlttnsntthrZeDecommlelgn&ups heshlS2eppdattso tThe code

is transparent to 90°, 180°, and 270° phase

ambiguities. By comparison, for the best known 8-state,
2D code, the coding gain is 4.01 dB in the minimum
distance, the multiplicity of -the error event with the
minimum distance is 16, the peak-to-average pdwer'ratio
is 1.93, and the 2D constellation Has 256 points.
Theoretically, both larger coding gain and smaller
multiplicity of the error event with the minimum
distance of the 4D code imply better performance over
the 2D code. Furthermore, the larger coding gain of the
4D code is not obtained at the cost of increasing the
peak-to-average power ratio to an unacceptably large
value. It is important to keep this ratio small because
the transmission medium may distort the transmitted
signal nonlinearly. The smaller 2D constellation for
the 4D code than for the 2D code implies simpler
receiver design and better performance when the received
signal contains signal-dependent noise. The 4D code is
leés complicated than known 8-state 2D codes.
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second, thidrijdc',tagnc(f f olrth B SIRIEGIEY OfndBien S AETE BFERANFYRA into
four quart &iimum tdie tarore ios G0 ereelpeatk -t ter age 0POyve 00dat D30, or
0LL, one ofid e 1qUar el ad N IR Ied SR] €CLeeg - 0t bppui se, the

outer group.is selecte e are eight 2 0|hts.|n t he outer

group or | RS aFPHEL FIRE- qURlre @onssitueat %@%%E@lbﬁtaoud\éﬁbset,

and twel ve yguc @bt dgf orgmtd UbrpdrSi dBithef @oding gain of the

- 50 - best known 32-state, 2D code is 4.80 GB in the minimum
distance. The multiplicity of the error event with the
minimum distance is 16. The peak-to-average power ratio
is 1.93. The 2D constellation has 256 points.
Theoretically, although the 8D code has a larger
multiplicity of the error event with the minimum
distance, the effect of this larger multiplicity is more
than compensated by the larger coding gain in the
minimum distance of the 8D code. As for the 4D codes,
the larger coding gain of the 8D code is not obtained by
increééing the ﬁéatho-average power ratio to an
unacceptably large value. The 8D code has a 2D
constellation which is even smallef than for the 4D
code, implying further improvement in the performance of
the 8D code over the 4D and 2D codes. Transparency of
the 8D code to 90-degree phase -ambiguities gives
immunity to-rapid carrier phase changes. ! The 64-state,
8D code is less complicated than the 32-state, 2D code,
and is less thé; twice as complicated as the 8-state, 2D
code.

The 64-state, 4D code achieves 5.63 dB coding
gain in the minimum distance over the uncoded case. The
multiplicity of the error event with the minimum
distance is 72 and the code is transparent to all
90-degree phase ambiguities.
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eryattlit Lrom the rollowing description of the preferred

sel ecting frenPedbmgnthonad2Brpai Bhe. cThose. twel ve bits are taken in four
groups of three bits each, and are renamed as Z5[err]Z6[err] Z7[err],

men, n+l, n+2, n+3.  The first group Z5[err] z6[err] Z7[err] will be used to
sel ect a 2D poi nt froWet Aérptebrdusly desecileel Bheedrgwamgsqr fromthe

sel ected quarter of the inner group of the first 2D subset, and |ikew se
for the other three groups ZS[err%ZG[err Z7[ err], men+l , n+2, n+3. To
summari ze, the bit cohv8rt ér i&nd Bboekod a@n@md@f aakeanhmltmam.output bits

of the convol utional pagoderiand bi6cRoaisFRdR 08 UREOARLOLALY HRL On bi fs

and produce el ectio I.ts (R=8). Those 32 selection bits are then
gr ouped |nté§$ @ginéoﬁﬁngF 8? Efgse ection bits each,

ZZ[err]ZS[err]Z4[err]F2§LeBr1cZ§[BIb¢kZE££§f5mzﬁfeérkZéEQbEk for use

meEn, n+l, n+2,.0d Q Z%IrSt group
ZZ[err]ZS[err]Z4[er ] [err]Z6[err]Z?[err]ZC{err]Zl[err] Is used to nnn
nnnnn . is a block diagram of the decoder of

Fig. 3.

Fig. 5 is a 192-point signal constellation.

Fig. 6 is a chart of 4D subsets and
corresponding bit patterns. - o

Fig; 7 is a block diagram of the encoders of
Fig. 2 for a l6-state, 4D code.

Fig. 8 is a trellis diagram for the 16-state|
4D code. . .

Fig. 9 is a bit chart representing the
functions of the block encoder of Fig. 7.

Fig. 10 is a flow chart of the Viterbi
algorithm for the 4D code.

Fig. 11 is a 160-point signal constellation.

Figs. 12A&B are a chart of 8D subsets, and a
bit conversion procedure. '

Fig. 13 is a block diagram of the encoders of
Fig. 2 for a 64-state, 8D code.

Figs. 14A&B are a trellis table for the
64—sta£e, 8D code.
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dd ﬁfg. l?]is 1ﬂfl%¥_chart of th? zﬁﬁerbith
address a 2D nappi ng table, the table being constructed fromthe

constel | ati onggfgoqlﬁ’gt.h“llé%’f nph§ %?/ CR&ciating with the coordinates of each
point the eight bits neeiked 1D iepr dssvpdine: puigna) neoms yelhet S6x bits

mar ked under }-JA‘%tFiCE'@n’@é‘dﬁg@p%#%@'éu%s%qferr] Zl[err] needed to specify

the 2D subset), to obtain : of  coordinates for the first 2D point
correspondi ng to the 8IFidi N8 dief inezhdnt tdfe FDAD csmipsetHits of the

convol utional encoder angt heg 25 rLmalddNG REAGED £ NERE n@ﬁé@@epgtgf

Li kewi se, the second,_thitd, and fourth groups of selection bits address
the sane tabl & ¥ btfeh 3 Hed DR nAR et he second, third, and fourth

2D points, respectivel ywidi nze 88 1Y iaft &l glasetesstombtisncan
assume only Fig. 21A&B are a chart of 32 16D subsets.

"Referring to Fig. 1, in transmitter 10 a
scrambler 12 receives a serial bitstream of information
to be sent over a channel 14. The scrambled information
bits are then delivered to encoders and grouping device
18 at a rate of Q bits péf'éignaling'interval (for
exémple, Q = 7 bits per signaﬂing'interval). Thus, the
bits appearing at the input of encoders and grouping
device 18 with respect to a given signaling interval
(for example, the nth signalling interval) can be denoted
I, through IQh. Based on the information bits
appearing with respect to a block of some number N (for
example, N = 2), of successive signaﬂipg intervals (that
is the information bits Ilm through IQm, for m = n,
n+l,...,n+N-1), the encoders and grouping device 18
deliver to modulator 20 N pairs of in-phase and
quadrature coordinates in series, one pair in each
signalling interval, each pair corresponding to a point
in a two-dimensional (2D) signal constellation. These
pairs of coordinates are then used in modulator 20 to
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Sulse -shape filtere D-to-A converted to an
- 51 - 160 val ues (p ecause ZZC} errr] Z?:t[herr]Z4 err] aL of assunme any of
the val ues 18pa QSOS%mlllff)r ttnr?é‘st"‘a}l‘j;lsé°ﬁa§"ﬁﬁl §Fh§2’(§‘e( ¥ 9) tSor di nat e

val ues. The tahventdrea fouddeiturriueesd iltaderMpddlatetd ¢QAY) coordinate
val ues since the . sane ttern of Z2[err] Z3[err] ZA[err] Z5[err] Z6[err] Z7[err]
i s associ at e§AFEfLed él% the four 2D points which can be obtained from
each other by 90-degr & featmingpn Fig tz‘}aterxca;s]erst fend apteupinyi des t he

pair of coor gy %:% 13 ‘i%sc Jeas A1 ¢ fé%[a‘i”e]%z%ﬁrdor&% & 2?§3[e”]

Z6[ err] Z7[err] ern 0 err e pair of
coordi nat e va&hied g(rma:@dﬁm mgxqq;nmqﬂ@cr@mbtl@tdr@aﬁlazlqt&ﬁizwaéh] can be

obtai ned through P9od8F & N &d.AMbled information bits and sends

each block of NQ bits in parallel to differential
encoder 30. The differentially encoded information bits
are then passed through a convolutional encoder 32 which
adds one redundant bit indicative of the current state
of a finite state device represented by the
convolutional encoder. The convolutionally encoded bits
are then passed thrbugh a bit converter and block

: Encoder'34. The block encoder encodes some of the input
bits and adds N-1 additional bits; and the bit converter
converts a set of bits into an equal number of bits in a
manner to be described below.

The output bits of the bit converter and block

encoder 34 are a set of NR point selection bits, where R
is an inteéer equal to Q+l (because bitﬁ have been added
by the convolutional encoder and the block encoder). A
bit grouping device and parallel to serial bit group
converter 36 then organizes the NR coded bits into N
groups denoted as ZOm through ZQm, m =
n,n+l,...,n+*N-1 and delivers one group in each signaling
interval to a 2D mapping table 38. For each combination
of bits in a group, table 38 contains the corresponding
pair of modulation coordinates which are then delivered
to modulator 20 (Fig. 1).
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. device represented by the convolutional encoder depends
of the pair of, coordinates obtained for the SEECI'fIC pat t.ern of

7z err] z1[ ePPER on 1its curpent s&atec@Rdi Qe tARPsGUEFEN ed Mg e code
t ranspar ent bti@s90+feg et pial aliiten® fothieheoa®dluielibalalonasidtestrided

I . A i_ght f. d.inml ' .of the hi 140
roqu res a PsBre Bpeos ot sl iR Ay BePkY Rad g G gncfor war o

i npl enent at Lofogmattien8@bvudc K hensedee nt42 ofe gnifoemadt itablbel tof Helihg 12
(=2[err] x bi t g4, ;6 t i : e | eady
el gni 11 cage™Sampands’ Fapdishy 68 ,aat16h SEoasaitien e A

const el | at i ERCAAFEIENGNEhiodh ciadngdt Ldse the bit converter and the 8D bl ock

encoder, they can bepfjyrh@ntiddueddoding removeBeitdld ighdd Fig. 15, the
8D bl ock encoder 142 can be inplenmented as a_shaqrt program w t hout using

&
any table. REBP&BHLAG Sy o dber sdemgilg corse lRd 10 of the bit converter
tabl e can be reduceddo@,vb@@(;{%;{aq_a&e@ﬁﬂccai&); Bt Hils ieloth ngine the table

only the fo%%dgakgiyp%ne redundant. bit (instead of N) per N
signaling intervals, thus achieving additional coding
gain. The Block encoder and bit converter, while adding
an additional N-1 bits per N signalling intervals, retain
almost all the coding gain achieved by the convolutional
encoding, and convert the multidimensional signal
constellation mapping into N two-dimensional signal
constellation mappings.

_ Referring to Fig. 3, in receiver 40, the
received moddlated carrier channel signal is passed
through an A-to-D converter 42, an adaptive equalizer
44, and an adaptive demodulator 46. Equalized and
demodulated coordinate pairs are,delivereé serially from
demodulator 46 to a decoder 48. Decoder 48 feeds back
preliminary decisions on the received coordinate pairs
to equalizer/deémodulator updating signal calculator 45,
These preliminary decisions are processed in calculator
45 in a conventional manner to generate updating signals
for the equalizer and demodulator, as disclosed in
Falconer, "Joiﬁtly Adaptive Equalization and Carrier
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S&étems", Bell System Technical Journal, pp. 317-334,

?eggcflgg}F%%%Bhé¥¥gé;LZ%%gré ﬁ}fﬁihéﬁi’{E%g£§§%§H@axoheo?a}?5ﬁgr encoder
for a speciiithpatcasa, oththdehodulaveodedtpwé owihli ba delayed
Lg%g;;{g?[féédr}@:{ﬁéi}lZ;'eééia?glemgr%)oll'?pb?gﬁgiggi@tiéhgeﬁepg& of the bit
calculator 45. Decoder 48, after a delay of a number of
signalling intervals, also delivers to descrambler 52
final decisions of scrambled information bits which were
sent. The output of descrambler 52 is the original .
serial bitstream. |

Referring to Fig. 4, in decoder 48 the serial
coordinate paips are delivered to a Viterbi algorithm
device 60 which feeds back the preliminary decisions to
the equalizer and demodulator and after some delay
delivers N final coordinate pair decisions in parallel
for every block of N signaling intervals. Converter 62
applies one coordinate pair in each signaling interval
to a bit'mapping table 64. For each block of N
coordinate pairs applied to table 64, the corresponding
N groups of R decision bits are grouped together in
serial~to-parallel group converter 65 and delivered to a
bit deconverter and block decoder 66 and then to a
differential decoder 68. The éeconverteriand decoder
perform reverse conversion and decoding from those
performed at the transmitter. A parallel-to-serial bit
converter 69 then provides the original scrambled-

"~ information bitstream to the descrambler 52.

Using convolutional encoders having selected
numbers of states operating on selected numbers N of
signaljiing intervals worth of information bits at a time,
coding structures having different desi;éd properties

can be attained.
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(Fig. 13). PBRd ¥R imiRebbicatiR(¥on @&?%5%%7r%@%oﬂﬁ?ﬁbo?ﬂrﬁtﬂgr patterns
of 14 err] k&liesH lilb[1e5 rhé TEegatdedna deinbdrpaesicédrbegdinody f refierense of

the four pairs of selection bits for the specific pattern of
l4[err]I5[err]16[err] LB 8ktrjte, FoerrDdmknsdbneohs (4P¢ Baded on how
alerr]iSferr]|6ler bbel ghlhhs MRBPEnhNY O, 205 BPeruRXARIGRRO: 12B).

Referring to Fig. rafisl'ate a sequence o airs
I6[err]I7[e%¢$eéb%EaP§hggaﬁ ffestapar 6P epdepithesndért €AcalhiBh the sane

nunber of W&h&l@@stw@ngagh‘&!}m@r ihREe9a1kNwbhenS3HE idicbemadhionequence  of
bit pairs, 00, 01, 10,

ed above with S to.th ing of bit
pairs |6[erPttF 72k PRE %ﬂ@e St§58§smfﬁ§ﬁrti§ gégﬁthﬁﬁ ESHEEEEBQOf 2D
poi nts prodimédriyttiba &E)ttsomehl apbpearnipptwg sukkelssivet ated by 90, 180,

g 270 G0k EapEhiPR s B 23°Sh EhLoalEPERLR EncB Uil 85°BL Ak oncoder

144 of the
points drawn "from a 2D constellation having 192 points.

Fig. 5 shows how the 2D constellation 70 is

constructed and partitioned. The 2D constellation
includes the same 128-point cross constellation 72
(located within the boundary-shown) which is typically
used with a non-channel-coded system for sending 7 bits
per signalling interval (Q=7). Those 128 points
(indicated as dots) within the boundary are called inner
.group points. The 2D constellation also includes an
outer group of 64 points, half as many points as are in
the inner group. The outer group points are selected
from the points lying on the extension of the inner
group rectangular grid to regions beyondithe boundary of
the 128-point cross constellation. The outer group
points are arranged as close to the origin as possible.
Furthermore, if the 2D constellation is rotated by 90°,
180°, or 270° about the origin, each outer group point
falls on another outer group point. And the same
property holds true for the inner group points. (The 2D
constellation as a whole is chagacterized by phase
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the pattern of 2D 51 nal points in the constellation is

o t he. t tt
gFi EJ?.”]:LS) %zé% rgdcc? reaé"b‘l err J@r‘)é-‘r‘?{r?ﬁl J{:&e([:tg'n&eér oq‘“r&?h%ue*%#%nsm er
| 6[ err] | 7[ &he] s@ne] grafjtdrm oﬁ 2[65[sargr]a11 Hodmrtls) irpbHODimed]) at the out put

of the convolutionalyg ﬂane B %f]’rt{b’fb c%%%'teeirla\@lloln 'fém%er@itlg&eéiewee

phase anbiquities in receiver, the
decoder agapﬁoué&yﬁaQﬂnﬂkﬂﬁizﬂﬁﬂSuh%@ﬁﬂﬂndaﬂqﬂaquﬁxi%ec@dlﬁgdawgorlthm

such as t henVtigr.bis daqpdidibd9fd tWHBeh each point belongs is -
53 - indicated by a corresponding lower case letter, a, b, c,

or d. The subsets are grouped into two 2D families,

denoted AUB (the union of A with B) and CUD. All

subsets have the same numbers of inner group points and

outer group-points. The ratio of the number of ocuter

group points to the number of inner group points in each

subset 1s thus the same as the ratio for the entire 2D
2 .
0!

between points belonging to the same subset is greater

than the minimum squared distance, 260,_between .

points belonging to different subsets within the same 2D

family, which is in turn greater than the minimum

constellation. The mlnlmum scuared distance, 44

squated distance dg, between any two points.
(Examples of such distances are shown with reference to
peint 74 on Fig. 5.)

In the constellation of Fig. 5, the 2D points
of subset A are labeled with a six-bit value
representing a-bit pattern 22__,. 23 _,. 24

n+i n+i n+i
Z5 . 26 .. 27-,. (i =0 or 1). The same bit

n+i n+i n+i
pattern of a point in subset A is assigned to each of
the three 2D points which can be obtained from the given
point in subset A by 90° rotations.
Two identical such 2D constellations taken

together can be -conceived as the constituent
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ATLI4L A LJg) 4D polnts, the rour coorainactes or eacn 4D
. . 3 ¢ . . ., .
Ref erri ng tPoifitgbelifig asha pamd ias iy e paide adéwderdnmateslebér m ne the

8D point i Qh%a%%u%lgﬁéf%‘g%ﬁjpsoef szdﬂ\/g%&l_'hté c&g)éeﬂ 5 ?Scei ved

poi nt and must ca uar ed L 1 rom each cf os 8D point to
t he recei ve@nsdiedtlatipn. sof@ﬁalsbeoﬁfﬂl%& afﬁié 1) ofal theel 3&%68D4©r anch metric

for each tRilnts WaNChhd cuybd Chhiheat St%'@eénéé ﬁéégnégrr%ﬁéHSQnéhere are
33,554,432 8D p subset s e nearest 8D

oints in each f the 16 I n
points to B L ré’cfg 23?3 ‘g%uﬂ%t H%m'r eé(ﬂrf%a‘WV\F‘Pﬁoﬁ't‘g?ﬁe fol | owi ng
si mpli fi catdramp Forf‘naammmfz e imlﬂlsﬁmiﬂ@ 24 pD6Rsgater codponding to a

20 subset s SATSHT A £ PR e RATHAS SRRt L 148 *ERd Cal curatcs
t he squar ed edfiegt diwetlbis WVB2T6 &apdi mf 4&05@15:*1:@&231:1@@ pei bhe 4Pd t he
recei ved 2RopQitd1 1¥Dn. . The average energy per signalling
interval for the 4D constellation can be shown to be
28.362565.. Since the peak energy per signalling
interval is 60.5d§, the peak-to-average power ratio
.is 2.16, smaller than the peak-to-average power ratio,
2.33, for the 64-point rectangular 2D constellation
commonly used in a non-channel coded system for sending
6 bits per signalling interval. |
We now define 16 (=4 x 4) 4D types, each
corresponding to a concatenation of a pair of 2D
subsets, and deno;ed as (A,A), (A,B),..., and (D,D).
Each 4D type has 2048 points and the minimum squared
distance between two 4D points belonging to the same
type is 4d§; which is the same as the mirnimum
squared distance between two 2D points belonging to the
same 2D subseé. (The squared distance between two 4D
points is simply the sum of the squared distances with
respect to the two pairs of 2D points to which those two
4D points correspond.) Note also that each 4D type,

like the 4D constellation, contains only 4D points for
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These squarapﬂ%ﬁmn%rbochwb&@ﬁxw}nch metrics. Because there are
only 40 2D points in ﬁ@f@r?in%hEO 3 searsﬁpéneéﬁ t§BSsS§§EC LDgeBregess is

easy, being no more complex fhan t g reqwre W th respect to a
2D code. form e%@k’f Pheubeebtlerdentdiafest ( 147) 2vhe- 4D2PBi At i n each

01;] th]g ei ght (dd2 swsd ﬁIDsea\/m gh o8 pi@ﬁe@)t Dt orﬂélepiifshgreﬁgued 4D EOI P't

t he irst receiyve oint. peing the i nt._ corresponding to the first
and second ﬂﬁéiﬁgﬁ% %ﬁ h%a}gc%? Cﬁbﬁg se%ﬁm@ﬁaﬁ@uF&?Eg'tﬁé squar ed
di stance (cadmsl imea 4aprwnidh nreﬁm\:é:.ﬂuettx%ersmehmd)himbmssquhﬁedst 4D
bol nt s and s ddisl 1268} vBALdDROLIL o8 Tpd I S B HRANGLAS bOT 1

16- st at e, t1 ons. and conpari son-are
subset as ex;sts between two 4D-points within each 4D

type. Two advantages of pairing are that with fewer 4D
subsets, the de51gn of a simple and powerful
convolutional code is made easier, and the decoder
complexity is reduced.

The way that 4D subsets are formed is as
follows. o

The two first 2D subsets associated with the
two 4D types in each 4D subset spaﬁ either the first 2D
family AUB or the second 2D family CUD, and likewise for
the two second 2D subsets associated with that 4D
subset. Thus, because the minimum squared distance
between two 2D points belonging to different 2D subsets
within the same 2D family is ZdS,
squared distance between two 4D points belonging to the

the minimum

same 4D subset -is 4dg. ‘The eight 4D subsets are
themselves grouped into two 4D families, denoted as
QUlU2U3 and 4U05U6U7.

The two first and two second. 2D subsets
associated with each 4D subset in the first 4D family
0UlU2U3 span the same 2D family AUB or CUD, and in the

second 4D family the two first and two second 2D subsets
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-54 - rf«?dllﬁlrleetf Tt o|Beec<fc‘hse4[9h5Jﬂ‘s‘é’tlmu’F‘n§‘q§§ﬁ§dplddtsetcﬂﬂ%e |%e‘|"‘%$eébt ed for
t he second tme:onettsﬁl[qumm_tmmlt@h diif flelrenpoi2it sadsredspontkiinin tiche he third

and fourth ts i ve he decoder then
det erm nes {aﬁ\eo?[é] l‘% nlleseaﬁ FW%%IB@E?%%I 3'71|5“e§’ i c%érl s closest to the
recei ved B@Wanc%uhhmqmlfm%@l mlsmﬁab@domgm@ et fkerertickD of t hose

cl osest 8D quHduts Al dierdRafl Wasl BRNYeR! 1sTRI% ithdafgn BivuRddi ng (149)
the two 4D branch
squared distance between two 4D p01nts belonging to

different 4D subsets within the same 4D family is

2dg, and the minimum squared distance between two

4D points belonging to different 4D subsets of different
4D families is dg. Furthermore note that if a 4D
subset is rotated about the origin by 90° clockwise,
another 4D .subset is obtained. And if a 4D subset is
rotated by 180° the same 4D subset is obtained.

The design of a 1l6-state, 90-degree
rotationally invariant linear convolutional code with
these eight 4D subsets is illustrated in Figs. 6 and 7.
(A code is described as 90-degree rotationally invariant
if it is transparent to all 90, 180 and 270-degree phase
ambiguities of the signal constellation.)

A rate 2/3, l6-state linear convolutional
encoder 84 1s used to generate three bits (10 , Il n’
and 12 ) needea to specify the 4D subset from whlch
a 4D p01nt is to be drawn. The bit patterns in the
YOn, Iln 12; columns of Fig. 6 correspond to
the decimal number for eacnh subset. (Note that
convolutional encoder 84 1is intended to be the portion
of convolutional encoder 32 (Fig. 2) that
convolutionally encodes certain bits.)

In convolutional encoder 84, each box marked 2T
(Fig. 7) represents a temporary storage element which

holds any input value for two signalling intervals; the
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The circles marked "plus" are logical exclusive or

metrics foelérh\amﬁu wﬁe49u€yb§§t§fcgﬁé espinkht® £o6hp8bst ype, because
t he closest 8D po each 8D txge corresponds to the pair of closest 4D
poi nts for mg ke % * nOf 4p’sliBaet 8 o??&sﬁﬁﬁ%ﬁrﬁ??% BREt 8D type. Finally,
t he decodesomprnpaeeshélbb)yrehe Soate sofstiod ﬂﬁxbﬂ:anshaﬁetdeviceorrespondi ng

br anch mot £7e Seeheea U SRERAERAFFar sﬁﬁééﬂmlinig?'tﬁ "o aD points

branch netrit assocrate hée pal of 4D points
aSSOC|atedekﬁmﬁntﬁeagﬁabhé§tmsnhe@dhl espori2 tH@3§ D,poénd in that 8D
be

subset whigh is mhpésstogetbg? es&,]sfygéi !Pr?érﬁexgh@t bpanch netrics are
then used (1%8% to _extend the trellis paths and generate final del ayed

deci si ons FRCPPRE uShal way. _ However, the closest 8D point in a

particul ar 8D subsebndpt ab@ediﬁrgaqﬁb@cegb@ﬂes%@@edaaasmx_oagt oke a valid
poi nt beca e nor e %h@n on of the four %ﬂresg S, may cone

ondi n oin
Prom the. obie Cor R huEIAREL RAPAEEATS TLISRTadt nt CRESBROLROaBRoder 66 by
exam ni ng the Hoanchesups uhebttallZQ[eiaéismemf]iﬂﬁer8}

In Fig. 8, the 16 possible current states are
represented by a column of dots 86 each marked (to the
left. of the dot) with the corresponding pattern of state
defining bits. The 16 possible next states are
represented by column 88. Trellis branches S0
connecting current states to next states represent
allowed state transitions. Each state can be followed
by only four possible transitions, and can result from
only four possible transitions. Each transition has a
4D subset assigned to it. The assignments for‘
transitions from each current state are represented by
the 4D subset numbers appearing in column 92 to the left
of that state. -For example, the transitions from
current state 0000 are assigned 4D subsets 0 2 1 3
respectively as shown. The assignment satisfies the
following three rules:

(1) The 4D subsets a551gned to the transitions
leading from a state are all from thetsame 4D family,
and likewise for the 4D subsets associa;eh with the
‘transitions leading to a state. o
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nEn, n+l n+2 SRR L esk U tanae e trasie Hweurd De podadsonditiyi @ ¢ nts. If nore
than one Okuble tar OuRs Iexaiifhe | e iGORASPQRAIRAR &2 a0 My ithdot valid.
Then a nodificati.on is.nmade on those four groups to render themtogether
val i d. following approach, referring to Figs. 7, 8 (a) For each
current state Wlnwan3nw4n, the four possible
next states are w3nw4nx1x2, where X1X2 = 00, 01, 10,
and 11. (b) All transitions originating from
even—-numbered states (states with W4n equal to 0) are
assigned 4D subsets from the first 4D family 0ULU2U3.
(¢) All transitions originating'from odd-numbered states
(states with W4n equal to l) are assigned 4D subsets
from the second 4D family 4U5U6U7. (4) If ¥ is the 4D
subset assigned to the transition from the current state
WanZnW3nW4n to an even-numbered (or
odd-numbered) next state, then.¥ is also the 4D subset
assigned to the transition from the current state
Wan2nﬁ36W4n to an odd-numbered (or
even-numbered) next state, where “"-" appearing over a
letter denotes an inversion.
(3) For each transition from a current state
Wln W?n W3n W4£ to an allowed next state Wln+2
W2n+2 W3n+2 W4n+2' if X denotes the 4D su?set
assigned to this. transition, and if Y denotes the 4D
subset obtained when the 4D subset X is rotated 90
degrees clockwise, then ¥ must be assigned to the
transition from the cuii?nt state ?}n wzn'ﬁ§n~
W4n to the next state Wln+2 W2n+2 W3n+2
W4 ,,. For example, if 4D subset 0 is assigned to the
transition from state 0000 to state 0000, then 4D subset
1 nmust be assigned to the transition ﬁﬁém state 1010 to
state 1010. v
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points is 4d.. The coding gain (in terms of the

Because of thenshiR! biseahlcady b the BPse0BsLe! LAR! GRCBRRR 198-3bihke
receiver the_mapping fromeach finally 8eC|deq 8D point back to"the 28

i nf or mati on PPtSEPRSt Rengseddetips sheseEPrpl ified. Otherwi se, a

strai ghtforward mappi ng fromthe 8D constelkdtion back to the 28
information bits would require a bit nappingotable of 536,870,912 x 28
(=2[err] x 28) bits. Even when all of the—sysnetries of the constellation
are exploited, a table of size 2,097,152 x 21 (=2[err] x 21) bits would :
still be required. However, in the presepg ?g§ggﬁ1 , each 2D point of the
four 2D points correspondina to the 8D porrnt canOfirst be napped back to
eight Z bits. Then perforni A§ &R8,jpnver se_conversi ons =cdrBdFondi ng to the
bit converter and 8D bl ock encoder produces the 28 information bits. The
mappi ng froma 2D point back to eight Z bits requires a table of only 160 x
8 bits even when the symetries of the conSpellation are not exploited. The
I nverse conversion corresponding to the 8D bl ock encoder can be

2

20.560

where dg is the minimum squared distance between

two 2D points of the 1l28-point 2D cross constellation,
and 20.5d3 is the average enargy per signalling
interval of the 128-point 2D cross constellation.

The second rule eliminates minimum squared
distance error events which differ in more than one 4D
point from a given sequence of 4D points, thus reducing
the multiplicity of minimum squared dis?ance error
events to 24 per 4D point (or equivalenély, 12 per 2D
point), which is, in this case, also the number of 4D
points at squared distance 4dg from a given 4D
point in the same 4D subset.

The third rule guarantees that the code can be
made transparent to all 90-degree rotations of the
received signal. Since the same 4D subset is obtained
when a 4D subset is rotated by 180 degrees, the design
of a rotationally invariant convolutional code needs - to
take into account only 90-degree rotation. A linear
convolutional code is thus sufficient to accomplish
transparency to all 90-degree rotations.
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LCiiaziliilyg uncoded lnLormatlion DATs 1ncd The LU

done with corsttrrllaptdgnam Rbichcdoedinate eveluesqareenaededl €p as was done
o rore CRdH Ok EGRIEH. pllfe L WELSCESO0YR 2L 001 GALECRRRE! N0 L0 Lhe B

converter requires a ta nsrgnificant conpared to
the size G‘TaREh’é‘SB t‘a‘b\llbdv\hﬁqmmmdt@bh%mﬁsb3b%72eqw red to map fromthe

8D const el {3t} rkb@)?kcéerli'ﬂﬁagg bé‘i@éé‘ﬁt'l’é’@eﬁ'&ﬁen all the Another

reduction 1 n decoder theX|t CONES groupi ng 16 8D _subtypes into an

8D subsetsﬁﬂﬂﬁFqﬂﬂ%c?ﬁ FoﬁP19%“§Be%4©ﬁ%°?h%rﬁu BLodted ERsi ti ons
| eadi ng t @ eRARde stleé enumbeehosawswﬂbstanﬁaadm@;oaesabmg bEMeL9gof t war e,

and har Ovey S I3NA ! BB aimeshpafit Ho R e Eh1L bR S84 04g the uncoded
- However, the invention allows this table to be reduced
to only 384 (=192 -x 2) coordinate values, and further
reduced to 96 (=48 x 2) when all the symmetries of the
constellation are exploited, permitting a substantial
saving of hardware capacity.

Referring again to Figs. 6 and 7, after using
the three output bits of the convolutional encoder to
specify a 4D subset, fourth non- convolutlonally -coded
information bit (I3 ) is used to specify a 4D type
within the 4D ngset To make the code transparent to
90° phase ambiguities, the association or the three
convolutionally coded bltS YO Il IZ and
the fourth uncoded bit 13 w1th 4D types is done as
follows. For each patter1 of
YOnIlnIZ;IBA, denote X as the associated ;
4D type. Denote Ylf ?2, Y3 as the 4D types
obtained when the 4D type X.is rotated by 90°, 180°, and
270° clockwise, réspegtiyeiy. Denote 53,52,,

S32522, and S33823 af t?e bit pairs obtained

when the bit pair I3n12n is advanced by one,

two, and three positions, respectively, in a circular
sequence 00, 01, 10, 1l. Then the 4D types associated

This is the replacement sheet

Date: 9§ 4 APR 1997



2, (2R R 13, Lcopelillively.

- 56 - nultiplicity &% antiestosteverd the hnamzemgmmm@@ramretezs 60.

The peak-t 09qveLbadf AWEEnd afbe 151 1 e 1P $ transparent to 90,
180, and 27Q[err] phase; an% u‘ls)’iléels ﬁtof;:li(}rﬂstlft ue‘ht 2D constellation has .
160 points. * °at&9rn£ﬂ’r%%n°, t$RLeRiy Ridisy A0 el hed®d known 32-state, 2D

code is 4. 8(20d |rZJIe hidhearé rusratimﬂj deanaex die patti@fiznty of the
error event

o on el YRR SIS S AR o, Perake BYRLA0RC PO Lo
t he 8D code coayex tlear 6 1=l inpdnded ytofbd Mearpmrtmeno:fv\tlbdﬂ bbhe m ni num
converter and block encoder 34 (Fig. 2) that performs
the bit conversions.) In this code, each pair of
selection bits corresponds to a 2D subset in accordance
with the following table:

2D Subset z0 _l r 20 Z1

—n—n — —n+l —n+l
A 00
B 0l
C 10
D 11

The eleven uncoded information bits which
remain will be used to select a 4D point from the
pre&iously selected 4D type.

Referring to Figs. 5, 7, and 9, a 4D block
encoder 97 .takes three of the remaining uncoded
information bits (Il ,,, I2_,,, and I3n+£) and
generates two pairs of selection bits (ZZn ZBn and
Zzn+l 23n+l). (Note that block encoder 96 is
intended to be the portion of the bit converter and
blodk encoder 34 (Fig. 2) that performs the bit
conversion.) Each of the pairs of selection bits can
assume any of the values 00, 01, or 10, but they cannot

"both assume the value 10. The first pair 22, 23
will be used to select the inner group or outer group of
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a.)n+l willl LdcopeCtl TO the Second <40 subsed. ine i1nner
di stance, OKOUPf fisctorganives |rigertwiultadlpldcidal liesd nouleg tdwaws corpensat ed
by the |argge ¢adirn@Oaldy ddy{ : 1 m_ni ' e 8D code.
pagdlr ddbidd By 141%0n, (?Pmtrr;]be@ %?%g%gﬁ@g &1{]

As for the 4D codes, the larger coding gal 'S not obtai ned
by increasith§ LREeSeSEUR dersrfePesbr ifattihe thd ten ammc@lepttitt y | ar ge
val ue. TheotBRrcada Mast D Gt §fdAld o Wi ded £VSthsSIR d&ehan for

the 4D code‘_1 I nplyi ng further i ovenent in the performance of the 8D code

over the 4BY&RE SBBRUSS SB ency of the 8D code to 90-degree phase

anbi gui ties gives | mMhexid yate YRMED maidteriphase ahvngesrodesy i 1l enent ed

in the | abgr Y 3 A ode. i s found tao hav ignificantly better

performancgl'?h§% Pﬁé%ﬁeﬂgotg‘q ?%Annes%rgerocué)seosé]arrguz%%eﬁ{ Oarb% HSh

per f or mancéncrdelde ipvfoxmatiaf by ddmadin ofow st t impaf roerdmonglhe

64- st at e, dep : compld Gat - - de, and is
gRosedeD $d i1 COMpldLa ﬁ%@%@%%@é& 508 g0

| ess than twice as Conplicated as t state, code. state, 8D
code 't her eBEPEPFe PfefORE Rt aRAMbe b UD kespiebernudt, i35,

ZGn Z7n énd Z4n+l ZSn+l an+l

Z7n+l' The first group Z4n ZSn ZGn Z7n will

be used to select a 2D point from the previously
selected outer group or the selected half of the inner
group of the first 2D subset, and likewise for the
n+l Z50+1 Z0n41 Z7n+1"
Thus, the bit converter 96 and 4D block encoder

97 take the three output.bits'of the convolutional

second group 24

encoder and the twelve remaining uncoded information
bits and produce sixteen point selection bits (R=8).
Those sixteen selection bits are then grouped by
grouping device 36 into two groups of eigﬁt selection
bits each, ZZn Z3n Z4n ZSn an Z7n ZOn

Zln and Z2n+l 23n+l Z4n+l ZSn+l 26n+l

P/ z20

7n+l n+l Zln+l' The first group zzn ZBn
24 25 z6, 27

n n 20, 21, is then used to
address a 2D mapping table 38, the table being
constructed from the constellation ofFig. 5 simply by
associating with the coordinates of each point the eight
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Eeeded to spec1ﬁy the 2g subseﬁ), to Obtal; tgi]oall of
| nproves t QL Tan of .2D_codes _w t hqut i ncreasing. t he CO | exity.
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information bits. Likewise, the second group of
selection bits addresses the same table 38 to obtain the
coordinates of the second 2D point. Since each group of
eight selection bits ZZm ZBm Z4m ZSm ZGm Z?m

ZOm Zlm, when m=n or n+l, can assume only 192 values
(because ZZm §3m cannot- be 11), the table has only

384 (=192 x 2) coordinate values. The table can be
further reduced to only 96 (=48 x 2) coordinate values,
since the same pattern of

zzmz3mz4mzsmz5mz7m, for either m=n or n+l,

is associated with each of the ‘four 2D points which can
be obtained from each othér by 90-degree rotations. 1In
that case, the table provides the pair of coordiqate
values corresponding to 22 23 24 25.26 27

for a specif%c pattern of ZOm Zlm, m=n or n+l. The

pair of coordinate values corresponding to other
patterns of ZO Zl can be obtained through

90-degree rotatlons of the pair of coordlvates obtained
for the specific pattern of ZOm Zlm.

The last technique also enables making the code
transparent to 90-degree rotations of the constellation
(of the kind which may be caused by phase hits in the
channel), which is accomplished as follows.

Referring to Figs. 6 and 7, note that if we
translate a sequence of the bit pairs}IBA 12;
appearing at the inputs of the convolutional encoder and
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UL, 10, 11, then the sequence of 2D points produced by
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e mrﬁrmm 2unbé&r nof “@ requrasel 2or an 8D

dB
f or

convolut|oﬁapoﬁﬁéépp@dpm@v@déf§r¢ntdllcd@pm§Qﬁn&68rnmrﬁﬂgnrﬂknmﬁdlstance

over the ugggdggrﬁagg |§216 Q&@ the'

a 4D convol uti ona

n1nqﬂper f states required
& provi de 4n66 ancébln ?n is 8.

for
These

codes wi t h"PewdPOgpaies éﬁeﬁ@§eP@FPWﬁeﬁftHQECGWﬁ“ék y{ierabed to achieve
the |arger geedideg 9 rtwen rldtR el wmldlr%h@%e A1 196-dEg Sé@l Shadd Or

64- st at e,

8D, code . i.s an of. the 4D or 8D

convolutloﬁ§P188&§§eﬁlﬂﬁ %@ﬁka?F§F&§at§9§lnléhé%?)?W@& e the 16-st

differential encoder 30 of Fig. 7 is intended to be the
portion of the differential encoder 30 shown in Fig. 2
that differentially encodes certain bits.)

At the receiver, the decoder uses a
conventional maximum-likelihood decoding algorithm such
as the Viterbi decoding algorithm described in the
Fofney Viterbi algorithm article. .

Referring to Fig. 10, as a preliminary step,
the decoder must determine the 4D point in each of the
eight 4D subsets which is closest to the received point
and must calculate the squaréd distance from each
closest 4D point to the received point. This squared
distance is called the 4D branch metric for each trellis
branch to which that subset is assigned. Because there
are 4096 4D points. in each of the eighé 4D subsets,
finding the nearest 4D points to the received point
would be impractical without the following
simplification. .

For each of the two received 2D points

corresponding to a received 4D point, the decoder
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calculates the squared distance between each of those

4D or 64- st ahlosedR W%Oﬁ’ﬁct%otaﬁdh%ewr%gigg%g; 2§t .

854 h J9 n'i nmum squar ed
di st ance be%meen two valid .sequences 0 Di p0|nt§?c rresponding to
two distinc

DEPE PRlaS&CchE Ie4a 56 BRigeFabiededhi Pe@nah metizigrer than the
i ni mum squaeedudies ttiieae ReteReyt W8 4B (£B8in8D) ipoidch Wi L eagdy 4D (or

8D bset . result.the multi.plicities of the error events wth the
i Z}i rsnljm dis gﬁ%gggf%fi'ﬁo§gec5&§§c\tﬁl?‘ﬁ PEREPSSt 4FeBCaM@ % qfitPatan for the

16-state, 4bhen Ghestseechibgradeuired with respect to a 2D code.
Next, the decoder determines the 4D point in

each of the 16 4D types which is closest to the received
4D point and calculates the squared distance between
each of those closest 4D points and the received 4D
point. This is done merely by adding the two 2D branch
metrics for the pair of 2D subsets corresponding to each
4D type, because the closest 4D point in each 4D type
corresponds to the pair of closest 2D points for the
pair of 2D subsets corresponding to that 4D type (104).
finallyi-the decoder compares the two sums of 2D branch
metrics corresponding to the pair of 4D types within
each 4D subset. The smaller sum becomes the 4D branch
metric associated with that 4D subset, and the pair of
2D points associated with the smaller sum corresponds to
the 4D point in that 4D subset which is closest to the
received point (106). ,

The 4D branch metrics are then uged to extend
the trellis paths and generate final delayed decisions
in the usual way (112).

Note that the closest 4D point in a 4D subset
obtained from the above procedure may not be a valid 4p
point because both of the corresponding 2D points may
come from the outer group. This condition is detected
in the block decoder 66 after final decisions on
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nore conpl i @@h%cieqqra&dﬁ Insaﬁhrrqu%hef Wap%&ﬁ@plf‘%olﬂb’ e'aﬂﬁ{ e@ﬁhélmp he number
of states. finer partiti
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code with nﬂk%ﬁ%ﬁg‘¥§om the 4D constellation back to the 14
information bits would require a table of
32768 x 14 (=2 x 14) bits. Even when all of the
symmetries of the constellation are exploited, a table
of size 2048 x 11 (=2'1 x 11) bits would still be
required. However, in the invention each 2D point of
the pair of 2D points corresponding to .the 4D point can
first be mapped back to eight Z bits using a single bit
mapping table 64 (Fig. 4). Then performihg the inverse
conversions corresponding to the bit converter and 4D
block encoder produces the 14 information bits. The
mapping from a 2D point back to eight 2 bits requires a
table of only 1536 (=192 x 8) bits even when the
symmetries of the constellation are not exploited at all.

Another reduction in complexity‘of the decoder
comes from the pairing of two 4D types into a 4D subset
which reduces from eight to four the number of possiblé
transitions leading to each state.

This coding system offers a number of
benefits. The coding gain of the code over the uncoded
case in terms of the minimum distance is 4.66 dB. The
multiplicity of the error event with the minimum
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constellation has 192 points. The code is transparent

For exanpl e, ofR- STR§ Q. 4%8??:%%%%519(15@%55??%%%%%@5§ub§gt consi sting

of only one 4Dtype ‘as défine tan provi de 4. 66
dB codi ng g&AYPRAT X3RN i $0 ukheli Besihdnwowrer st imcoR dcede e, thhe same as

for the 16- doiihg aLRdes PUbL oS TWIddd & Yerd hIQiREROE1EYSALW th the
m ni mum di stf}l{l?;e .S on:{%cﬁml ess than the 12 for the 16-state, 4D code and

the same as ¥¥aMydriR RedtRY KR event wigmekhe cRyBiMAMt h snal | er
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8D code. . but bt Rhdor e EELEY Lttt A5 0 8D cRe8f BERBAM Y eodes

wi th a consthatbentaXiecoredbhg agabm goad tsmaler muiviphieithaoff abe 2D

subsets (of ett}}%ﬁié%lgésngéﬁeghg%Mmum distance of the 4D code
imply beéetter performance over the 2D code. Furthermore,
the larger cobding gain of the 4D code is not obtained at
the cost of increasing the peak-to-average power ratio
to an unacceptably large value. It is important to keep
this ratio small because the transmission medium may
distort the transmitted sighai nonlinearly. The smaller
2D constellation for the 4D code than for the 2D code
implies simplet receiver design and better performance
when the received signal contains signal-dependent
noise. Transparency of the 4D code to 90-degree phase
ambiguities-gives immunity to rapid carrier phase
changes.. When both the 4D and 2D codes are tested in
the laboratory, the performance of the 4p code is indeed
significantly. better than the 2D code in the presence of
many kinds of channel impairments, and the 4D code is
less.complicated.'

64-State, 8D Code
In another embodiment, the transmitter takes

the 28 information bits which appear in four successive
signaling intervals and encodes them into four 2D signal
points drawn from a 2D constellation having only 160

points.
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includes inner and outer groups of points defined by a
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o oo BB L 2 RS RIS i L0
group points are again selected from possible points
lying on the rectangular grid extended from the inner
128-point cross constellation, and are arranged as close
to the origin as possible. Furthermore, if an outer
group point is rotated by 90, 180, or 270 degrees about
the origin, another ocuter group point is obtained. As
in ;he 16-state, 4D code, the 160-point 2D constellation
is partitioned into four equal-sized subsets, denoted A,
B, C, and D; the 2D subsets are grouped into two 2D
families, denoted AUB and 'CUD; all 2D subsets have the
same numbers of inner and outer group points; and the
ratio of the number of outer group points to the number
of inner group points of each 2D subset is thus the same
as that of the 2D constellation. The distance
properties ‘of points in those 2D subsets are the same as
those for the l6-state, 4D code. In the constellation
of Fig. 11, each 2D point is labelled with a six-bit
value which represents the bits Zzn+iZ3é+iZ4n+i
an+izsn+i27n+i’ i=20, ;, 2, or 3. The same
pattern is assigned to each of the four 2D points which
can be obtained from each other by 90° rotations.

Four identical such 2D constellations taken
together can be conceived as a single 8D constellation
having 655,360,000 (=1607) 8D points, the eight
coordinates of each 8D point being the same as the four
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cross const ehkaBporon¥ied Idtior.he Thensivelrlagtel emeiay paan siefrallthgisS[ err]
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group poi nt §3a593a§d| n seSJemeed:h‘er Qmatkhezr@mgd' eetrersdgrhdltiorg t he i nner
Soos bl o CE?%E:%%HSHQ I 0w’ nr‘:q}e\?g cons _aa% @a%g[ﬁ&,éﬁgvaqﬁcﬁ' "ot

possi bl e, thef ralnts e first
is 2.14, about the same as that of the lé-state,

code.

" Wé now define 256 (=4%) 8D subtypes, each
corresponding to a combination of four 2D subsets, and
denoted as (A,A,A,7A), (A,A,A;B),...,(B;C,C,B),
(,c,C,C);ee.,-and (D,D,D,D). Each 8D subtype has
2,097,152 points and the minimum squared distance
between two 8D points belonging to the same 8D subtype
is 4d§, the same as the minimum squared distance
between two 2D points belonging to the same 2D subset.
(The squared distance between two 8D points is simply
the sum of the four squared distances with respect to
the four pairs.of 2D points to which thoée two 8D points
correspond.) Each 8D subtype, like the 8D
constellation, contains only 8D points for which at most
one of the four corresponding 2D points belongs to the
outer groups of the four 2D subsets to which that 8D
subtype corresponds.

Referring to Fig. 12A, the 256 8D subtypes are
grouped into sixteen 8D subsets (col. 122). The
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constellation I's partitioned into eight subsets, described bel ow, each
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128- poi nt o i€l 2ot EOAsBéElasidnsicesrésivspding tonsheadnts.
constellation are concatenated to form a first
constituent 4D constellation. This 4D constellation is
partitioned into'eight 4D subsets, denoted as 0, 1,
2,..., and 7, and grouped into two 4D families, denoted
as 0UlU2U3 and 4U5U6U7,. as in the l6-state, 4D code. A
second cons;ituent 4D constellation, formed by a
concatenation of the third and fourth 2D constellations
corresponding to the 8D constellation, is similarly
partitioned. The distance properties of points in the
4D subsets are the same as those for thg l6-state, 4D
code. '

Next, we define 64 (=8 x 81 8D types, each
corresponding to a pair of 4D subsets, and denoted as
(0,0}, (0,1),..., and (7,7). . Each 8D type includes four
8D subtypes (because each 4D subset includes two 4D
types, note that the 4D types are equivalent to 4D
subtypes) . The minimum squared distance between two 8D
points belonging to the same 8D type is 4&3, the
same as between two 4D points belonging to the same 4D
subset, and as between two 8D points belonging to the
same 8D subtype, as desired.

Those 64 8D types are grouped, four at a time,[
to form sixteen 8D subsets, denoted as 0, 1, 2,..., and
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bel ongi ng t @ithe thae spukagisdts gm@tser btehaastehcth@ mmmxﬁﬂtafmeb st ance,
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t th b Wi&ﬁ#
greﬁgngir ng ?sublset_;samlﬁl'am lyhe \dalmeh 4ips fyetti liyn 1isur2]a'i eher than t?]é m ni mum
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constel lation o 2
to the same 8D subset is 460, the same as between

two 8D points belonging to the same 8D subtype.

Second, the four first and four second 4D
subsets associated with each 8D subset in the first 8D
family 0UlU2U3U4U5U6U7 span the same 4D family 0ULU2U3
or 4U5U6U7, and in the second 8D family the four first
and four second 4D subsets associated with each 8D
subset span different 4D families. Because the minimum
squared distance between two points belonging to
different 4D subsets within the same 4D family is
ng, and the minimum squared distance between two
4D points_beionging to different 4D subser of different
4D families.is_qg, the minimum squared distance
between two 8D points belonging to different 8D subsets
within the same 8D family is 2d§, and the minimum
squared distance between two 8D points belonging to
different 8D subsets of different 8D families is dg.

Note that 8D subset 0 for this particular
partition is from a portion of the 8D lattice used in

the non-convolutional block encoding scheme disclosed in
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lattice. There are other ways to partition the 8D

five-bit patd&fs’téﬁlé\@ﬁéﬁnfdtéos Pfad s A pgwé sthdidmecan be
obt ai ned fr%n each ot her [éer rg rotations h Two i dentical such
2D constel | Jr%'f%“?%k@ﬁoPSéEPﬁ ¥ePR SURRRSS RF &he PN e 4D

constel |l ati cpaﬂtai/ti@n368ﬁéwévé92 ¥hd 9o viD pgrd ik tsioOthyy's BWQ&pecﬂﬁ

(=2[err] ) he 36864 . points, w | X he, pnes
whose correspo pgiﬁ?k ?f % gn %)%bsd%t n%% 5g€%y%§ldbo% é‘?e :F?'néa out er
group. From?ﬂﬁrvdﬂsrﬂeabsbhsssngﬂ&b Sabse fat s M@imdtrdﬁshﬁltthw 7

i nformation %.Léﬁei? S’tHBahleQQ f,]grgaé@ i’\é lrseieiohf1ipi s 32768-point

4D constel | on as fhe 4D con atlon agail n haE pens _to be
i dentical tolRYREiapE Fﬁ@vﬂ?éu?&af‘él ‘A@%dﬂ%l%&c‘étb?sﬁ‘o?lé aeneBP] rotation.

The average £mes8¥sPbesi b2 hegdi Bbetyré 4Ry 90-degree rotations of
the consteliatioﬁ into éccount, and is thus made
easier. Furthermore, a linear convolutional code is
sufficient to remove all phase ambiguities of the 8D
constellation. ' .

Grouping the 256 8D subtypes into 16 8D subsets
makes possible and makes easier the design of a simple
and powerful convolutional'cbdé, and the decoder
cdmplexity is reduced as explained iater.

The design of the 64-state, 90-degree
rotationally invariant linear convolutional code with
those sixteen 8D subsets is illustrated in Figs. 12A and
13. A rate 3/4, 64-state linear convolutional encoder
130 is used to generate the four selection bits needed
to specify the 8D subset from which an 8D point is to be
drawn.. Encoder 130 includes 4T delay éléments 132 and
logical exclusive or elements 134 connected as shown.
The current state of the encoder is'

WanZnW3nw4nW5nW6n. And the next state of
the encoder is Wl W2 W3 W4 W5

n+d "n+4 "n+d4d n+d4d "n+4
W6

e Only certain sequences of state transitions
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ratio is 2. 1@ecimal num¥érngy €RLi 88r Fént BrXed) %&yegﬁalﬁaﬁe
correspondlnqaif?wﬁgalr tEEZD subsets, and denoted as (A A, .(A.B), and

(H, H. Each fifs ZCBBFﬁt§r3nﬂa?hehﬁ?ﬁ?ﬂuﬁ¥s& & 8§cdmetance
bet ween two 4iumisént sfbehengiEnghtonéke seseedD tapRumbedderi), inhibh

chart represents a permissible transition between the
current state and the next state indicated by the row
and column in which the entry appears. The number entry
itself identifies the 8D subset assigned to that
transition. for-example, a transition is permitted from
current state 41 to next state 14 and 8D subset 15 is
assigned to that transition. Each current state can be
followed by only eight possible transitions, and can
result from only eight possible transitions. The
assignment of 8D subsets to' transitions satisfies the
following rules: . '

(1) - The 8D subsets assigned to the transitions
leading from a state are all from the same 8D family,
and likewise for the 8D subsets associated with the
transitions leading to a state.

(2) The minimum squared distance between two
valid sequénces of 8D points corresponding to two
distinct trellis paths is laiger than the minimum
squared distance between two 8D points within each 8D
subset. For example, referring to Figs. 14A and 14B,
this rule is’'satisfied by the following approach, among
others. (a) For each current state
Wanan3nW4nWSnW6n, the eight possible next
states "are W4nWSnW6nXlx2x3 for X1X2X3 = 000, 001,

010, 011, 100, 101, 110, and 1ll. (b) All the
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from the first 8D family OUlU2U3U4USUSU7. (c) All theb |
IS the sa [ L stan bet.ween. t Dp S bel ongi ng
to the saglg%gs 16"},9 gkgzﬁgg 51‘?«9 ﬁ%{?n ‘%ﬁ MRS 1 V\g Eﬁ@ gﬁﬁ@t%fructure
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f b I t
th 83{rer"gj‘re?.iﬂjp’?’é?‘t’fﬁ%ﬂ%?f@g?gwg SOV RED: N hep"Ghe (BhE0RE1 010 1O

cor r espond is satpgraediag £olleys: 18(ik Hef 4D igpbheadd pabased to form
32 4D subsedssitdd 460fhedepgh8dt 88nOfrdm - cunr@ﬁ‘@ statdhe pairing, while

M i mum St St kLo BEvES S v S IR [ each 4D subset as
exi sts bet mnwmbéff?e@bl negtwstate, etlién 4D iy p€lso the 8D 3hBsd? 4D
AT £ b bEnbs fATH A PR AT R oRhRES " 20UR1LRBLRS, and
22U23U30UBH na’ﬂd"%rg‘é‘lrf,ml?ﬁ ¢ §ooukkX2int@0; vl ADLO anah8edl,denot ed as
[err] and [&fTdn od®@LRuhBakekN§or even-numbered) next state. (ii)
'If Y is the 8D subset assigned to the transition from
current state W1l W2 W3 W4nW5nW6n to next
~state W4 WS W6 x1x2x3, then ¥ is also the 8D
subset a551gnea to the tran51tlon from current state
Wl W2 W3 W4 WS W6 to next state
W4 W5 W6 x1x2x3. (111) If Y is the 8D subset
a551gned to the transition from current state
Wlnw2nW3nW4nW5nW6n to next state
W4nW5nW6nxlX2x3, then ¥ is also the 8D subset-
assigned to the transition from current state
Wl W2 W3nW4 @5 W6 to next state |
Wa WS W6 x1x4x3, for X4 = 0 or 1.
The first rule 'guarantees that the minimum

squared distance between any two allowed sequences of 8D
2
0*
the minimum distance) of the code over the uncoded

points is 44 And the coding gain (in terms of

128-point 2D cross constellation theréfbpg is
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m ni nrum squar ed di stance, 8d[err], bet n §%> pents belonging to the sane
4D subset is greater than the nininun12%§a§ 7£h6tance, 4d[err] between 4D
poi nts belonging to the same 4D Euggﬁnily, which is in tubnd4l 4B

- 62 - greater than the m ni mum squarled di stance, 2d[err]

2
0

d

20,547

The second rule eliminates minimum distance
error events in more than one 8D point which differ from
a given sequence of 8D points, thus reducing the
multiplicity of the minimum distance error events to 240
per 8D point (or equivalently, 60 per 2D poiﬁt), which
is, in this case, also the number of 8D points at
éqﬁared distance 4dg from a given 8D point in the
same 8D subset.

There is no need to consider 90° rotations of
the constellation in the design of a 90° rotationally
invariant convolutional code because the same 8D subset
is obtained when an 8D subset is rotated by 90°, 1l&0°,
or 270°._- ' {

We now describe how to map the four output bits
of the convolutional encoder and_ the 25 remaining
uncoded information bits into the 8D constellation.
Eight coordinate values are needed to define each 8D
point; therefore, a straightforward mapping would
require a table of 4,294,967,296 (=2°° x 8) coordinate
values. Even when all the symmetries of the 8D
constellation are exploited to reduce the number of
coordinate values, a table of 16,777,216 (=221 x 8)
coordinate values would still be required. However, ﬁhe
invention allows this table to be reduced to only 320
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are ex%loited, permitting a substantial saving of _
bet ween 4D points belonging to the same 4D famly, which i's yet in turn

greater thamP¥FEYAFRi GARPS4bNred distance, d[err], between any two 4D

goi nts. Note al 504t haRe'Eétra_iﬁ@ ﬁga_sﬁt 558Fﬁg§at EdAbRB 904 in a@E_e27019
egrees, anot her subset is_obtajned. eferring.,to Fig. , a
ra?e 4/ 5, 64§€%%ﬁe 8n€8?ﬁtPBﬁgFiehégae?fcﬁﬂetﬁ%ﬂvﬁiuﬁégag}oeﬂgﬂgFéte t he
five sel ectioh $pesifgeded8bDosgpseil,yanhheéhdb Sabset from which a 4D point
is to be d - ' o) ’ tate.t AR houl d
I'S 1o Dbe arayg, J?ﬁgé?éF?Q&ﬁggnyoéEhsHR%SEﬁ?g?oﬁhgkgs 63as|,kk@ngoshou

satisfy at |east wo rules. subset's assigned to
the transiti®peciEddeng8Pr subiypeawdthis &he BPosmrbsetsane 4D fanily, and

| kewi se for the 4D syBSghreazhbopBHe! @rbhephiane! to0sp lueadieddphase state.

There are 16 transitions | eading ?ron1eacﬁ§state d erent next
states. Tho3BP1gBih&ge dfacpecdsNipg §heuBBdsPhtyPrRouthgr @330y nBour
states each geghitbmbntBeaganietubsequent, theskahts ph@lde?W @achnef the four
next states L 8e9tacPuncoded® IhTRTmation Bt HE [ ARa WY AR LPsetS
associated with each of the four 8D subtypes which can
be obtained from each other by 90-degree rotations.
Second, the association of the second two uncoded
information bits, 16; and I7;, wighleb _
subtypes is as follows. For each set of four 8D
subtypes which can be obtained from each other through
90-degree rotations, arrange the four associated values
of the bit pair 16; 17; into a four-element
sequence such that the 8D subtypes corresponding to the
second, third, and fourth values of this sequence can be
obtained by-rotating the 8D subtype corriesponding to the
first value of -the sequence by 90, 180, and 270 degrees
clockwise, respectively. Then, all of these
four-element sequences are rotated versions of the same
four-element circular sequence of bit éairs. In this
code, the four element circular sequence is 00, 01, 10,
11. And, for example, a rotated version of the
four-element circular sequence is the sequence 01, 10,

11, 00.

This is the replacement sheet

Date: § 4 APR 198/



_ uncoded information bltS into four pairs of selection
assigned to elther (a) .the transitions from.a q ven state to the four next

states in aPdrven 2uodpnor B tHe t Mefitei Mons Senthext state from
t he four sté&begs 2D a;ugmee:m g:fdl‘lrp:sq:roexdfﬂr@mttohe;r&alm) mm@m | Bhe

Fol | owi ng af, S ryles ho t a tate,

code can be“§ %g?%h d;%uc att'" teﬁ'esr%lﬁl MM s% i \cll%dni]fmnc éséze ween any t wo
val i d sequesobsets 4B pt(hentsam% &Bd[thart] for lPhetedtd ngi@adedef tHe code in
the m ni UM, SERRGR rQMQn MBI RIEDL RS ivid HSDm the procedure

shown in Fig. 12B which satisfies the two requirements
described above for mapping the four uncoded bits to an
8D subtype within an 8D subset.

The 21 uncoded information bits which remain
will be used 'to select an 8D point from the previously
selected 8D subtype. Referring to Figs. 11, 13, and 15,
an 8D block encoder 142 takes nine of the remaining
uncoded information bits and generates four groups of
three selection bits each, 22 23 Z4 }'
m=n,n+l,n+2,n+3. Each group can ‘assume any of the
values 000, 001, 010, Oll, and 100, but at most one of
the four groups can assume the value 100. The first
group z2 23 24 will be used to select the inner
group or outer group of the first 2D subset
corresponding to the previously selected 8D subtype, and
likewise for the three other groups witq respect to the
second, third, .and fourth 2D subsets. The inner group
is organized into four quarters. If the group of three
selection bits is 000, 001, 010, or 011, one of the
quarters of the inner group is selected; otherwise, the
outer group is selected.

There are eight 2D points in the outer group or
in each of the four quarters of the inner group of a 2D

subset, and twelve uncoded information bits remain for
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- 63 - ‘renamed as &op26,,27,  m=nghtlapAy PEI -of Tk Finsk rule

guar ant ees tfabup ZSnZGnZ7n w111 be used to select a 2D point
from the previously selected outer group or from the
selected quarter of the inner group of the first 2D
subset, and likewise for the other three groups
25 26 _Z7 ,m=n+l,n+2,n+3. '
To summarize, the bit converter and 8D block
encoder take the four output bits of the convolutional
" encoder and the_ 25 remaining uncoded information bits
and produce 32 point selection bits (R=8). Those 32
selection bits are then grouped into four groups of
eight selection bits each, ZZmZBmZ4mZSm26m
Z7mZOlem' m=n,n+l,n+2,n+3. The first group
ZznZ3nZ4nZSnzan7nZ0nZln is used to_ _
address a 2D mapping table, the table being constructed
from the constellation of Fig. ll'simply by associating
with the coordinates of each point the eight bits needed
to represent the point (namely the six bits marked under
the point and the two bit; ZOnZln needed to specify
the 2D subset), to obtain the pair of coordinates for
the first 2D point- corresponding to the 8D point defined
by the four output bits of the convolutional encoder and
the 25 remaining uncoded information bits. Likewise,
the second, ﬁhird, and fourth groups of selection bits
address the same table to obtain the coordinates of the
second, third, and fourth 2D points, respectively.
Since each group of eight selection bits can assume only
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order for heaMAUdRYPS 2@? | St,ance ket yeen .any two sequences of 4D
points to be §r ep'a&t er tlﬁg:h@ I@Z;yﬂq%4mri%mztamr2}?eheqr?ulti plicity of the error

event wi t haS§ecHatiafum itstearde off thiee foar 0ape Ingts SHICh <camp hend t he
code is trontpdned Mromldadi-ABredywhasqeldRicduidifsions. 1n TO further
i ncrease the.coding gai.n in the mninumdistance or_reduce, the nultiplicity
of the err 5?‘a§vé’r?tsg% 4§ HePbhhiBhatigiest &hce P . 1IRF ReFiRRBhal code
usi ng t hoswaledéDcrrsedpponding roeoizey 2af até’kwsez&"}m’?ﬁi isng(;ggs?g. , ggedB
L tna' | BBE° B AR WO B SRR T8 e 1
di stance i so02zdiRarteheraliugy mamespendimsheantdiarhastagneven finer
o tppi g CR S T A T s S e ot 2 L g
of the pair of coordinates obtained for the specific
pattern of 20 21 .
The last technique also enables making the code
transparent to 90-degree rotations of the constellation,
as described later.
a straightforward implemeﬂtation of the bit
converter 140 requires a table of 256 x 8 (=28 x 8)
bits. And a straightforward implementaticn of the 8D
block encoder 142 requires a table of 512 x 12 _(=29 X
12) bits. Even though the sizes of these tables are
already insignificant compared to those which would be
required by an 8D constellation mapping which did not
use the bit converter and the 8D block encoder, they can
be further reduced.
Referring to Fig. 15, the 8D block encoder 142
can be implemented as a short program without using any
table. Referring to step 1 of Fig. 12B, the size of the
bit converter table can be reduced to 16 x 8 (=24 X 8)
bits by including in the table only the four pairs of

selection bits, ZOlem' m=n,n+l,n+2,n+3,
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convolutional encoder for a specific pattern of the four

the five ouﬁ@uaebl ‘i&fafrmfaftﬁ.o@aoﬁ\mhut[umi@' enqqder 151 to specify a 4D
I nf Qr mat i on type within

bset de f D
fﬁesiD sﬁb§|§ Hgﬁp 88H$€Fr89 fgztpﬁeﬁ“EBﬁv8it§EFh§P ¥ Wﬁf% Linto two
groups of {(Rige ¥8)ect mhe Houx padlrs oZObe&&bZhbarﬂﬂEHewr] and

- 64 - ZQSEELELbRRThEZ LY Dhne¥baR AT RUREd L0 select the pair

I4nISn16;I7; can be obtained through

modifications of the four pairs of selection bits for

the specific pattern of I4n15n16;17;. The

modifications are based on how

I4nISnIG;I7; is mapped into an 8D subtype

(Fig. 12B).

Referring to Flg. 13, 1f we translate a

sequence of the bit palrs I6 I7 appearing at

the input of the bit converter all by the same number of

positions--one, two, or three--~in the same circular

sequence of ‘bit pairs, 00, 01, 10, 11, defined above-

with respect to the mapping of bit pairs

16;17; into 8D subtypes, then the resulting

sequence of 2D points produced by the 8D constellation

mapping will be rotated by 90, 180, and 270 degres

clockwise, respectively. Therefore, a differential

~encoder 144 of the form IGn'I7n'= .

(Isn_4'I7n_4' + IBnI7n) mod lQ.Obase 2 in the

transmitter (Fig. 13) and a corresponding differential

decoder of the form IGnI7n=(16n'I7n' -
16 _,'XI7,_,') mod 100, .  , at the output of the
convolutional decoder in the receiver will remove all
90-degree phase ambiguities in the constellation.

At the receiver, the decoder again uses a
conventional maximum-likelihood decoding algorithm such

as the Viterbi decoding algorithm.
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of 2D subsets cor?e%%%ﬁﬁ?ﬁngbc?h%s4f}?§$%t 4 Fﬂs 58ﬁ§ﬁgFFaP°ﬁH of"E g
17, each thrasuselezlcohabet sheosgespeddiistan® fubgeraan adomeddnd® with

the follow ng,fAbl ecq the rece iyed pqint. This-squa%%@zhﬁ%%%dﬁé is

2D Subset

000 calle@ the 8D branch metric fiap each trellis khganch to
ggé whichDthat subset is assxgne@ll Because there Ere
111 33,554, 432 8D points in eachgf the 16 8D'ﬁﬁ?§ﬁ9ﬁ!uncoded

i nformati on bf{5d iy cbheerahfedt| 8DbBoinEs t6 ERbetlecideP@aoiind romthe

previously Sq&ggigdbétﬁ%EPECtical without the following
simplification. For each of the four received 2D points
corresponding to a received 8D point, the decoder
determines the 2D point in each of the four 2D subsets
which is closest to the received 2D point (145) and
calculates the squared distance between each of those
closest 2D points and theirgceived 2D point (146).
These squared distances are called 2D branch metrics.
Because there are only 40 2D points in each of the four
2D subsets, the searching process is easy, being no more
complex than the searching required with respect to a 2D
code. _ '

Next, the decoder determines (147) the 4D point
in each of the eight 4D subsets which is closest to the
first received 4D point, the first received 4D point
being the 4D point corresponding to the first and second
2D points of the received 8D point, and calculates the
squared distance kcalled the 4D branch metric) between
each of those closest 4D poinﬁs and the first received
4D point,.in the same manner as for the l6-state, 4D

 code. Only two additions and one comparison are
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A 4D bl ock fegeatfg4for the secogd received 4D point which is the
encode s identical .t D
code, takes tﬁ?égl& F°fﬁgspgﬁ&lﬁgn§°uﬁb8dgbI.Fﬁf ﬁatfloq{réoﬁl]?sﬂ-g%%fg%sﬁe?gt es
two pairs of sheeckicedveid 8D Paisn and Z3[err] Z4[err] whose properties
st e D toas bie PR 2 g:%a%fz%ﬁaei”ﬁe@%ﬁ hkg3leid lap desent bed for the

4D code bl ock"enco are el ght points in the
outer group oeach oift ftbe 164 8D ¢iypeise vhasbr i§r Géss@fs'-'a b Shpseece bR si x

uncoded i nf or B! L83l hd YHAIdb1IRs %@.Iee%%aqewmmetb@seeap poi nt s.
Those six bits afe taken in two groups of S eac ng @{I‘e r enaned

as Z5[err] ze6péfh] of7[tdose c&ﬁ&eﬁ{éﬂpong[epﬂ] %7{%‘,’?}"3 he first
group Z5[err] %%artr] Ztfhars ]19MddnebQJyU%@dil1h@ S(QJ4®Qt gh&Dtpoi 4D brancthhe
Phe't (ra 20 BEbsaes S IMHRA £ A8 BRebty S iprpbRaihanes BaeHp of
Z5[ err] Z6[ er r BBV [e&fpel,. because the closest BD point in each 8D type
corresponds to the pair of closest 4D points for the
pair of 4D subsets corresponding to that 8D type.
© Finally, the decoder compares (1l51) the four sums of 4D
branch metrics correspondlng to the four 8D types within
each 8D subset. The smallest sum becomes the 8D branch
metric associated with that 8D subset, and the pair of
4D points associated with the smallest sum correspond to
the 8D point in that 8D subset which is closest to the
received point. The 8D branch metrics are then used
(153) to extend the trellis paths and generate final
delayed decisions in the usual way.
However, the closest 8D point(in a particular
8D subset obtained from the.above procedure may not be a
valid point because more than one of the four
corresponding 2D points may come from the outer group.
This condition is detected in the block decoder 66 by
examining the four groups of bits, ZZmZ3mZ4m,
m=n,n+l,n+2,n+3, associated with the four corresponding
2D points. If more than one of the groups is 100, the
corresponding 8D point is not valid. Then a
modification is made on those four groups to render them

together valid.

This is the replacement sheet .

1 4 APR 1997

Date:



constellation mapping, at the receiver the mapping from

- 65 - each fih@lIYyMeREiged ¥bt BOEHESbSQHSEBUQHé)r!Z@%Mrﬁé@i&ﬂ of
the 4D constellatlon the bi't converter, and t bl ock encoder, the 4D

constel | ati on Rapgi A§ theadgcodes dfr é&éﬁ F\MBPQIBfé@ﬁ’s-t elQhe AL $RpHA ngs.
Both the enCOd@tramdhd(f@)(idﬁrrdcﬁﬁbbﬁh FesmatBet BOS coadteadation back
Enbodi nent s UBLng %o utiona
o 2 ormation bi
table of'536,870,912 X 28 (=2
all of the symmetries of the constellation are
exploited, a table of size 2,097,152 x 21 (=221 x 21)

bits would still be required. BHowever, in the present

des s . :
ts would require a bit mapping

29 X 28) bits. Even when

system , €ach 2D point of the four 2D points
corresponding to the 8D point can first be mapped back
to eight 'Z bits. Then performing the inverse
conversions corresponding to the bit converter and 8D
block encoder produces the 28 information bits. The
mapping from a 2D point back to eight Z bits requires a
table ‘of only 160 x 8 bits even when the symmetries of
the constellation are not exploited. The inverse
conversion corresponding to the 8D block encoder can be
done with a short program which does not even require a
table, as was done for the 8D block encoder. The
inverse conversion corresponding to the bit converter
requires a table of only 256 x 7 bits,'ihsignificant
compared to the size of the-table which would otherwise
be required to map from the 8D constellétion back to the
28 information bits.

Another reduction in decoder complexity comes
from grouping 16 8D subtypes into an 8D subset, thus
reducing from 128 to eight the number of transitions
leading to each state, which saves substantial
processing time, software, and hardware capacities.

The coding gain of this code over the uncoded

case in terms of the minimum distance is 5.41 dB. The
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A 16D const el Patiton FRF EE s FansRazRatpEPt PO undP %y AT Ao send 7
i nformation bphasgerand ignal i igs J ntirev@onstituent 2Refaonstaillat g had, the
constituent 2B.gonst.el)ati i sianer .and Qs feipoi nts, the
i nner group bgisﬁgg?ﬁghii"& (Hokl ne{]cécorq%gi:lc:s%ﬁét.gﬁ@af%hr%ﬂg %éejﬂgﬁ%fe)rupér)oup has
only 16 poi nt ®eskhikatevns et RIasadienyisad -80 dbhnd RO ?)gi’ﬁ‘?%. The

outer group pgiiplitn @SRl aded fFMndihe plaeiaydmreres | &k ext enesls f rom
the inner 128-point cross constellation, and arranged as close to the
origin as pos&ifite ths, MAHUBRE L15%a0GE 'poiTﬁ’te iReIRTEREAREADD, 180,
or 270 degreepowaiotdziiouierl 88 Nt e Aot donstelAs i iod Hea £ a286 of

par i 11 oned | RO cHAT T SF bett mett o thariy O 808 ¥ %4 0" “and

the subsets adlergreoupedl tiipbiciy fofiithes: maneveh s B thel TUDINTRe

di stance propefiidishal, 108 C BHOSEISE A1 d N U R tDpecley 16-Abake. 4D
than compensated by the larger coding gain in terms of
the. minimum distance of the 8D code. As for the 4D
codes, the larger coding gain of the 8D code is not
obtained by increasing the peak-to-average power ratio
to an unacceptably large value. The 8D code has a 2D
constellation which is even smallér than for the 4D
code, implying further improvement in the performance of
the 8D code over the 4D and 2D codes. Transparency of
the 8D code to 90-degree phase ambiguities gives
immunity to rapid carrier phase changes. When
implemented in the laboratory, the 8D code is found to
have significantly better peérformance than the 2D
code--in some cases, more than 1.0 dB better peffo:mance
in the presence of many kinds.of channel impairments.
The 64-state, 8D code is less complicated than the
32-state, 2D code, and is less than twice as complicated
as the 8-state, 2D code. The 64-state, 8D code
therefore represents an advance from 2D codes because it

improves the performance of 2D codes without increasing

the complexity.
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64-state, 8D codes: can be reduced without sacrlflclng

64- st at e, 8D sgg§§tiﬂhgxgﬁ%pglﬁ LS, Oﬂuhngﬁé and outer

group points and t%e ra e nu Ster gr olip poi nts to the
nunber of innétuktiRbiebtvitefotheaehroD evdsetwikh t Hees@fpimymfor the 2D

constel |l ati on @fs@aik®! ould be incEbSBEgi dentical such 2D constell ations
taken together can be concel Velrfs, % 309 & ¢80P §8"808L 8hh Broviae
4 14
5.41 dB coding gain in the minimum distance over the
uncoded case, the same as for the 64-state, 8D code, but
its multiplicity of the error event with the minimum
distance is 124, larger than 60 for the 64-state, 8D
code. It can-be shown that the minimum number of states
required for an 8D convolutional code to provide 5.41 dB
coding gain in the minimum distance over the uncoded
case is 16. And the minimum number of states required
for a 4D convolutional code to provide 4.66 dB coding
gain is 8. ' |

These codes with fewer states are useful when
"the complexity needed to achieve the larger coding gain
in the minimum distance of the l6-state, 4D or 64-state,
8D code is an issue.

The design of the 4D or 8D convolutional codes
with fewer states is similar to that for the lé6-state,
4D or 64-state, 8D code except that with fewer states
the minimum squared distance between twé'valid sequences
of 4D (or 8D) points corresponding to two distinct
trellis paths can no longer be requiréd to be larger
than the minimum sqdared distance between two 4D (of 8D)
poihts within each 4D (or 8D) subset. As a result the
multiplicities of the error events with the minimum
distance of those codes with fewer states are larger
than for the l6-state, 4D or 64-state, 8D code.
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- 66 - having 144 168} pohNige HhEtl6iGP0dli SRtEse 0dpeaehgB6D point being
the sanme as the eight pairs_of coordinates of the correspondin q%?ht 2D

poi nts, one fTYYH BEPR FRY eF Pt orStatgy VAD[QK r§2-BkatRe QUAFHE] 16D
poi nt's arg_ uaiag,[;;swar@ yséfose ?@rfl\t\b'thls@r éinéﬁﬂ@és@neh@fchEngigﬁinv\;n
correspondi n oints cones_fromithe outer .group. , From now op, en we
refer to the%“@’b’hﬁ@%ﬁ‘I%ﬁ%ﬂ?cﬁeoﬁet%&f%? stl%[(ﬂ t‘b%ﬁﬁ?l 0 otr:%?el | ation
unl ess ot her s speeeit edith | the anibimghoibs tamte tihy desiagéngnargy per
signalling i | | 5, 2 5 ,nce the
peak energy g%ﬁﬁiﬁg%. %%gg?%?g%§§?§$§ﬁiéﬁééﬁéﬁfﬁ:1?%% %ggﬁé%g-g%erage power
ratio is 2. 0ANGHRIFING ERennumberepftpbdtedhe peak-to-average power ratio,

2.07, of the non-channgitkosledid2s- pot o1t Lé0B%g 20k censt bl aki gp. The
duared distange. bef YEeDo! 0000821 N 15 SOSSHIL OLo' e BhAL! rogur o
di st ances ' '
the multiplicity of the error event with the minimum
distance b& designing a convolutional code with more
states.

For example, a 32-state, 4D code with 16 4D
subsets, each subset consisting of only one 4D type as
defined'for the lé6-state, 4D code, can provide 4.66 4B
coding gain in the ﬁinimum distance over the uncoded
case, the same as for the l6-state, 4D code, but the
multiplicity of the error event with the minimum
distance is only 4, less than the 12 for the l6-state,
4D code and the same as that for the uncoded system.

These codes with smaller multiplicity of the
error event with the minimum distance arefuseful when
excess processiﬁg capacity is available for the
l6-state, 4D or 64-state, 8D code, but not enough excess
to implement 4D or 8D cbnvolutional codes with a
constituent 2D constellation partitioned into more than
four 2D subsets (of the kind discussed below).

This is the rep*acement sheetl

1 4 APR 198

Date:



S QL LALALUVIIAIIY U.L il \.—U”bL.LLUCI)\--LU MW dded e AAGL WAL

with respect to the ei gp ?@k‘cﬁe?f1391:99§Qt5hé0c%'196 g% 1M KEED point s

correspond. We_now define 4[err] 16D s each corres%ondlng
to a conbi nat i®iPHrum; ghetapceupethe &Rd°6eﬂBtE8d§§ @EQN ABREAOK ADE

(A AAAAAAB®state,and 6P P4bsbabeD B0DrodEachnifle sidinted niagy 2 err]

poi nts and the_ mnj mums d distance, between two 16D points belonging to
t he sane 16D5§ﬁﬂéi% ?@ % éﬁrf?n?hﬁfgﬁﬁéoﬂsm?ﬁglﬂgﬁlﬁu lgﬁﬁéred di st ance
bet ween two 2[paotitiohihgngEngheocbhst §avenD2bubsais.te lHadh .ot aguliteype
has the sane g% ture as for the 16D constellation. That is, a 16D point
belongs to a 1 Subtype only if at nost one of the eight 2D points
correspondi ng to that 188 poi axapplengs 64-shateut 4D gasigpyidh tthe ei ght 2D

subsets to whigdhébatudRP §B%¥B§t€9i£€§99n§§rt_{lﬂ‘io%@@ %HN&’@.%I’?JQD
subsets.can provide 5.63 4B coding gain in the minimum
distance over the uncoéed case, which is 0.97 dB more
than that of the 16- or 32-state, 4D code.
. Referring to Fig. 17, in such a 64-state, 4D
‘code for sending 7 information bits per signalling

interval, the 2D constellation includes inner and outer
grqugs’of points, as for the l6~-state, 4D code. The
innér Qréup reﬁains as the 128-point cross
constellation. Note that the constellation has been
rotated 45° compared with the lé-state, 4D code
"constellation. The outer group has 64 points, which is
again half as many as the inner group points. The outer
group points are again selected from the grid extended
from the inner 128-point cross constellaltion and
arranged as close to the origin as possible, but with
the following two constraints satisfied. The first
constraint is that if an outer point'is rotated by 90,
180, or 270 degrees, another outer point is obtained.
The second constraint ié that when the 2D constellation
is partitioned into eight subsets, described below, each
subset has the same number of outer points as other
subsets. The inner 128-point cross constellation also

satisfies those two constraints.
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16D points wgthing F 18R5S4 SQBPEQEQE?E EnSgBE 2 5kh§%| Wy n each 16D

subtype. To acconp B s, fTirs secon and fourth 2D |
constel | ati oﬁgbéﬁést al&f@n 9:§§Umﬂmlng°afP}JFsﬁDB@Uééﬁ@tlélJl%trl stenofieds agD

constel | ati oguks eabt i EueNednd GUH, and the subfamilies are further
grouped into two 2D families, denoted as AUBUCUD and
EUGUFUH. The minimum squared distance, Bdo,

between points belonging to the same subset is greater

than the minimum squared distance, 4dg, between
points belonglng to the same subfamlly, which is in turn
2

greater than the minimum squared distance, 260,
between points belonging to the same family, which is
yet in turn greater than the minimum squared distance,
dg, between any two p01nts.

In the constellatlon of Flg. 17, the same
five-bit pattern is assigned to each of the four 2D
points which can be obtained from each other by 90°
rotations. '

Two identical such 2D constellations taken
together can be conceived as a single 4D constellation
having 36864 (=192 x 192) 4D points. Only 32768

~(=215) 4D points of the 36864 points wil} be used,
namely the ones whose corresponding pair of 2D points do
not both belong to the outer group. From now on in
discussing the 64-state code for transmitting 7 '
information bits per signaling interval, we will refer
to this .32768-point 4D constellation as the 4D
constellation, which again happens to be identical to
that for the l6-state, 4D code except for a 45°
rotation. The average energy per signaling interval for
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into 16 8D subRetEvahnienbyr &dgenbhedraakptolaveraggngorsr zadisre grouped
into two 8D fiasn2ikxs, denoted as QU U2U3W4AUSUGU7 and 8U9U OU | U 2U13U 4U15,

as in the case of 64-state e. The_secopd | onstel | ation forned by
the fifth, sixth, seveﬁ?h"bﬁng g%@ﬁtﬁlzg‘goﬁsé]gl ?Bt %é’ﬁ@ Ssf SATD 8
constel |l ati orc¢lsr¢$mfenﬁsagpaotatpmi\edome shilssanse pndpélewo&.edohst hose 8D

subsets are t precasgy hose f t st Next, we
define 256 (=16 16§ 1B "{ypé Qﬁd gﬁ @grregégﬁdgﬁsggg% has P1% 8D

subsets, and Rféﬁb%%dalaé Eb@ mypem'e@ s@yaredodigtance( !pstys)en thot 6Dt hat

each 16D typ mtg%‘;ei@ $H tu@egh@ng hoesyi qearted ance between
two 16D poi n'??s b% E)? ? 1%D typee*gyz%ge?ra]o V\w/gllll?ﬁ’ I s the sane

as the mnimhis ﬂm |§Fa5€% %é?%%%% sqRaBes pdi AEINGE BRgMesT GWohe sane
8D subset, \Ammpd>5nt§ buLonghAgSeseth@ssihe Pbnsibetquanetdiagisance

s the f1rst STeh 9B BG FREC Hatphhe tAndcr SUBEYRBL SentDe10D subsets.
constellation. That is, a 4D point belongs to a 4D type
only if the pair of 2D points corresponding to that 4D
point do not both belong to the outer groups of the pair
of 2D subsets to which that 4D type corresponds.

‘ Referring to Fig. 18, the 4D types are paired

to form 32 4D subsets (col. 150), denoted as 0, 1,...,

and 31. The pairing, while producing only half as many

4D subsets as 4D types, maintains the same minimum
squared distance. between two 4D points within each 4D
subset as exists between two 4D points within each 4D
type.

The 32 4D subsets are grouped;into eight 4D
subfamilies, denoted as 0U1U8U9, 2U3U10Ull, 4US5U12U13,
6U7UL4U15, 16Ul7U24U25, 18Ul9U26U27, 20U21U28U29, and
22023030031, and are further grouped into two 4D
families, denoted as U i and U 1. Note that the
minimum squared distance, 860, between 4D points
belonging to. the same 4D subset is greater than the
minimum squared distance, 4d§, between 4D points
belonging to the same 4D subfamily, which is in turn
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Now, referrings tyeEi 8. td2A gP88ted BrniMOsKEe 2RHn 1AMt ¥Rasrate grouped to
form 32 16D spubsets, deppted as 16D subset

between 4D points belonging to the same 4D family, which

1,.. 1,
grouped i nt o $RTAREF Fori REEVRRRGRRY 5%°[8Pr?°éﬂﬁérgpgfge PisPhis

gr oupi ng,

Ehe ei ght 16%eté/zpee§s,i naxtzg'@ltxerlglg) subset is obtained.

Referring to Fig. 19, a rate 4/5, 64-state
convolutional encoder can then be used to generate the
five selection bits needed to specify the 4D subset from
which a 4D point is to be drawn. The assignment of 4D
subsets to state transitions should satisfy at least the
following two rules. First the 4D subsets assigned to
the transitions leading from a state are all from the
same 4D family, and likewise for the 4D subsets assigned
to the transitions leading to a state. There are 16
transitions leading from.each state to 16 different next
states. Those 16 next states can be grouped into four
groups of four states each such that the same subsequent
16 states follow each of the four next states in a
grdup. The second rule then says that the 4D subsets
assigned to eifher (a) the transitiods from a given
state to the four next states in a given group or (b)
the trans%tions to a given next state from the four
states in a given group are from the same 4D subfamily.

Following at least these two rules, it can be
shown that a 64-state, 4D code can be designed such that
the minimum squaréd distance between any two valid
sequences of 4D points is 5d§. The coding gain of
this code in the minimum distance over the uncoded case

is thus
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subset span either the first 8§ ffnily oul L2u3uaBus U7 or tgg ggcond 8D

fam |y 8UOU OU | U 2Ul 3Ul 4Ul 5, afd'P¥xew se—er—the ei ght 2683n8°8D subset s

associated with that 16D subset. Since the m ni num squared di stance between

two 8D points belonging to different 8D subsg®s within the sane 8D fanily

is 2d[err] , the mininum squared di stance betQeen two 16D poi nts bel ongi ng

to the sanme 16D subset is 4d[err], which is the sane as the m ni num squared

di stance between two 16D points belonging to the same 16D subtype.

For each. 16D subset in the first 16D famly,[errhp i, the eight:first and

ei ght second 8D subsets associated with t he? faﬁo 16D types of that 16D

subset span the sane 8D fam |y OU RU3U4AUSUGU7 or 8WOUJ10UL1UL2U13U14U15.

2nd e ght second 8D SUBSEFERAEL38: F bR FhrERet BN RSB SEs (R Y hat - 16D
subset span théfmimanudDshanrkdedisBance batween any two allowed
sequences of 4D points is at least 463.
Satisfaction of the second rule above is necessary in
order for the minimum squared distance between any two
sequences of 4D poinés_to be greater than 463.
The multiplicity of the error event with the
minimum distance of the 64-state, 4D code is 72 and the
code is transparent to all 90-degree phase ambiguities.
To further increase the coding gain in the
minimum distance or reduce the multiplicity of the error
event with the minimum distance of the convolutional
code using those 32 4D subsets, the number of states can
be increased._ The limit on the coding gain in the
minimum distance in this case is 7.66 4B and the limit
on the multiplicity of the error event with the minimum
distance is 12. Further improvements can be attained
using even finer partition of the 4D constellation.
Referring to Figures 18 and 192, in mapping the
available bits into the 4D constellation, after using
the five output bits of the convolutional encoder 151 to
specify a 4D subset, a sixth uncoded information Bit is
used to specify a 4D type within the 4D subset. A bit
converter 152 then converts those six bits into two
groups of three selection bits each, 20n21n22n and
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constellation of Fig thre electlon bit
n1n|nun1squared di st ance betmeen tmo §5 poi nts éionglng to dl?ferent 8D

subsets wit fPX ESFPUhEBR 2hisupbsed Ao @qcerdance el ntkeim squar ed

di stance betfeRaowing Hameints belonging to different 8D subsets of

different 8D fanilies is d[err], the minimum.squared di stance between two

16D poi nts bel ongi ng 40 di.fferent 16D subiggiiz 4anghe same 16D famly is

2d[err], and the mlﬂggﬂéﬁgﬁé;exidistance 8D poi nts bel ongi ng

to different 16D subsets ,of different 16D fam'l'0 is dlerr].

Since the sanme 8D subset 4 s obtained when an 8 1 bset is rotated by 90,

180, or 270 degrees, 001
011
110

. 101
1l
100

3.
o Y o

The nine uncoded information bits which remain
w1ll be used to select a 4D p01nt from the previously
selected 4D type.

A 4D block encoder 154, which is identical to
that for the ;S-State, 4D code, takes three of the
remaining uncoded information bits and generates two
pairs of selection bits, 23 24 and Z3 n+l 4n+l’
whose propertles and uses are llke the pairs 22 Z3
and Zzn+l_3n+l described for the l6-state, 4D code
block encoder.

There are eight 2D points in the outer group or
in either half of the inner group of a 2D subset, and
six uncoded information bits remain for selecting from
among those 2D points. Those six bits are taken in two
groups of three bits each, and are renamed as '
anZGnZ7n and zsn+lzsn+lz7n+l. The first
group ZSn26n27n will be used to select a 2D point
from the previously selected outer group or the selected
half of the inner group of the first 2D subset, and .

likewise for the second group an+lzsn+lZ7n+l°
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The design dfhOGreoder andadéosddt Yedmpladstdtiesoavel thisnakdaeda.i s thus

made nuch easier. A l.i near nvol ional code. s sufficient to renove
all the 90-degree p bodinen &%é@soikbhggggﬁiﬁgﬁﬂﬂél).°éés Wth
those 32 16D subsets,AilGEamogﬁteitatiQdunamibeueo@$5;ueﬁeétané _

convol uti ongla ore; 6A0a Pes desi Bgd & dedd?) {A]f‘ogag?wuﬁ\ By’ pd Cl stance

bet ween any two valid sequences o D points is err codi ng gain
of this codSignabengi inkerval st ance over the

Referring to Fig. 20, the constituent 2D
constellation includes inner and outer groups of points,
the inner group being the 128-point cross
constellation. The outer group has only 16 points,
which is one eighth as many as the inner group points.
The outer group points are selected from the rectangular
grid extended from the inner 128-point-cross
constellation, and arranged as close to the origin as
possible. Furthermore, if an outer point is rotated by
90, 180, or 270 degrees, another outer poiqt is
obtained. As in the case of l6-state, 4D and 64-state,
8D codes, the l44-point 2D constellation is partitioned
into four equal-sized subsets, denoted as A, B, C, and
D, and the subsets are grouped into two ﬂamilies}
denoted as AUB and CUD. The distance prgberties of
those subsets .are the same as those for 16—state,-4D and
64-state, 8D codes. All subsets have the same numbers
of inner and outer group points and the ratio of the
number of outer group points to the number of inner
group points of each 2D subset is the same as for the 2D
constellation as a whole.

Eight identical such 2D constellations taken

together can be conceived as a single 16D constellation

This is the replacement sheet

\ 4 APR 1991

Date:



point being the same as the e;ﬂyt airs of coordinates
uncoded case i s thus esign of this code only

needs to sati%f f“%@?ﬂ?%ﬁ?h@lﬁ‘éqﬁ}‘ﬁe PoiHes 168 ubseRseashi gRed to

t he constellation. Only 2°’ of the 144% 16D points are
used, pamelf'those for which at most one of the eight
corresponding 2D points comes from the outer group.
From now on, when we refer to the 16D constellation, we’
mean this 257-point 16D constellation unless otherwise
specified. It can be shown that the average energy per
signalling interval of the 16D constellation is
21.875d§. Since the peak energy per signaling
interval is 44.5d§, the peak-to-average power ratio
is 2.03, which is even smaller than the peak-to-average
power ratie, 2.07, of the non-channel coded 128~-point
cross 2D constellation. The squared distance between
two 16D points is the sum of the eight 'squared distances
with respect to the eight pairs of 2D poinés to which
those two 16D points correspond. |

We now define 48 16D subtypes, each

corresponding to a combination of eight 2D subsets, and
denoted as (A,A,A,A,A,A,A,A), (A,A,A,A,A,A,A,B),..., and
(b,D,D,D,D,D,D,D).
Each 16D subtype has 241 points and the minimum
squared distance between two 16D points Qelonging to the

same 16D subtype is 4d the same as the minimum

[ 4
squared distance betwegn two 2D points belonging to the
same 2D subset. Each 16D subtype has the same structure
as for the 16D constellation. That is, a 16D point
belongs to a 16D subtype only if at most one of the
eight 2D points corresponding to that 16D point belongs
to the outer groups of the eight 2D subsets to which

that 16D subtype corresponds. The 16D subtypes are..
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usi ng nore EbaaesompIth|Uhns,oﬁ1tb$ bkt EpEsti t eepngdhe tévird: é@ént with
the mn'numfourth 2D constellations are taken as forming a first 8D
constellation. This 8D constellation is partitidned
into 16 8D subsets, which are denoted as 0, 1l,..., and
15, and are grouped into two 8D families, denoted as
0UlU20304U506U07 égd 8U9UL0ULlUL2UL3U14U15, as in the
case of 64-sta£e, 8D code. The second 8D constellation
formed by the fifth, sixth, seventh, and eighth 2D
constellations of the 8D constellation is likewise
partitioned. The distance properties of those 8D
subséts are the same as those for the 64-state, 8D code.
Next, we define 256 (=16 x 16) 16D types, each
' correspdnding'fé'alpair of 8D subsets, and denoted as
16D type (0,0), (0,1),...,(15,15). Note that each 16D
type has 256 16D subtypes and the minimum squared
distance between two 16D points belonging to the same
16D type is 463, which is the same as the minimum
sqguared distance between two 8D points belonging to the
same 8D subset, which is in turn the same;as the minimum
squared distance between two 16D points belonging to the
same 16D subtype, as desired. This is the first step
towards the grouping of 16D subtypes into 16D subsets.
Now, referring to Figs. 21A, and 21B, those 256
16D types are grouped to form 32 16D subsets, denoted as
16D subset 0, 1,..., and 31, and further grouped into

31
two 16D families, denoted as U i and Eil. In this
l’ l—

grouping, for each 16D subset, the eight first 8D
.subsets associated with the eight 16D types in that :16D
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Wi th those 32,16Repls@id S ?&%c%zl{{ltée“?rgié-%%{ufnpr%%d GBS can be

obtained using a finer partition o const at1on. As in

the case of P2bvgRa &moc SR RAUknthdrelanging thee didiferantt 41 &ubsetFappi ng

can be achi gyedihhipedk 0o Hampansted Iﬁa,ortﬂgam,{;g@,m th the assistance
of a bit converter, and .a 16D bl ock encodir O0°Furthernore, in the decoder,

the task of SEPAERAg ﬁ&%%tbqw?m% 6R POA N gt de 1o the
recei ved posame 0&D Raxbdmte 1w 447 stwHiddiizg dHe SHngpaiattien each of the 16

8D subsets %I%.Q&g‘ﬁt to thec{ [ rs%%r cei vet__olw 8D Q__oi ntl}-Fé tbe first received 8D

poi nt consi stiNg of SHEFTGF I aLﬂ“Z[S’epmenﬁns of° the reoclérll%/sed 16D poi nt, and

| i kewi se fobelpagdagorkd rdveisane S¥Daiuktyge.ch consists of the renmmining
four 2D points of thetesgiyefsd QRO L TS fﬂ%@r!ﬁ:@?efamﬁlﬂf}iewder
are i, the eight first and eight second 8D subsets B

associated with the eight 16D types of that 16D subset

span the same 8D family 0UlU2U3U4U5U6U7 or

8U9UJLO0UL1UL2013U14U15. And for each 16D subset in the

second 16D familyziii, the eight firs; gnd eight second

8D subsets associated with the eight 16D types of that

16D subset span different 8D families. Since the

minimum squared distance between two 8D points belonging

to different 8D subsets within the same 8D family is

2d§, and the minimum squared distance between two

8D points belonging to different 8D subsets of different

8D families is dg, the minimium squared distance

between two 16D points belonging to different 16D

subsets within the same 16D family is 2d§, and the

minimum squared distance between two 16D points

belonging to different 16D subsets of different 16D

families is d;.

Since the same 8D subset is obtained when an 8D

subset is rotated by 90, 180, or 270 degrees, this
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convolutional code with those 32 16D subsets does not

relatively si gy t-'g‘%"é?kéLfSszoé‘NDbH&kQEairoEQQ?énérEfuiﬁfem when | arger

coding gain in the mni num distance and snal constituent 2D
const el | ati on SanskRlhaipr into account. The degiggr ofI93LrRERES

Q her enbodi myytsa @ilch{ ERgi Dheariant convoldbgofialvebdie dzakheedpagan be of
the feedforward t pe In thg%aﬁase t he convolia%onal dec der (Fig. 4), in
|

addition to pWHVi iS5 1% | 9- YLRPAEJCRDIP ﬁﬁﬁéﬁoﬁ €ndtnt, al so
needs to provisief gikel easts Olcd at edove bali ther 86pdadreg phalslee ambighielea rate

m mtl convolutlfngﬂeeiéﬁg@%ll #90 hat case, perform ng the inverse
conversi ons correspon g it converter and nultidi mensional bl ock

encoder on the NR blts‘bbthlhbqsby3ﬂ 46Bssubspls,mifpiaan tbebiskogn that
a rate 4/5, 32-state convolutional code can be designed
such that the-minimum squared distance between any two
valid Seéuences of 16D points is 4dg. The coding
gain of this code in the minimum distance over the
uncoded case is thus 5

0

m—

4d

2
21.87Sd0

10 loglo = 5.74 4B

2
20.5d0

The design of this code only needs to satisfy the
following regquirement. The 16D subsets assigned to the
transitions leading from a state are all from the same
family of 16D subsets, and likewise for the 16D subsets
assigned to the transitions leading to a state. The
multiplicity of the error event with the minimum
distance of this coée is larger than 1000. This number
can be reduced by using more states. The limit on the
multiplicity of the error event with the minimum
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convolutlonal code with those 32 16D subsets is 284.
- 71 - praqyides onl differentially-encoded information bhits. The

remai ni ng H%H§ %ﬁeﬂ%F§PFVa8ﬁ€oH@Hr%Y?§eaF§ tfhe HFbPP§aﬂP89|Bé&“8|?ectly

fromthe canupdtitponeltdefo6er the 16D con¥bel®afbatai ning the number of
information bits to ge tra nltted |9 %Dblock f N SI Ilngllntervals as
a

an integer, the nunb@?f tfn 8 Hid3ee 8 |ﬁ?89§ g&ﬁl Q coul d be

codes, the 16D constellation -mapping can be achieved
through eight 2D constellation mappings with the
assistance of a bit converter and a 16D block encoder.
Furthermore, in the decoder, the task of finding the
point in each of the 32 16D subsets closest to the
received point can be done by first f£inding the 8D point
in each of the 16 8D subsets closest to the first
received 8D polnt the first received 8D point
consisting of the first four 2D points of the received
16D point, and likewise for the second received 8D point
which consists of the remaining four -2D points of the
-received 16D point. Thus the_encoder.ahd decoder are
relatively simple. Those 16D convolutional codes are
useful when larger coding gain in the minimum distance
and smaller constituent 2D constellation are desirable.
Other Embodiments
Other embcdiments are ‘feasible.

The convolutional code can be of the
feedforward type. In that case, the convolutional
decoder (Fig. 4),‘in addition to providing the
finally-decided multidimensional point, also needs to
provide the associated m bits corresponding to the input
of a rate m/m+l convolutional encoder. In that case,
performing the inverse conversions corresponding to the
bit converter and multidimensional block encoder on the
NR bits obtained by N uses of bit mapping table 64
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‘bits. The remalnlng m diff %ntlally -encoded bits are
6 1/8, 5 1/ or 3/ 8. € case 0 bits per interval using an 8D

code, the ntitheP Bftﬁl §gﬁéﬁeﬁléékeﬁéihgf§@ﬁttHPtéﬁﬁﬁF@é"HéFﬁéen 24 and

25.) In thidecad€r.the partition of the nultldlnen5|onal constellation, the

design of the rotatj gnally-inyariant convol uti onal, t he dlfferentlal
encoder and decoder,kgﬁg %F gﬁ%@ﬁ?ﬂr CBRgnye Sﬁv§V§éV‘ gHen
constellatihﬁtsnﬂupibg taadsmheteéainhafblotheoflGBeﬁmgnuﬁﬂﬂg| n each of the

mul ti di nens LS e R e r ncoder is
used to gen%€g€£ %# tFéngﬁkgﬁ%p §§§ﬁn§§8§ o gﬁ% Iﬁ %Fh% T esul t ant
NOQ+S+1 bltslm%ﬁ%@rnapEQG ﬁKﬁUPﬂHeQZRPdlﬁehS|onal constell ation can be
evenl y di viglerl/by Bl1panoee hg /besyihi Bdedugkects 25 s Dits iguts at nost

N-1. The bl ock encoder .is a conbi nati on | ock encoders t he ki nd

previ ousl y HESEFYBLANSHABCR aFR Sﬁéﬁatéhelﬁuﬁgﬁélﬁﬁ bifiv RA% ed as 2N
- di mensi onabebh@ckeﬁacadeé&né%sj be@waknt 941ad4. 25.)1. In) thds kearqual to 1.

Each N[err]tﬁg Sapgmglon o% %gg hal 1a982£318H%H constef%ééﬂégj]tgé”
design of the rotationally-invariant convolutional code,
the differential encoder and decoder, the bit converter
and deconverter for the constellation mapping, and the
search for the closest point in each of the
multidimensional subsets remain the same as before. A
block encoder is used to generate S additional bits,
vhen needed, such that the resultant NQ+S+1l bits to be
mapped into the 2N-dimensional constellation can be
evenly divided by N. Denote the resulting quotient as
R. 8 is thus at most N-~-l. The block encoder is a
combination of J block encoders (of the kind previously
described) which are operated in parallei, and are
denoted as ZNj-dimens;onal block encoders for j equal
to 1,2,...,J. J may be equal to 1. Each Nj is a
power of 2 and is at most equal to N. Two NJ for
different j may or may not be equal. Nofe that each
2Nj—dlmen51onal block encoder adds Nj—l addltlonal
blts.. The selection Of-Nj is such that the sum of
NJ, for j equal to 1,2,...,J, is at most equal to N,
preferably as close to N as possible, and the sum of.
Nj—l, for j equal to },2,...J, is equal to S.
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* 2N.~-dimensional consEellatlop is formed as before with

different | g%aggr erp?giggﬁgl °8RaP°b| stgg %@ﬁ1é¥qegr]NdlnenS|ona

bl ock encoder Ré& selectlon\Qf Nerr] is
such that tRkenstmtelen] &0 jsighad Jcoaq&allﬂablqms equall, tg 2°5¢ m)st equal to

N, preferabbyaznd Gmidt NABRATGRbEp BBINtLES stRipde Aperrl-1. for |
equal to 1,2, . |I's equal 72
constellatlon equal to

(1/N) x oR-1,
A 2N-dimensional constellation is then formed
by concatenating those 2Nj-d1men510nal constellations

w1th

N~ IiN, 2D constellations, if there are any, each
Js'

with 2F points (not divided into two groups).

A 2N-dimensional constellation mapping and
demapping are then performed accordingly by N uses of a
table for the largest constituent 2D constellation
involved. o

M need not be & power of 2. Then the partition
of the 2N-dimensional constellation can still be done in
an iterative manner as before. When N is an even
integer, the partition of the 2N-dimensional
consteilation is based on the partition of an
N-dimensional constellation in the same manner as
before. wﬁen N is an odd integer, the partition of the
2N-dimensional constellation is based on the partitions
of 2Nl- and 2N2—dimensional constellatiops in a . '
manner similar to the case where N is a power of 2.
N, and N, are chosen such that their sum is equal to

1 2 Ny
N. Preferably the difference between N, and N

is
1. Assume that there are Ml 2Nl—dimenstonal sibsets
in each of the 2Nl-dimensional families (or
subfamilies), and M, 2N2~dimensional subsets in each
of the 2N.-dimensional families. When My is equal

"2
to M the partition of the 2N-dimensional

2!
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Power 0L <. 0Otherwlse, assume that Ml 1s smaller than

For each 2N[ ¥pr] - (e sizartal 21l die nartondar su@:ﬁlﬂ[ ero][risﬂét[@rﬁf qmgl _ _
constel | atiopylg;tar ore w.th the .nunber. of .inner-group points in. -
each of the % erar %&r)gr?%trﬁslute}ﬁp% gaﬁr‘?afzgcgﬁg‘faé‘lsllgﬂ%s %g‘?e’t S 2terr] and

the nunber oPadut @f g Ay phinans liomatihsubzBtcanst @ | ation equal to
(L/Nerr]) XZEIge-"dri]mensional sl ARl halCoRsLRlASId N | S then forfred

by concatenati t hose 2N err|-di nmensi ona lcondtelTations wth N-[err] N
2D const el | afP %?,t% PRIRGIR EhE At casdh 2W-dimensriqnabi sitlas¢ hotpain vi ded
into two grows) same 2N, -dilned¥idnERNTamidl .CORsE!drd ipn mappi ng and

demapping. 21, atsRS IR e d gLy L NasssoTe AR 0le for the
power of 2. 2Whénmemsiparal tdubsedf atrlee diffdiremnsifenm «dtstethest i Aacan
still Dbe dongeigng to a same 2N2—dimensional family. Further
grouping of 2N-dimensional subsets into families is done
in a similar manner.

The design of a rotationally-invariant
convolutional code, the differential encoder and
decoder, and the bit converter and deconverter for the
constellation mapping are done in the same manner as in
the case where N is a power of 2. The search for the
closest point in each of the 2N-dimensional -subsets is
again done in an iterative manner similar to that used
in the partition of the 2N-dimensional constellation
discussed above.

A combination of J 2N.-dimensional block
encoders, for j equal to.1,2,...,J, (of{the kind
previously described) operated in parallel can then be
used to geﬂerate S additional bits, when needed, in a
manner similar to that described above, however, without
requiring that the resultant NQ+S+l bits to be mapped
into the 2N-dimensional constellation be evenly
divisible by N. ) '

The N constituent 2D constellations and the
2N-dimensional constellation are then formed accogd}ngly
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2N-dimensional s:.gnal constellation mapplng and

an iterative nner., as before. n.int a i on of
Fhe 5N i o SBRE ot A | B EATHAE pheicor ARG BT ifoesn of Satable
N- di mensi onalfcaorntdtee| lat ge@st | condiel semt rm:nrte:rnsisebbaibxen Wreoldkds an odd

integer, the partitio al,,co on the
partitions of 2Nerr] rkandp%erzéﬁégd%&net%g’l othcﬁ %ﬁ%ﬁ%#?&%}%ﬁ?ﬁgg manner
simlar to t ey asdd e thian engowsiursfarty Nk s | thegsigea¥ingrelehosen

such that theigp %Hndtﬁa&quﬂlxarﬁoa“éld?{ﬂﬁ{ tl'x%éﬂ\fhﬂ'{rfxeée@&ﬁ Setvegn Nerr]

and Nerr] is 1, Assune that there are err]. 2N[ err] -di nensi onal subset.s

in each of tR&DNhe r‘]Q‘bﬁ%ﬁ%ﬂb‘ha?D AR teIsl F ko (FARNPE| EEY™ QRBER[ er]
2N err]-di merdhzanal rebseiguldr gttt ide | o 2Nk dhpl@sheragohal bkes.  Wen

Merr] is equa.l t err] the partltlon of the 2N di nensi onal
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smal ler thap, M ef) thsﬂgﬁaibl&}Péwegs'mélaﬁﬁéfsfcug%%ié&l% of Merr]
encoding means adapted to
encode the information bits that appear during a block of
at least two said slots by adding one or more redundant
.bit(s) to form a set of signal point selection bits for
said block; selection means adapted to select, for each
said set of signal point selection bits, a multi-dimensicnal
signal point aféwn from a multi-dimensional constellation
for said block, said multi-dimensional sighal point
selected for a particular said block being dependent on
the multi-dimensional signal point selected for at least
one other said blocKk; said selection means being arranged
operatively to establish a correspondence between each

possible combination of said signal point selection bits

o
,.

the cocrdinates of a multi-dimensicnal signal point in
'said multi-dimensional constellation, said encoding means
and said selection means being arranged operatively to
define a partitioning of said multi-dimensional constel-
lation into a plurality of multi-dimensional subsets, said
multi-dimensional constellation being a concatenation of a
plurality of constituent constellations each of which has
fewer dimensions that said multi-dimensional
constellation; and modulation means adapted in operation
to modulate at least one carrier for .transmission over
said channel in accordance with - the coordinates
represented by each selected said multi-dimensional
signal point; the apparatus being charaéterised in that
said constituent constellations comprise arrangements of
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2N1- di nensi onal ’ sets associ at ed h each 2N-di nensi qnal bsef, span a

su
same 2N1- d|ﬁﬁﬂ§$0t?d?ef§HFF§ler Aﬁépﬁ:ﬁé Miereausey spip Avsrhshaiitibset s
associ at ed @itBngdchaAlN @1@@1! opalingsbses a:ree éu%fc@pammfer otpedediwg her

d bel 2N d f
e RS b PRIl o, BERRES e

2N- di nensi oft&F° manner
The desi gn éhdacedt ghasmltgtatniens aff aomn vef Lﬁtalﬂ\aﬂlm@@ut% the differential
encoder and decoder, and the bit converter and deconverter for the

constel l ation npppi ﬁéz&aﬂ@@&mtébim@af@ OBADRT 1aSfuRthee ehagachere N is
3 over of teealls SHLE =2 SRS PT84 FORandRiee et SR P ¢ ha
used i n t heaper furthremfartiwengdd dmpmnatnvelycwsdefiael eaidi scussed above.
partitioning into said multi~-dimensional subsets so that
the coordinates of each said multi-dimensional signal pcint
in a given said multi-dimensional subset will be translated,
under a phase rotation of any of said amounts, into the co-
ordinates of another said multi-dimensional signal point in
said given multi-dimensional subset. _

3. Apparatus according to Claim 2, further character-
ised in being arranged such that each said constituent
constellation is partitioned into constituent subsets such
that a said constituent subset is translated into another
said constituent subset under a phase rotation corres-
ponding to one said particular amount; and in that said
encoding means and saild selection means are arranged
operatively to define said partitioning of said multi-
dimensional constellation such that each said multi-
dimensional subset comprises multi-dimensional types each
of which is a concatenation of said constituent subsets
and said multi-dimensional subset is invariant under a

rotation of said particular amount.
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A- conbi nashbseds areNeach -shihdnsypndebdmyk Emcodeleastoong egddl to
1,2,..., Imuieh s dd b fmg&g$g% descri bed) operated in parallel can then
' Jﬁé i onal ~ b

be used to generate S additio 1ts, when needed, in a manner simlar to
that descri bedl- abARRATRMEY ACCUWFMBUIED EhA MR Ry tFRFLRAE FRIGACKAY~NQHS+1
bits to bgssappad thatd daed 2B indils G eidaé | QNcbRveYRRL¥ndL Vi Si bl e
by N. Tge N constjt qg% 2D const%!laglons andtthE 2N—dLnenS|ona
const el | afP8fiTa Hﬁ“ﬂfﬁ(ﬁéﬁé# RFHGHply to generate from a

least one said information bit a plurality of convolutionally-
encoded bits that include said redundant bit; in that said
~selection means is adapted to select the multi-dimensional
subset from which said multi-dimensional point is drawn
based on said convolutionally-encoded bits, and in that
said encoding means further comprises a differential
encoder operatively arranged to differentially encode at
least one non-convolutionally-encoded said information bit
to remove the ambiguity resulting from a rotation of any

of said amounts.

6. Apparatus according to Claim 5 } further character-
ised in that said differential encoder is operatively
arranged to differentially encode only non-convolutionally-
encoded said information bits. _

7. Apparatus according to Claim 1, further character-
ised in that said encoding means and said selection means
are further arranged operatively to define said
partitioning into said multi-dimensional subsets so that
the -coordinates of each said multi-dimensional signal point
in a given said multi-dimensional subset will be
translated, under phase rotations of at least one but not
all of said amounts, into the coordinates of another said
multi-dimensional signal point in said given multi-
dimensional subset, and will be translated by another one
of said amounts into the coordinates of another said multi-

- dimensional signal point in another said multi-dimensional
subset; and in that said encoding means and said

selection means comprise a convolutional coder whose state
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const eI I at| n | nvol ved I n ot her efmbodi nents, the convol uti onal
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is a551gned.

9. Apparatus according to Claim 8, further character-
ised in being arranged such that it said first multi-
dimensional subset is assigned to a transition from a first
state to a second state of said convolutional coder, then
said resulting mﬁlti—dimensional subset is assigned to a
transition between two states determined by a predetermined
one-to—-one function of said first and second states.

10. Apparatus. according to any of Claims 7, 8 or 9,
further characterised in that said convolutional coder is
adapted operatively to generate from at least one said
information bit a plurality of convolutionally-encoded
bits that include said redundant bit; in that said selection
means is adapted to select the multi-dimensional subset
from which said multi-dimensional point is drawn based on
salq convolutionally- encoded bits; and in that said
encodlng means further comprlses a differential encoder
operatively arranged to differentially encode at least one
non~convolutionally-encoded said information bit to remove
the ambiguity resulting from rotation by any of said
amounts. _

11. Apparatus according to Claim 10, further character-
ised in that said convolutional code. is operatively
arranged to generate said convolutionally-encoded bits
from bits which include at least one dlfferentlally coded

said information bit.
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- 13. . Apparatus Claﬁigfding fo Clai? ]V further

- - . . . : par s for transpitting
a stream GPRFAFSETISSSh Bl s }B?lg%nd?ﬁﬁaeg??esﬁb‘eg’i ngitel'éa}%‘gna‘f"%c}bve‘?aJI:;8
channel i eoasplituant coistsittiomois| dividéedeimppatabugronpkudi ng _
encodi ng neans adapted to encode the information bits that appear.during a
bl ock of at | éddst ARRPEALYS sPEEQreinddern§laim ddst PHethw FBFRCIRE~ to

forma setiseld ShorMatPddisSehe68inRg Rebhsf Of and said selection
means are arranged operatively to exclude from said multi-
dimensional constellation some multi-dimensional signal
points which are concatenations of signal points belonging
to constituent constellations, said multi-dimensional
signal points which are excluded being based on the groups
to which said constituent signal points belong; I
' 15.Apparatus according to Claim 14, further character-
ised in being arranged such that there are N said
constituent constellations and the groups in each congituent
constellation include a first group that has N times as many
signal points as the second group.

" 1. Apparatus according to Claim 15, further character-
ised in being arranged such that said excluded multi-
dimensional signal points comprise multi-dimensional signal
points which correspond to more than one constituent signal
point in said second groups.

17. apparatus according to Claim 13 , further character-
ised in being arranged such that said constituent cnnstel-
lations include arrangements of signal points that are
ambiguous under a channel-induced phase rotation of a’
particular amount, and such that each said group is
invariant under a phase rotation of said particular amount.

18. Apparatus according to Claim 1,

further characterised in being arranged such that. each
said constituent constellation is divided into two groups,
and such that all of said constituent subsets for each
said constituent constellation have the same numbers of

constituent signal points in each said group.
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poi nt sel e%??lbns%?‘@s?lS‘:guﬁﬁapﬁi Hefér nél"gglaaﬁ‘&lngpoﬁe]rﬂt%f M?Jr%?n 3

mul ti - di nepewenabscewst ebhdt peaibeablgi thelthgck, daiak ndil ti - di nensi onal

signal point seglected_for a partigular,ksaij ogk being dependent on the
nulti-dinensio%ér PBﬁﬁFtﬁ8iﬁfcgéﬁ gﬁe&%fggagh ﬁéast one other said bl ock;

sai d sel ecti onfuebherbehagamteaiged dpebatingelsypcho dmab$ash multi-
Correspondﬁﬁﬁ&gﬁéﬁgﬁnc‘aﬂgt& Bﬁ%%&gkqefi;go%b'cgﬁtc'ag.%n(gti% gignal point
sel ection Dbits an e coordinates of a nulti-dinensional signal point in
sai d nul ti cenabhtnensl copssedilpsiras, inglydincod N TRERN8Hahi d

sel ection g@ﬁggeﬂggﬁgoﬁgrgpg@gngpgr§bh@QIbftQW@inne'a partitioning of said
mul ti-di mensional constel- latidn_into a ghunality of multi-di nensi onal

subsets, said Adl-t PPERFEHTYISFACOEFHBCetPalt8A™disng a concatenation of a

plurality of ceggtheserhag@ttedlilsed @ms bedely efrrenagdd hasch etleat the
di nensi ons gﬂﬁhat sai d

nmeans adapP®® Fh 85eF§ﬁFbﬁEb%yl éﬁ%&%&%&%ﬁl%%@%ﬁ%%%%%%?géggyggﬂggUhﬁt'0”
transm ssi whepgelN is the number of dimensions of said multi-
dimensional constellation.

22. Apparatus according to Claim 21, further character-
ised in that N is 2 and there are 8 said multi-dimensional
subsets. .

23. Apparatus according to Claim 21, further character-
ised in that N is 4 and there are 1t said multi-dimensional
subsets.

24. Apparatus according to Claim 21, further character-
ised in that N is 8 and there are 32 said multi-dimensional
subsets. _ '

25. ppparatus according to Claim 1,

further characterised in being arranged such that
the number of said multi-dimensional subsets is fewer than
BN where 2N is the number of dimensions of said multi-

dimensional constellation.

26. Apparatus according to Claim 25, further character-
ised in that N is 2 and there are 32 said multi-dimensional
subsets.
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27. Apparatus according Claim 1,
said channel | Fusicet dehatacetbselhen Beaheji ratremgeaprasantdgddat by each
sel ect ed | q#Ltl i nS|onal nal . 0|n 1 anpar _
characteri Z'%d 1N ésj'lélsl s‘[’T‘Fﬁ% s%’dns e F‘é‘t th'ns c%in%| seé)%r%gengenents
of lation is smaller Lhan the minigum dlg@@nge;xmuhxp\ﬂﬁ@m ar e

anpl guou§ stﬂcaeqmﬂias_qﬂ,ﬁgﬁgiggﬁo;upgéy cul ar amounts, preferably including
90 e 28. Apparatus according to Claim 3,
further characterised in being arranged such that the
minimum distance within each said constituent constellation
is smaller than the minimum distance within each said

constituent subset-.

29. Apparatus according to Claim .10, further character-
ised in that said multi-dimensional constellation has 4
dimensions and said conwlutional coder has 16 states.

30, Apparatus according to Claim 5 , further character-
ised in that said multi-dimensional tonstellation has 8
dimensions and. said convolutional coder has 64 states.

- 31. Apparatﬁs'adbording to Claim 13, further character-
ised in being arranged such that one said group is divided
‘into subgroups that are rotationally invariant under phase
rotations for which said constituent constellation is
invariant.

32. Apparatus according to Claim 31, further character-
ised in being arranged such that all of said constituent
subsets for each said constituent constellation have the
same numbers of constituent signal points in each said
subgroup.

33. BApparatus according to Claim 1;

further characterised in being arranged such that
said multi-dimensional subsets comprise multi-dimensional
families such that the minimum distance within each said

family is greater than the minimum distance within said
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beling arranged operatively to encode said 1nrormation bilts
270', and on thetbasid o EHHIRY fwaNsiexd sai d selection nmeans are further
adapted to cayse said _selected nulti- di si.onal,signal, points to be
susceptibl e ?%ﬁbei Epaﬁﬁﬁﬁﬁj59?%fiHW%g¥ﬁ?ﬁﬁ?m53%?ﬁs ?ﬁghgffgé?rSFtSHannel-
i nduced phisedrbhabedny efrmngedf sswihd thtustiesid multP-dimppaianald
accor ding fonfl 36 Lonbitsldaey ARAL A NEs ot St flghs $2Ed SERTLAGLTEANS
and said selection neafs are *urp er arranged o eratlve_Y to define said
parti ti oni Hee i RiBiBEM] ddsitancs wdidilonsachulsedds supEamily hés cebratatt es of
each sai d thahitHleRAALOA dGistAdlcePWikhin eAcl LM G aFdmLy i - di mensi onal
subset w || lg% trapsl ate underlr%égﬁhase r ta.tltr)£ of any of said anounts,

n

into the co- “6rdi n2PRETEE SN &SE 9d YIE2 8 nbnsi onal signal point in
sai d given nul ti-fureherochlarschestised in deitgpamtansgadcendhnghta C ai m

2, furthernc c - in in rr d h A
constituen %%%@t%ﬁ%gfh%%qu gé%fi%P ﬁ?%ngﬁkgég%hsE?ﬁée%?agﬁgg%gg such t hat
a sai d cons}PEuc@t beibgerrn dnteges, aad fermadlandther

36. Apparatus according to Claim 1,
further characterised in being arranged such that
Q said information bits appear in each said signalling
slot, Q being non-integral, and preferaply'G%, 5% or 4%.

37. Apparatus according to Claim 13,
cnaracterised in that said two groupé éomprise inner and
outer groups operatively requiring different average
powers respectively.

38. .Apparatus according to any preceding claim, further
characterised in that said signalling slots correspond to
successive signalling intervals.

39. Apparatus accofding to Claim 1,

further characterised in that said information bits
are arranged operat%yely to appear at the rate of seven
per slot; in that each said block spans two said signalling
slots; in that said multi-dimensional constellation has
four dimensions; in tbat said multi-dimensional constel-
lation is partitioned into eight multi-dimensional sub-
sets; in that said encoding means comprises a finite-state
device having 16 states; and in that said constituent
constellations are two identical two-dimensional constel-

lation each having 192 two-dimensional signal points.
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nmeans are arranged oeratlvel ef.ine I.1d.Q0l ng mul ti -
di mensi onat ARE RN Pkt (SO A ({o‘il, 5 e%'ghg o &-ileé %‘fﬁ%ﬂs%ng égubset
conpri ses micﬂimdlml'@wmsnwwés Cémﬁteifla\moéh iiss paloHeereft iBEC of said

const it uend ; SUDSKL ﬁuﬁf&Q—%@n@r{&'&dald'm&nalmﬂtm dFid r&’l@éé@ﬂﬁq under a
rotation of said one of saldeartlgylar anount s 4. Apparat us
accor di ng RART oFAMBrises a finite-state dev1ce having 64 states;
and in that said constituent constellations are four
identical two-dimensional constellations each having 160
two-dimensional signal points.
41. Apparatus according to Claim 1,
further characterised in that said information bits
appear at the rate of seven per slot; in that each said
block spans two said signalling slots; in that said multi-
dimensional constellation has four dimensions; in that
said multi-dimensional constellation is pértitioned into
32 multi-dimensional subsets; in that said encodihg means
comprises a finite-state device having 64 states; and in
that said constituent constellations are two identical two-
dimensional constellations each having 192 two-dimensional
signal points partitioned into eight subsets.
42. apparatus according to Claims 5 and 10, further
characterised in that said phase ambiguity amounts include
90°, 180°, 2709; and in that said convolutional coder is a
linear convolutional coder.
43. Apparatus according to Claim 1,
further characterised in being arranged such ﬁhat
said constituent constellations are portions of rectangular
lattices.
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ABSTRACT

characterised i n being arranged such that said types conprise all possible
concatenations of said constituent subsets and each said type belongs to at
| east one said nulti-di nMAPAARKIUS BQRtTRANSMELT I S AREAMAcEBrding to
Claim?2, further charactémFQRMaTIONtBﬁRSsﬁﬂQiMﬁEﬁ@WﬁgFﬂEans conprises a
convol utional coder whicE P JKELY SEQUENEE $EWH at | east
one of said information bits a pIurallty of convolutlonally encoded bits
that include said at |east one redundant bit; in that said selection neans

is adapted to sel egbddithetld ioflidppietoned éﬁ@&%séfﬂ%&hféb sai d

mul ti-di nmensional point is drawn base on sai d .convoj ution encoded
bits, anthﬂnFﬂéFté-é’lgd B REFE Y HeAREPHIHSD ohhTi BEssgn F'F%er enti al
encoder ocor:ﬁéspehylmrgf Figethl olidif ed atlidamiel mcadplarallkagt obne
non-convoluti%E é ?fgﬁgd said information bit to renove the anbiguity
resultings+98 P8t F61901 “of any of said anounts. 6. Apparat us
accordi ng to d ai m Famifly tdfemulizi-atimensional convolutionally

coded modulation systems achieves enlarged minimum

distance between possible sequences of signal points,
reduced number of error events with the minimum distance,
acceptable peak-to-average power'ratio} reduced number of
signal points in each constituent two-dimensional constel-
lation, immunity to rapid carrier phase changes, and
reduced complexity, resulting in a reduced error probability
when maximum likelihood decoding is used.

These advantages are achieved by the construction
and by the partitioﬁing into subsets of the multi-
dimensional constellation, by the design of convolutional
codes using those multi-dimensional subsets, by using a
bit converter and a block encoder to convert a multi-
dimensional bonstellation.mappipg into multiple two-
dimensional constellation mappings, and by a simplified

decoding technique.

Fig. 2
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i s assigned. 9. Apparatus accordiYa@'?er'Cl aim8, further character-
ised in being arranged such that it sai® first nmulti- dinmensional subset is
assigned to a transition froma first stlae o a second state of said
convol uti onal coder, then said res@l tifg #ul ®i -di mensi onal subset is
assigned to a tran5|t|on betweep tyo sjdtgs deteg mged by a predeterm ned
one-to-one function of sai d-fd stload 9.8&:@'“. 185° 10. Apparatus
according to any of {aigsz—650 gtierel segl in that said
convol utional coder i%s a@apted bper‘atl'v' from at | east one
said information bit @ phurg ity of can obutuone&lyde godegl bits that

i nclude sai d redundgiloobPtiofig? t haBuesal Todrl Ectonae Tepwdscoi S adapted to
select the multi-di ffBhisTdnale subsekt frio Whl th sai dbrTU|CtI -%li jmgnsi onal poi nt
is drawn based on®sfid cdnval ut?onal | y* Hncoded bits: and in [that said
encodi ng nmeans fudther conprd se¢ aadi fd arent dal ﬂencederﬂ op‘eraEi vely
arranged to di ff er efdidioal ryoem:odeuoato | ‘eYeoone ovion - copeasPut i loaal | y- encoded

said information Rit go bengve & ¢ t.:s c b ¢ b ¢ blc b
e ¢le ¢ o ¢ g ¢ le ¢
®
101100 011100 001100 000100 o000,
-15c 13 |ne -9 -7¢ -Sb -3¢ -ib ] ci3 b'S g,
® ® o L] * ° e @ -lT ) O ) or
g ¢e ¢ 8 & g 4 dlg ¢ ™
[ J -
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t.) E E e E E 2—5' ] » 72
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a d 0 d
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. / 100 1000t
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NUMBER BENEATH EACH POINT: Z2n+i Z3n+i 2%+ Z5a+i Z6nar e liz Oorl)
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the anbiguity regulting From PotaRijon! Hy 4B\B)of @ai d' andurlt d. 11.
Appar at us accor dijng jo & m 00 fufrtthgr d&Edafterf 9 sled ijn& hHat said
convol utional code 1s opergtovelly larr gngedl ool genertatle 1sdi d
convol utional | y- =nc8£ied idg firpro bi tas jwhits)e)i hco uded gt d dast jone
differentially coded  saifdanferjredijon it s, a | o I 0] O
- 79 - 12. Ap30ar ws| acrordimg | tac,oany 1 precgdiing alrgim further
characteri sed iIn that o |sai 1 jcandti golent| ) ] 0
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1 ] 0Ot O J 8,0 ] o J ! !
5 by 0 | 0 (c, 8 1| 0o} o ]
bl ot { {0, A) ! t oo
6 1|t {o}o w0yl of of {
1 1 1o i 8,0 | o ! ! 0
; | I | o (C, &) ] olo]|o
I ] ! | (D B) I 110 |
FIG. 6
1704 Z7a+1,
16n+[ ZG"#'
15a+1 ZOn+l
18p 41 ZGa+1
I3a+1 ‘ Z3n+l
4D BLOCK L2041,
RN ENCODER Z3n
Tln+s 97 Z2n
175 — Zin
Isn an o
154 25,
14n Z4n .
13a : ; Zi
L oFrERENTIAL o ~2 ol
12n__IENCODER 30 I2pm e — . 120 4BIT | ZO a4+
11q — ; : 11a |CONVERTER} 74,
|
i 96 | Z0n
L
1
1
I
1
1
".
S
FIG. 7

This is the replacement sheet

1 4 APR 157

Date:



Y WInW2aW3 W4 Jo ,2 Il 13 Wia+2W2n+2W3n+2Wan.2
: 3 ] : . .0 0
constel lations are®d I 3 WS- 8i Héns re al OOUI’- 0d| nmensi onal
constel | ations. 4 643. | 0 OAppamal us } ® CPaim 1t further
characterised in bgidg al ,AR9EQ gongti tueng _
constellation is divided}into twoggr paratus according to
A aim13, further €Marf &ci & 0 | deft N ng %redns ! and said
sel ecti on neans are mpraheged ere A dromsa d oul ti-
di mensi onal const eél_,at i_oh S(l) Irrul - CH i gcpal lpoiont S, whi ch are
concat enati ons of 3i g?1§| |5’oi nts X 0 I tuent constellations,
said nmul ti-dinmensi®nag os| gnal t @onNQLS uWedibeilng dased on the
groups to which sapd ganpig juent (s ng. | 15 Apparatus
according to d ai —lrt her cha€ac bei ng_arranged such t hat
there are N said c®s?i't hdnf ehst ro8ps % n ®ach
constituent consteélaatisop 1i ocd ud ti has Noti mes as many
signal points as tcr)le2 |s%car}dog'r%u . | o I o
46571101 | ! R« T
3120t 1007 4 I I 0 ©
756411017 £ ! (N o TR
1302 |1 10 ! 1 1 0
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16. Apparatus according t{o Ct@rst bEcooeRustARIs gharacter- ised in being
arranged such that said excluded nulti- dinensfonal signal points conprise
mul ti-di mensi onal signal points whigh correspond to nore than one
constituent signal point in said segond groups. 17 &pparatus accordi ng
to CQaim13 , furthfr character- 1sed 1 n belng arrangegssuch that said
constituent constel{ IFAD ©PSESTEP FAWNTaWN ERYef2nt s of FSignal points that are
anbi guous under a charfV8BET FQ ke REREIVED 2BtRAINON of particul ar anount,
and such that each Sete—grotp—ts i.;Ea. amt—tmrder—a—phase rotation of said

particul ar anount. 18. Apparatup according to Cdaiml, further
characterised in being arranged su t hat _each _sai consti tuent

constellation is diyi ' such that gd of said
constituent subsets f%ﬁﬂ% %)ggtg T%ég%%w gﬁ%[}steufa‘ri on have the sane
nunbers of constitugent LOpila p S grjoup.

ADD TWO 2D BRANCH METRICS FOR EACH 104
4D TYPE ( 4D TYPE METRICS )

l

PICK SMALLER METRIC BETWEEN TWO 4D
TYPE METRICS OF EACH 4D SUBSET 106
AS THE 4D BRANCH METRIC FOR THAT 4D
SUBSET AND USE CORRESPONDING PAIR

OF 20 POINTS AS CLOSEST 4D POINT FOR
THAT 4D SUBSET

EXTEND TRELLIS AND GENERATE
FINAL DELAYED DECISIONS N

12

FIG. 10
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- 80 - 19. Apparatus according to Caiml, further
characterised in being arranged such that each said bl ock spans N said
signalling slots, N being a power of tvmu and preferably being 2, 4 or 8.
20. Apparatus accord| ng to C aldm Jo, d fuurtd1erocharact erised in being such

that said multi- 10010 *13 100010 100
c b ¢ b € b c b c
) . M o i . - - o e
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di mensi onal constellation is a concatenation of constituent constell ations

I ncl udi ng a 2N-di nensi onal constellation, N being a power of two. 21.
Appar atus according to Caim1, further characterised in being arranged
such that the nunber of said nulti-di nensional subsets is fewer than 4N
where 2N is the nunber of dinensions of said nulti- dinensional

constel l ation. 22. Apparatus according to Claim2l., further character-
ised in thattia2dl is 2 and there are 8 said nulti-dinensional subsets. 23.
Appar at us acc?rdl ng to Claim21 further character- ised in that Nis 4 and
t here are pb—3atd—rut—eERsSgratl—subsels: Appat-atts—aeeordi ng to
Caim 21, [f &% RMESEal at@%er|- Iissdd IPm Jt Hae N is 8. ancﬁqnﬁ‘é*?ﬁ—:s are 32 sdid
mul ti-di mgpsionag subsets. 0 45. oAgpaoatjusoaotqr(di ,ng f e @ Qi 03 13)
further charactqrised|ingbging grrgnged;SUCol PRL (1.0), (2.3),(3,2)

2 o) 0 ! 0 (0,2),(1,3),(2,0),(3,1)

3 0 0 ! I (0,3), (1,2),(2,1),(3,0)

4 0 i 0 0 (4,4),(5,5),(6,6),(7,7)

5 o) 1 0 | (4,5),(5,4),(6,7),(7,6)

6 o] | | 0 (4,6),(5.7),(6,4),(7,5)

7 o) | | | (4,7), (5,6),(6,5),(7,4)

8 | 0] 0 0 (0,4),(1,5),(2,6),(3,7)

9 I o] o] I (0,5),(1,4),(2,7),(3,6)

10 | 0 ] 0 (0,6),(1,7),(2,4),(3.5)

1 l o) ! I (0,7),(!1,6),(2.5),(3,4)

12 | ! 0 0 | (4,00, (5,1),(6.2).(7,3)

i3 | | 0 ! (4,1),(5,0),(6,3),(7,2)

14 i ! I 0 (4,2),(5,3),(6,0),(7,1)

15 ] I | ! (4,3),(5,2),(6,1),(7,0)

FIG. 124
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wn «n | 44p | 4d9n | OV SVDIIFC |
the nunber of said mul pi2di ' mag_iub%-e&s-(-ﬁs‘-\-ffsﬁ&r— han 8[err] where 2N
is the nunber of dimensi®ns!of® saiPmpltl. dildhb Edallconstel | ation.
26. Apparatus accor di n“F_ptl N A mios! #1r® hdr (BrAraBer! ised in that Nis 2
and there are 32 said jpuitdi%ensibnal suliséfsp € O)
- - ) 1 0 0 (ACAC)
o I 0 1 (ACC8)
0 | ) 0 (AC AD)
) ! t i (ACC A)
1 ) ) ) (AAAC)
{ 0 0 t ({AACB)
i ) l ) (AA AD)
-] -0 i 1 (AACA)
O | 0 0 | (ACAA)
{ l 0 { {ACCC)
l l i 0 (AC A B)
i i i | {AC C D)
STEP 2: 3RD B 4TH !on]
ROTATE THE {2ND 8 4TH} 20 SUBSETS OF THE 8C SUBTYPE BY I80°IF [4415n = {10
2ND& 3RD {uj
STEP 3:
ROTATE ALL FOUR 2D SUBSETS OF THE 8D SUBTYPE OBTAINED IN STEP 2 BY
90° ol
180° } CLOCKWISE IF I6h17) =410
270° [
STEP 4;
CONVERT 2D SUBSETS TO ZOmZim, FOR msnn+ n+2,nt3 BASED ON THE FOLLOWING TABLE
20 SUBSET Z B c D
ZO0m Zim 00 | o 10 n
FIG. 2B
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Sn+

in being arra

m-1
-

n
further cB8w3ct eri sed

3 i ni i i i Z5n+3
mul ti -di mensi nﬁﬂn'ﬂr‘nngf el- lation js smaller than the ninimim s ance

within each saif8s4pul ti-di mensi onal subset. 28. Apparatus_ac&ow2ling to
characterised in being arranged such that Z%e2m ni num

Claim3, f ukeser

di stance withi @ilseach sai d constituent constellation is small erZtshan t he
m ni mum di st angc@+ai t hin each said constituent subset-.

according to Cred+sn 10, further character-

29. zéhppar at us

Ised In that sald  z5as_

mul ti -di mensi omgl+2CONSt el ati on has 4 di nensi ons and sal d convgguil onal

coder

has 16 ST&a[.8S. 260
I13n+2 50
I2n+2 - i 28n+3
Ilne2 23043
. ZZn«ri
I70+1 80 an*’g;
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/3 . . | . . | .
30, Apparatus (agcordl ng to Caimb5. , further character- ised in that said
mul ti-di mensi ogrkegpnstel | ati on has 8 ghwyegmrgns and sai d convol uti onal

coder has 64 STAltes. 31. Apparatus according to Caim13, further
character- i sécb N 2bgi NG @' 7 ABILF 19965 %&ﬁﬁﬁﬁi’éﬁsgﬁé)&&sé@sxgéyﬂggg into
subgroups thag[ANE4T G2 @A T Y T NVAT T ant [raer grase 1 gtatt ongs 1o ch
said constit t constellatippgg |[varbadit. 32. Apparatus pccordi ng to
Claim 31, fur4her chajacter-|ised In belnd,agradgds sugh that pll of {said
constituent selpbsets fpr each|said constltuent constel | afgan st he|sane
nunbers of cossit ist eenfe A gnal poirntp 1n edch sar @ subgr eup. 33.
Apparatus ace®rding tp Clainyd,t 4 5{2 3 éurjt her chharactelfi sed ijn bei ng
arranged such2it hat sajd nul t}-di mensi onal [Subgeti§7cerpelse
mul ti-dimensignal fanm lies such that the nini rumidi st an¢ge ovstdjnzensh said
famly is gré§Red €ha0 tthé i ni mum di st ande wi t hijn said

18 6723|4501

20 ) 1327 6(1°05 4,

22 7632|5410

246 7 2 3|1450 |

26 2367/01 45

28 _ 7632|5410

30 . 3276|1054

32|15 4 1 0|76 32

34 : 1 054i32 7€

36 : 4501[(6723

38 0145|2367

40{! 054|327 6

42 541 0|76 32

a4 ' 0145|2367

46 4501l6723

48(7 6 3 2{54 1 O

50 3276{1054

52 6723|4501

54 2367[01 45

56{3 2 7 6|1 O 5 4

58 ) 7632|5410

€0 2367|001 45].

62 67234501

% CURRENT STATE = Win w2n w3nw4nw5nWSn
X NEXT STATE = W|n,.4 w2n,4w3n,.4wqﬁ+4w5n+4wen+4

¥ 80 SUBSET = YOplinl2n!3n F/G: /4'4
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arranged opeg
famlies.

13

nul t‘.iéjli nmensi onal

constel | ati on,

stMe Apparatus accordi
i n being arrfmsgedosuchistinas 24v8bsbnze bé 30 3l k0w hpamls 45ansd S7es53E0REES ©

ng to

sai d encodi ng neans bei ng
eX¢l Y to encode sgigdqi &fa9g Mation bits on the basis of said

aim3

3, furt

her

char acter -

mul ti-di nenss
3

]
7

enali2 s3f@ ans s

es Ssuc
12138 9

N 1 hat
141510 11

981312

Hiois 14

13129 8

151411 10

9
I
3

15

2138 9

14151011

8 91213

011415

31298

1514 1110

9 81312

111015 14

7
i9
21
23

101114 15

8 91213

4 151G 1

12138 9

1101514

g8I1312

1IS14 11 10

13129 8

25
27
29
3l

14 1510 1

1213 8 9

10111415

B9iI213

151411 10

13129 8

1110 1514

981312

33
35
37
39

1312 9 8

1514 {110

9 81312

11101514

12138 9

141510 1

8 91213

1011 1415

a|
43
as
47

981312

Hiols514

13129 8

1514 11 10

8 91213)1I0 11415

12138 9

141510 1

49
51
53
55

1518 11 1O

13129 8

1S4

981312

141510 |

12138 9

10111415

8 91213
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wiikiviinel = &~ o+ &7n T aufi4g] v &TASP] T A

the mi ni num di stance within eachZ3ai ¢ Babf ani 3+ S l§ewater than the m ni num
di stance within each said famlygzz, 350 Appara¢up=ascording to daiml,
further characterised in being a? ange such { hat Q said information bits
appear in each said signalling sP&t2 QB8 ng ri“’?nté preferably 7.

36. Apparatus according to C ai mZia+2 = I6a+i  f UZInhBF T¢rhar act erised in being
arranged such that Q said infornggl,t ?n Bits appsal -id each said signalling
slot, Q being non-integral, and preferably 6[err? 5[err] or 4f[err]. 37.
Appar atus accordi ng, %]ﬁ CI al characterised in that said two groups
conprise inner and 0 din rbups rEf)per atively requiring different average
powers respectively. 38. Apparatus according to any preceding claim
further characteri¥edIfmBhat *<fd signalling slots correspond to
successive signalling intervals. 39. Apparatus according to Caim1,
further characterisedziap=tbat sazeh+ AfIBFRL E&32BI B78+1, Z4n+3: 12n:2

23, = O v 23n¢t = 14n+t , Z3n42 = I6net , Z3n+3= Lline2
Z2n = |} , Z2n+1 = 0O . Z2n+2= 0 s, Z2a+43= 0

IF I2n41[3a+1 =01,

Z4n = I5n+l ' Z8n+i = O , Z4n+2 = Tla+t » Z28n43 = 12n+2
Z3n = I8ae , Z23at = O y 23042 = I6n+t , Z3n4+3 = llns2
22n = O . 22n+. 5 | y Z2n+42= 0 , Z22n+3 =0

IF 12a+113n41 =1C,
Z4n = ISn+t , Z4n+l = 1704t , Z8m2= O . Z8n+3 = 12042
23n = 18p41 4 Z3n+1 = 16n+1, Z3n42= 0 v Z3n43 = line2
22n = O y, 22a+1 = 0O y Z2n42% | . Z2n+3 ¢ O

IF [2a+113n+1 =11,

Z3n = ISa+1 , Z48n+t = I7n1 , Z8n4+2 = 12042, Z4n+3:= 0
Z3n = 18n+1  Z3a+t = IGn+1, Z3n+2= ln+z , Z3n+3:= 0
22n = O , Z2n+1 = 0O y 22n+2= 0 ., Z2n+3= |

FIG. /15
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N, . '

are arranged operatively to appear
each said bl ock spa|
mul ti-di mensi onal cpn¥ing tadsesn dpagoINDUN EﬁhH’ﬂﬂ:ﬁSl ons;
mul ti -di mensi onal cpnsfuglset! A5 EAcH RecepaEDt izbirmed i ntid ei ght

mul ti-dinmensional sub-_sets. in that said encoding ans Corrpr| ses a
finite-state device having 16 stats\i and in that said constituent

t the rate of seven per slot; in that
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|
16D SUBSET | 160 TYPES
o {0, 0) (1,1) {(2,2) (3.3)
(4 ,4) (5,5) (6 ,6) (7,7)
| (0, 1) (1,2) (2,3) (3 .4)
{4 ,5) (5, 6) (6 ,7) {7 ,0)
> (0, 2) (1, 3) (2, 4) (3, 5)
(4 ,6) (s.7) (6, 0) (7.1)
3 (0, 3) (1 ,4) (2 ,5) (3,6)
(4,7) (5, 0) (6 ,1) (7,2)
s . (0,4) (1,5) (2,6)  (3,7)
{4 ,0) (5, 1) (6, 2) (7., 3)
5 (0, 5) (1,6) (2,7) (3, 0)
(4 ,1) (5,2) (6., 3) (7.4)
6 (0, 6) (1,7) {2,0) (3,1)
(4 ,2) (5, 3) (6 .4) (7 ,5)
- (0, 7} {(1,0) (2, 1) (3, 2)
(4, 3) (5,4) (6., 5) (7.,6)
8 {8, 8) {9,9) (10, 10) (i,
(12, 12) (13, 13) (14, 14) (15,15)
9 (8,9) (9,10) (10,11 (11,12)
(12,13) (13,14) (14 ,15) (15, 8)
10 (8 ,10) (9,11 (10,12) (1,13)
(12, 14) (13 ,15) (14, 8) {15, 9)
i (8,11) (9,12) (10 ,13) (1,14)
(12, 15) (13, 8) (14, 9) (15,10)
12 (8 ,12) (9 ,13) (10 ,14) (11,15)
(12, 8) {13, 9) (14 ,10) {15,11)
3 (8 ,13) (9 ,14) (10, 15) (11, 8)
{12, 9) (13, 10) (14, 11) (15,12)
4 (8 ,14) (9 ,15) (10, 8) (i, 9) .
(12 ,10) (13,11) (14 ,12) (15, 13)
5 (8 ,15) (9, 8) (10, 9) (11,10)
(12, 11) {13 ,12) (14 ,13) (15,14)
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160 SUBSET 160 TYPES
6 (O, 8) (1, 9) (2, 10) (3, 1)
(4, 12) (5, 13) (6, 14) {7, 15)
07 (0, 9) (1, 10) (2, 1) {3, 12)
4, 13) (s, 14) (6, 15) (7, 8)
I8 (0, 10) (1, t1) (2, 12) {3, 13)
{4, 14) (5,15) (6, 8) (7, 9)
™ (O, 11} {(1,12) {2, 13) (3,14)
(4, 15) {5, 8) (6, 9) (7,10}
20 _{0.12) (1,13) te, 14) (3,15)
(4, 8) (5, 9) (6, 10) (7,11)
5 {0, 13) {1,14) (2, 15) {3, 8)
(4, 9) (5,10) {6, il } {7,12)
22 {0, 14) {1,15) (2, 8) (3, 9)
{4,10) |, (5,11) (6, 12) (7,13)
23 (0. 15) (1, 8) {2, 9) {3,10)
(4, 11) (5,12) (e, 13) (7,14)
24 (8, 0) (9, 1) (10,2) (1, 3)
(12, 4) (t3,5) (14,6) (15, 7)
25 (8, 1) (9,2) (10, 3) (n, 4)
(12, 5) (13, 6) (14, 7) {15, 0)
26 (8, 2) (9, 3) (10, 4) (11,5)
(12, 6) (13, 7) (14, 0) (15, 1)
o7 {6, 3) {9, 4) {10, 5) {t, 86)
(12, 7) (i3, 0) (14, 1) (15, 2)
(g, 48) (9, 5) {10, &) (11, 7)
28 (2.0) (13, 1) (18,21 (15, 3)
29 (8,5) {9 ,86) (10, 7) (1, 0)
(12, 1) (13, 2) (14, 3) (15, 4)
30 (8, 6) {9,7) (10, 0) {1, 1)
(12, 2} (13, 3) (14, 4) (15, 5)
3 (8,7) {(9,0) (10, 1) (1, 2)
(12, 3) (13, 4) (14, 5) (15, 6)
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plurality of signalling slots, the apparatus including
encoding means adapted to
encode the information bits that appear during a block of
at least two said slots by adding at least one redundant
bit  to form a set of signal point selection bits for
said block; selection means adapted to select, for each
said set of signal point selection bits, a multi-dimensimal
signal point drawn from a multi-dimensional constellation
for said block, said multi-dimensional signal point
selected for a particular said block being dependent on
the multi-dimensional signal point selected for at least
one other said block; said selection means being arranged
operatively to establish a correspondence between each
possible combination of said signal point selection bits
and the coordinates of a multi-dimensional signal point in
said multi-dimensional constellation, said encoding rmeans
and said selection means being arranged operatively to
define a partitioning of said multi-dimensional constel-
lation into a plurality of multi-dimensional subsets, said
multi-dimensional constellation being a concatenation of a
plurality of constituent constellations each of which has
fewer dimensions that said nulti-dimensional
constellation; and modulation means adapted in operation
to modulate at least one carrier for transmission over
said channel in accordance with the coordinates
represented by each selected said multi-dimensional
signal point; the apparatus being characterised in that
said ccnstituent constellations comprise arrangements of
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of particular amounts, preferably including 90°, 180° and
270°, and in that said encoding means and said selection
means are further adapted to cause said selected multi-
dimensional signal points to be susceptible to being
decoded in a manner that avoids the effect of channel-
induced phase rotations of any of said amounts.
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1. Apparatus for transmitting a stream of information
bits by sending corresponding signals over a channel in a
plurality of signalling slots, the apparatus including

encoding means adapted to

encode the information bits that appear during a block'of
at least two said slots by adding at least one reaundant
bit’ to form a set of signal point selection bits for
said block; selection means adapted to select, for each
said set of signal point selection bits, a multi-dimensicnal
signal point drawn from a multi-dimensional constellation
for said block, said multi-dimensional signal point
selected for a particular said block being dependent on
the rmulti-dimensional signal point selected for at least
one other said block; said selection means being arranged
operatively to establish a correspondence between each
possible combination of said signal point selection bits
and the coordinates of a multi-dimensional signal point in
Said.multi-dimensional constellation, said encoding means
and said selection means being arranged operatively to
define a partitioning of said multi-dimensional constel-
lation into a plurality of multi-dimensional subsets, said
rmulti-dimensional constellation being a concatenation of a
plurality of constituent constellations each of which has
fewer dimensions that said mnulti-dimensional
constellation; and modulation means adapted in operation
to modulate at least one carrier for transmission over
said channel in accordance with the coordinates
represented by each selected said multi-dimensional
signal point; the apparatus being characterised in that

said cocnstituent constellations comprise arrangements of—— —
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270°, and in that said encoding means and said selection
neans are further adapted to cause said selected multi-
dimensional signal points to be susceptible to being
decoded in a mnanner that avoids the effect of channel-
induced phase rotations of any of said amounts.

2. Apparatus according to Claim 1, further character-
ised in that said encoding means and said selection means
are further arranged operatively to define said
partitioning into said multi-dimensional subsets so that
the coordinates of each said multi-dimensional signal point
in a given said multi-dimensional subset will be translated,
under a phase rotation of any of said amounts, into the co-
ordinates of another said multi-dimensional signal point in
said given multi-dimensional subset.

3. Apparatus according to Claim 2, further character-
ised in being arranged such that each said constituent
constellation is partitioned into constituent subsets such
that a said constituent subset is translated into another
said constituent subset under a phase rotation corres-
ponding to one of said particular amounts; and in that said
encoding means and said selection means are arranged
operatively to define said partitioning of said multi-
dimensional constellation such that each said multi-
dimensional subset comprises multi-dimensional types each
of which is a concatenation of said constituent subsets
and said multi-dimensional subset is invariant under a

rotation of said one of said particular amounts.
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JUuitTi=aimensional Subset.
5. Apparatus according to Claim 2, further character-
ised in that said encoding means comprises a convolutional

coder which is adapted'operatively to generate from at
least one of said information bits a plurality of

convolutionally-encoded bits that include said at least one
redundant bit; in that said

selection means is adapted to select the multi-dimensional
subset from which said multi-dimensional point is drawn
based on said convolutionally-encoded bits, and in that
said encoding means further comprises a differential
encoder operatively arranged to differentially encode at
least one non—convolutionally-encoded said information bit
to remove the ambiguity resulting from a rotation of any
of said amounts. .

6. Apparatus according to Claim 5 , further character-
ised in that said differential encoder is operatively
arranged to differentially encode only non-convolutionally-
encoded said information bits.

7. Apparatus according to Claim 1, further character-
ised in that said encoding means and said selection means
are further arranged operatively to define said
partitioning into said multi-dimensional subsets so that
the coordinates of each said multi-dimensional signal point
in a given said multi-dimensional subset will be
translated, under phase rotations of at least one but not
all of said amounts, into the coordinates of another said
multi-dimensional signal point in said given multi-
dimensional subset, and will be translated by another one
of said amounts into the coordinates of another said multi-
dimensional signal point in another said multi-dimensional
subset; and in that said encoding means and said

- selection means comprise a convolutional coder whose state



