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“ (57) Abstract: A method of transmitting digital information uses the steps of forward error comrection coding (56) a plurality of bits
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corresponding to amplitude levels. Receivers for such signals are also described. . ‘

00



~on either side of a coexisting analog AM carrier, and t

sub-carriers are placed within a 5 kHz frequency banggﬁe kFﬁ"rl@d2Whe
anal og nodul ated AM carrier. 20 DAB systens utilize forward error
correct ivamoddokdsd and interleaving to inprove the relp@bidosinaof the
transmtted digital information over corrupted channels. Mdst conventional

convol utional codes have been designed to performwell wth binary
signaling in an additive white noise Gaussian (AWGN) channel. The sinpl est

S P, HORIAL Ao A ST B S R, T
rate 1/ N "m)ther code produce a |gﬁ%r @W

" Conpl enentary Punctured Convol utional (CPC) Codes and Their Applications,”
| EEE Trans. Comm, Vol. 43, No. 6, pp. 2005-2009, June 1995, described a

techni que for producing codes ' enpl oys a sort of
puncturing technique to 9%2:[ éﬁgg@iﬁ%um e s. 13 Septenber 2006 2
B. Krueger, D. CarhRlimedtion gk % m@ﬂh@@'ﬁnﬁ%ﬂpa@&ﬁg f(‘)gc&ﬁ{g'&l &Fofnfiioh M
Hybrid 1Ba: DAB, " | EEE Trans. on Broadcasting, Vol . 4 pp. 412-420,
Dec. 199nd Taws pritisularly tq sich ﬁnﬁh%kta@dépmat@ fovawe ipdigii awdiouersaastiopdes

wi t hout glbyef Kallel's requirements on the conplenmentary property. In
Uni ted Sfat es Pat ent Application No. 09/438,822 (WPO 5 International

PuBl i cation No. WDigial 366i6 Broadsastieg €DAB) isad meﬂlamefoapmmdsigaﬁgltaﬂ-haﬁhty hese

Nodut at | BAU R Ceone demog SRS g, dio ASE 2a FM iy band Biagmat | c
Appr oac fCltaﬁneTr(Bd)CﬁD@@ﬁgndl@dm Bé it@fsmittdd 1nVii thzlolm forfat Where'tﬁ@@gﬂal%
. Conmmuni caﬂl ns |va zine, pp. 11-19, Vol 7, July 1989, while also

pr eser vih [cesHisty Hith_the @Bﬁ?ﬂﬂ&d%%qc% analog Figaals Péé“ an allahiginal (df r ee)
f I t
et CO%&Aa‘t‘Wﬂﬁ&ﬁ th&ﬂ%g( o Oﬁ%ﬁr&%‘:ﬁe&\f%@t{@u anne Wléfeh bi nary

I’T'etI’ICtO% e error COI’I’eCtIOI’l per nce iIn a
git

sil@nal i ribe ymmtadmlggmsmi theSwelog digngl aretimiltmesusytirasmitied withinttbe  of

pat hs at [ nd th errors. on t ho e aths are
used to so ve cl’fr?griﬁgﬁq‘c%%rk@%ocagﬂ #gagr}%g% PO ReS S5 P

Profile wlﬁleahabdmgsmhddasteﬁwﬁtpp@l digitad Quali toiHelt ﬂr@éﬂ%a&e@f@i&@ﬁéﬁ ai nt |
| engt h. ‘When nonbi nég% sigpaling 1s_use such as M in an AWGN channel ,
the ninimum Eucl {BeXthogmal irauensy divivion mulfiriex (PEDM) deghnigue dam deens

signi fi GR&kbyd HU®P I on
_(TCM and PTCI\/IfEPWe['?%édem Eg% i %MV\]EIHE\HIB% ann %)r}’allg gdcul BarfifH ol

a common symbol rate. The frequency spacing for symbol pulses (e.g., BPSK, QPSK, 8PSK
- or QAM) is proportional to the symbol rate. For hybrid IBOC transmission of AM
| compatible DAB signals, sets of OFDM sub-carriers are placed within about 5 kHz to 15 kHz
on either side of a coexisting analog AM carrier, and additional OFDM sub-carriers arel

placed within a + 5 kHz frequency band occupied by the analog modulated AM carrier.
20 ' - +DAB systems utilize forward error correction (FEC) and interleaving to
| | improve the reliability of the transmitted digital information over corrupted channels. Most
- conventional convolutional codes have been desi-gﬁed to perform wéll with binary signaling
in an additive white noise Gaussian (AWGN) channel. The simplest codes have rate of 1/n,
where each input information bit produces n output bits. Punctured codes can be constructed
25 'by removing code bits from a rate 1/N “mother code” to produée a higher rate code. S.
| .Kaﬂe'l, “Complementary Punctured Convolutional (CPC) Codes and Their Applications,”
IEEE Trans. Comm., Vol. 43, No. 6, pp. 2005-2009, June 1993, described a technique for
'producmg complementary codes, which employs a sort of puncturing technique to create

good component codes.




do not performwell in inpulsive noise. This is becaus e P

codes pPovide no error gPotectlon on the nost S|gn|f|§%§ p%F&Fm%éqglthe
| ar ger uncoded Euclidean distances in the 20 QAM constel |l ati on. Hanm ng
distance is nore inportant for error protection in an inpulsive noise
channel. There is a need for a coding technique that overcones these
limtations and is suitable for use in4BOC DAB systens. SUWRARY OF THE
| NVENTI ON 25 In accordance with a first aspect of the present invention,
there is provided a nethod of transnmitting digital information

characterized by tBeKoeggsDofamppyty (Rabush Modemp randtGasing Berhuignasgfon FM
pl ural i € 1y6a RS 1945, 48R AharsN P BIRAI.AdI o012 WPl C RN LiY0 PBL G097 Mapped

convol uti onal codes, nodul ati n(",] pl urali ty of carrier na S Wt
forward @esprhed @gechniguesla craptetoyerlagping mwmttcpqiqsgvlthn@ abiaf Kra "sgeqyirements 30

Forward gg mrcomerngeﬁw o By, b Gfifel PheksS PRkt H@Jubﬂ palcch o@m@é WA

code partitions, sel ec g}{@oﬂunct ure si1ze Co arti t I ons,
I

fi ndihg h@ﬁ%@@&@fﬂb‘pﬂﬂh@ N?) PBoIWSpddesger eirrll hﬁmy&mowﬂptﬂwé Cafffﬂé can
adr at 3to
2O conor SRFERRBTO AN Lriblf (PARATrAShRIIES EORFProdda R ERE ettt
i ndependdaseribed byriftertd gad., hiA PmB@Wm@pprﬂacphaé"eellésr@orh}d@@dahumé’ doNpehient s of
the QAM gopsiaid Hohiihnittidld (Y, g@ei @RIy I92 NEVE Ray TORSAIMSRILT
ude t e ‘dete

correction may also inc of de etirg predetermne
t he pl urpreservingthe bwmlzlem@tqw-bldum‘epaﬁemdl fied plurali ty of bits, al I ocat| ng

the i 11 ed Pl Ui offhl ied TP SoRoR ki pREuRAd o o)

mappl ng i n- phase an guadr onen Urar |ty of
bits to fac@&mlerﬂ me¢ted keagduge errbrncmcxmnokmn‘baname lfn an MN d:haumlewith (inatshe

present j.nv , rvided a _tran er characteri means

for for vva%ﬁ%g kog }%:%grﬂraec ?%Iﬁj)egco m‘c:tmlS gra "ilst {}‘eélflmg?rt‘gcp@ﬁls %gl%dgéﬁ t al

i nf or nat digimets ki Mnmhmmtmoys patthee rpampqredxsed)m/@bmtvie(m&k p@tfda&ncemeans

for I n . a plu Lit cargier nal s th the

-correct e%ﬁ] ﬁﬁ @rﬁ%{ﬁ%‘xf gptancey lﬁfﬂ@ﬁ\ al%ﬁ g‘mfﬂF'llgI EE,SB?"H?%’ rffo |°\é1\%él i ?

accoritlanc:bﬁstvmﬁther@ﬁ:t hWwheh repiaiy signaml@lsmsasemh s QAL ih @A A WORT dhairfel, [WieO Vi ded

? e CgFE/P%gln%L'ﬂP%% ‘iéfﬂg/ %%H@é%t%r(é oug n SI gl%s patﬁg 18 sr1én§11:icrelzgtl§ ?n%reszgp% ospngtfe
Unfortunately trellis code modulation (TCM) and PTCM were designed for AWGN channels and

- do not perform well in impulsive noise. This is because the PTCM (or TCM) codes provide no

error protection on the most significant bits with the larger uncoded Euclidean distances in the
20 .QAM constellation. Hamrﬁing distance is more important for error protection in an impulsive
noise channel. | ‘
There is a need for a coding technique that overcomes these limitations and is
suitable for use in IBOC DAB systems.
| SUMMARY OF THE INVENTION

25 ~ In accordance with a first aspect of the present invention, there is provided a

~ method of transmitting digital information characterized by the steps' of forward error correction
| encoding a plurality of bits of digital information using complementary pattern-mapped
convolutional codes, modulating a plurality of carrier signals with the forward error corrected

© bits, and transmitting the carrier signals. '
30 ' Forward error correction may be accomplished by defining a plurality of code
partitions, selecting a puncture size compatible with the partitions, 'ﬁnding_ noncatastrophic

partition codes, and map'ping"m-phase- and quédramre components of the noncatastrophic codes
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limter. 20 I n accordance with a fourth aspect of the present invention,
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15  signals modulated by a plurality of complementary pattern-mapped convolutional coded bits,
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demodulating the carrier signals to recover the complementary pattern-mapped convolutional
coded bits, and preducing an output signal based on the complementary pattern-mapped
convolutional coded bits. The demodulating steps may include the step of passing the
complementary pattern-mapped convolutional coded bits through a nonlinear limiter. '

20 In accordance with a fourth aspect of the present invention, there is provided a
receiver for receiving an information signal characterized by means for receiving a plurality of
carrier signals modulated by a plurality of complementary pattern-mapped convolutional coded
bits, means for demodulating the carrier signals to recover the complementary pattern-mapped
convolutional coded bits, and means for producing an output signal based on the complementary

23 patterﬁ-mapped convolutional coded bits. _

. Example embodiments of the invention overcome the limitations of prior art
pragmatic trellis coded modulation by exploiting the contribution of each bit in the puncture
pattern toward the code free distance when these bits are assigned nonbinary values, related to
the Euclidean distance of the bits mapped to the signaling constellation.

30 _ BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic representation of the subcarrier éssignments for a hybrid

AM in-band on-channel digital andio broadcasting system;




~ correction (FEC) -interleaver for a hybrid enhancenent #ﬁ%en 0 kHz AM
MOC system Figure 6 is a block diagramillustrating CREReE] lity of
an all-digital enhancenent |ayer of 30 kHz AM I BOC system Figure 7 is a
bl ock diagramillustrating the functionality of a forward error 10
correction (FEC) interleaver for an integrated digital services (IDS)
channel in an AM I BOC system Figure 8 is a sinplified block diagram of
rel evant portions of an 1BOC DAB rece&aver which can receive signals coded
in accordance with the nmethod of the present invention; 15 Figure 9 is a
bl ock di agram il | Jagwaiiipg sehpaatic meprésentationtof thy subparpigy asgEi@mnents, for jag all-
dei nterl (g E £ at | hat permts rapid acquisition
of the core agggéﬁﬁé?gﬁﬁgg%%mpgﬂgagﬁg%ggg@%ﬁ%an1iIIustrating t he
functionality of another AM 1BOC hybrid deinterl eaver and FEC decoder
i npl enentation that permts rapid acquisition of 20 the core audio; Figure
11 is a schematic representation of a robust soft netric F(y) for an '
ei ght-anplitude shift keying (8-ASK), in-phase or quadrature component of a
64- quadrature anplitude nodul ated (64-QAM signal; Figure 12 is a
schematic representation of a robust soft nmetric F(y) for a four- 25
anplitude shift keying (4-ASK), in-phase or quadrature conponent of a 16
guadrature anplitude nodul ated (16-QAM signal; and Figure 13 is a
schematic representation of a robust soft metric F(y) for a binary phase
shift keying (BPSK), in-phase or quadrature conponent of a quadrature phase
shift - keying (QPSK) signal. 30 DESCRI PTI ON OF THE PREFERRED EMBODI MENTS
This invention provides a Forward Error Correction (FEC) technique that can
be utilized in AM conpatible IBOC (I n-Band On-Channel) DAB (Digital Audio
Broadcast) 13 Septenber 2006 WO 03/094359 PCT/1JS03/12224 5 systens. This
FEC technique is referred to herein as Conplenentary Pattern-mpped
Trellis- ‘ ' '
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Referring to the drawings, Figure 1 is a schematic representatlon of the 5
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broadcasti ng system The all-digital IBOC DAB signal 30 includes first and
second 9?38“' 32 and 34 of evenly spaced subcarriers, referred to as the
core subcarriers, Hdn 83 £siPifibd ElBél@dﬁ?aﬁlRﬂ%le@dﬂﬂpéxﬁMﬁroﬁh@Bb@r]ﬂﬁB36 and
38. Third and fourt groups 40 and 42 of subcarriers, referred to as
enhancenERpveBhigh crw receive sigials carled ity gecordapsreith ribe misihod 06 fhe grsent

si debandg36i,gnd 38. Two timng subcarriers 44 and 46 of the third group
that |ie closest to the center of the channel and are nodul ated using BPSK
moldul ati on. The AWiguBOC iDABblsdkydiagrainsillistgitingthey fumotienlatityeal ans A TBOEDM
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New: IBOC hybrid deinterleaver and FEC decoder implementation that permits rapid acquisition of
20 the core audio;

Figure 11 is a schematic representation of a robust soft metric F(y) for an

eight-amplitude shift keying (8-ASK), in-phase or quadrature component of a 64-quadrature
amplitude modulated (64-QAM) signal;
- Figure 12 is a schematic representation of a robust soft metric F(y) for a four-
25 amplitude shift keying (4-ASK), in-phase or quadrature component of a 16 quadrature
amplitude modulated (16-QAM) signal; and
| Figure 13 is a schematic representation of a robust soft metric F(y) for a binary
" phase shift keying (BPSK), in-phase or quadrature component of a quadrature phase shift
keymg (QPSK) signal.
30 DESCRIPTION OF THE PREFERRED EMBODIMENTS
This invention provides a Forward Error Correction (FEC) technique that can
“be utilized in AM compatibleIB_OC (In-Band On-Channel) DAB (Digital Audio Broadcast)
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source GincarR the Srepthsided i8R sahOcHakigral ﬂh@lﬁneg% ﬁa&duﬁﬁed@g&af £ aftM si gnal

on line 68 and the digitally nodul ated signa Ine 70 are conblined to

- pl@duce secopdrasenps taf subpagriets asé positiened 2nt ypper iand toweer sidabandat Bd akd 16pdul at or
74 and t 0 t 6 . il . be recogni zed that, al t hough
(he fundr ARz s aieisiio W st Kb B5ul SFRANSERE e
functi ons acenhaivempstr subcartiets,us ilovgted e a @Entrabband 18, At 35 8156 occupibd b theul tipl e

functions .are rformed ipn one processor. Figure 4 is a functiaonal block
di agr am@@?i@?&@?ﬁ"ﬁ‘@m’éﬁf 0 CasETHIn té“oﬁ’i*b@ﬂs'&wnd(ﬁﬂ?@f a5 iR a@é&@ﬁ‘ 80 for a
core | ayehheé ail RYubdfanutMyiBRsp&Y & §8%anA6k Blolidhied baRE!. TR subrddtPR | €d on

line 82 and assenbled.into a nodem frame core contal ning, for exanple, 3000

‘blas, athe third grouptaseiausnged breonglementasy paitieands medulatedsint quadratire, Witk gha nt o a
Pl eSS 190 AL 2t S R P,
subj .ect eehtéraoffthe visanfel eare aferfuaicio s Nignind) Subiebidfiefsnd nge 8fdulated using BPSK
| modulation. A digital audio broadcasting system that utilizes complementary carriers is
disclosed in United States Patent No. 5,859,876. _

20 Figure 2 is a schematic representation of the subcarrier assignments for an all-
digital in-band on-channel (IBOC) digital andio broadcasting system. The all-digital IBOC
DAB signal 30 includes first and second groups 32 and 34 of evenly spaced subcarriers,

referred to as the core subcarriers, that are positioned in upper and lower sidebands 36 and
38. Third and fourth groups 40 and 42 of subcarziers, referred to as enhancement subcarriers,
25 are also positioned in upper and lower sidebands 36 and 38. Two timing subcarriers 44 and
46 of the third group that lie closest to the center of the channe] and are modulated using
| .BPSK modulation. _
The AM IBOC DAB signal is digitally modulated using COFDM (Coded
- Orthogonal Frequency Division Multiplexing). Each of the subcarriers is modulated using
30 64-QAM symbols. The digital information (e.g. audio) is interleaved in partitions, and then
FEC coded using complementary pattern-mapped trellis coded modulation (CPTCM). The
CPTCM method of forward error correction (FEC) is based upon-a combination of a new




il lustrated by block 88. 30 Punctured convol utional co are derjived from
arate |/N "nother code", by renoval of some of the cgﬁgea{e@ef%ﬁ%
punctured code bits can be identified in a puncture pattern, which repeats
peri odi &b éxp9433he puncture period P is the nunber of sorfusozmdbison bits 13
Sept enber 2006 WO 03/094359 PCT/ US03/12224 7 in the puncture pattern. The
total nunber of bits in the puncture pattern is P N . The resulting code
rate of the punctured code is: kP n P N-x; where x is the nunber of

punct ure o) its. . Th articular .bits to,.be punctured should.be chosen
careful | goc{%o‘gi %e‘%i’rfgngpfggt %glﬁmgxc' g @ 1?11‘:@?9"0??98?’?%5@%‘3 e A% 8f the
resul ti nIBQO DABYyeRme et Pandmg thd @inpldrbent:Sy-lRPORLHMMs to b dihdoR! €ating a

cat astrophic code,@y puncturing. For exagjl e the renoval of one particular

bit may result inl&°PrEGregREtmERisdor B CEICM codin IBOLROB aystems, dnclidet er ent
bit may theQSik td ?l.;x%ﬂir@ﬁﬁ: 6}{(?1;’51 c dint'f}?oﬁs‘;ﬁéﬁg%lgé B%&,’[ﬂﬁ?xﬁ lﬂ%ﬁl&lﬁé §din, D1 t mRY

result in a catastrophic code. Cear ocatrons in’the
purict ur eBaskap.dyove Sidaland cod Uppes Bidebanrl didch of thetfonsr cyemapping@artitionsmtiiton

per for D tyred code., . Thi s.propert n be exploited i.n the
mappi ng = 0 Végés eEtqutcg’ﬁ %‘o%ﬁggﬁwgﬁaw Qﬁpﬁﬁg{aﬂ%&ﬂ%’ﬂ% 9@% R ¢ he
g?(arrpl e ¢dnip1rgr?]anmti-§nb§-mreﬂhm@paﬁmoaaﬁﬁn@l&l&,h& _Eackh% @i VIBiA partiieny shbuldn a 12-
it output.. -bi.t groups e then partitioned i-nto mai n-upper

mai n- | omiélr",”%'&?%ﬁﬁdﬂaﬂi&e?’f G gﬁe%ﬁgw%ewd B&PPRqafasERphicscodes. L&t Btk by

bl ocks 9 dic9BroaR4stmbB G r il 5 =t : | & f each
12-bit qgroup t}(}) eac g%%h%ﬁpgﬁ(?{@gﬁgaﬁs%sﬁg%fgﬁmﬁ e&%ﬁﬂaﬁ%%ﬁﬁp-l ower
bills ar glj’é@ﬂmpéﬁmﬁmlwtdmwdow3&8%ks 98 and 100, and the bits are

mapped into a COgL,.l r block 102. Fiqu | S, @
functional bl ock g@%ﬁaﬁn%?@ﬁlﬁep ?@g‘ﬁﬁﬁéﬁaﬂ%’%&‘ or%o&slptg? F@REQ%EC) for
an enharcesmeitr St whichaan dncofiddatd the methdMbihgid feé%dt !iiﬁ‘/teﬁtj/@i. e’IIIzje ﬁmifding'te‘t al

ed into a em frame core

LIl e o Y50 25 A SRR Sl S S T T €T
bl ck L1 wher el Ee oo Priid enb aticoudt & LSRR TG HBUET00 6 bi
gldups. hedegiiegforvard ererepriseipg signa cont linef Hrindhen isterloaved ne dliismagedibyl :
punct urii@neaver 60. Modulator 62 modulates the interleaved signal. In the hybrid system, a
sampled audio source 64 supplies and AM signal to-summation point 66 where the AM signal
on line 68 and the digitally modulated signal on line 70-are combined to produce a composite
_ signal on line 72 that is then modulated by modulator 74 and broadcast through antenna 76.
20 It will be recognized that although the functions shown in Figure 3 are shown in separate
blocks, the functions can be performed using one or more-processors, ‘where multiple'
functions are performed in one processor.
Figure 4 is a functional block diagram illustrating a forward-error correction
(FEC) interleaver 80 for a core layer of a 30 kz AM IBOC system. A-digital signal is
25 supplied on line 82 and assembled into a modem frame core containing, for éxamplc_, 3000
bits, as illustrated by block 84. - The modem frame is then divided into a plurality of bit
groups as illustrated by block 86, wherein the modem frame is shown to be divided into 6000
‘5-bit groups. The groups are then subjected to forward error encoding and puncturing as
llustrated by block 88. _
R 30 Punctured convolutional codes are derived from a rate I/N “mother code”, by
removal of some of the code bits. The punctured code bits can be identified ina puncture
pattern, which repeats periodically. The puncture period P is the number of information bits




- 8-bit groups. The groups are t

-~ as illustrated by block 112. In the exanple, each of the 6-bit gr S
qe? ?aﬁéd into

results in a 12-bit output. 25 The 12-bit groups are tﬂéﬁeﬁm
enhancenent - upper and enhancenent-|lower partitions as illustrated by

bl ocks YldesaRsssed 16, for exanple by allocating six bitgaisofpsty 12- bit
group to each of the partitions. The enhancenent - upper and
enhancenent-lower bits are delayed as illustrated by bl ocks 118 and 120,
and the bits are mapped into an enhantenent interleaver as shown by bl ock
122. 30 Figure 6 is a functional block diagramillustrating a forward error
cor r ect i Brihe pPEG)re ipatiernl ckhgetptall pumbesrof diits dn hizenpencbwe phtteyreds &F Nan The

al | -digi ! t Lgital signal is supplied on |line 126 and
assenbl e ﬂl%@éogg%éd%ﬁ%&?ﬁ%ég%?ge%bm ai ning, for 13 Septenber 2006 WO
03/09435% PCTPUSO03/ 12224 8 exanple, 3000 bjts, as illustrated by bl ock
128. ThefOpPefFItraffecP st s nugnber of anetpiedcode bf-ur al ity of bit groups as

il lustrated by Bl ock 130, wherein the nodemfranme is showmn to be divided
into 6000 5-bit gfbepaticildrditytobsppunatueedishand belthosat ae:fully foaninkmiek e r or

encodi ng,_and uncturin s illustrated by block 132 . 1n the exanple of

i gur o Ao erBRHefion e imagen b bé SoRliag Pruite sode, Firther oo e 12- bi
groups apeavoliefrefibipt i chiat@ghic 'dole My ﬁmumﬁﬁ%, FHRi cRample VBE reRéVak WP-oHPPer and
backup-1lower partitions as illustrated by blocks 134, 136, 138 and 140,
for exarRfFticuls; biImycEsIhi & feedishngesloss okhovhileaempyal of g dilfersntchic mapf t he

partiti qBgy; il R8oss RRGKMRT M@%{A)v%ﬁ ﬁg% E@#gpwﬁ :fx;[ag dsi 3 § c&tﬁ%ﬁpﬁg B,

illustrated by blocks 142 an are nappe nto a core
i nt er | edvearlyagil shdanbit kpgatising @ik the4emcti® ffiterarde ndt centabiiiel agually @ theEnoc k
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- signal idf codetits kebrbmaty sighalifHsuanes ASKerlAad i nto a modem frame core

containing, for exanple, 80 bits as illustrated by block 152. The nodem
frame is then di vitd8ecxamnle Rlustpiedintigupe hreagh of the b eraups rasplifsin@ded by
bl ock 1 T B gl‘aﬁﬂ h@ﬂ‘@;‘— TP IV Py ten
U orffe T2 lﬂﬁ. %ﬁlﬁeﬁ s%(gljegct e al?glp?%’r Hv:\lglgl c}o'gér"rf t())ériﬁgpnh |Png and
punct ur iang backuptlpwer partidansing iBusheled1t56blotks 9092 Rdrapt 96, darcexaoiplet be 8- bi t

93910 B3RP ol By &5 1 LBl o S B TuB R B L 1
160, .f orbackopipier Bitg and itnatlian ghiirttedby Slooks 9t 1D; bid the by pre rhﬂap;aﬂc h of
the par tixlltto Ia(c):grse'int&?&%vér%%s#&?nelgy t%géjk IIOIé).S- lower bits are then mapped into an
Figure 5 is a functional block diagram illustrating forward error correction
(FEC) for an enhancement interleaver 104 for an AM hybrid IBOC system. A digital signal
20 is supplied on line 106 and assembled into 2 modem frame core containing, for example,'
24000 bits, as illustrated by block 108. The modem frame is then divided into a plurality of
bit groups as illustrated by block 110, wherein the modem frame is shown to be divided into
4000 6-bit groups. The groups are then subjected to forward error encoding and puncturing
| as illustrated by block 112. In the example, each of the 6-bit groups results in a 12-bit output.
25 The 12-bit groups are then partitioned into enhancement-upper and enhancement-lower
' | partitions as illustrated by blocks 114 and 116, for example by allocating six bits of each 12-
“bit group to each of the partitions. The enhancement-upper and enhancement-lower bits are
-delayed as illustrated by blocks 118 and 120, and the bits are mapped into an enhancement
interleaver as shown by block 122.
30 - Figure 6 is a functional block diagram illustrating a-forward error correction
' (FEC) interleaver 124 for an enhancement layer of an all-digital AM IBOC system. A digital

signal is supplied on line 126 and assembled into a modem frame core containing, for




- 20 enhancenent interleaver as shown by bl ock 162. Fi gur, - lified
bl ock di agram of rel evant portions of an | BOC DAB recég\%ﬁp ei"ﬁ?r%h%h can
receive signals coded in accordance with the nmethod of the present -

i nvent i fy o3/BseOonposi te broadcast signal is receivegpdiysgiignana 172 and
converted to an internediate frequency (IF) si gnal on line 174 by front

end circuit 176. The IF signal is then 25 processed by a digital down
converter 178 that includes an analogsto digital converter 180 and a
processor that perfornms mxing, decimation and filtering as illustrated by
bl ock 18Xample, w@dﬁls,easaﬂlummdd)y Hackel?4nd The gwdd:m(fmma in dhep 8ividetinintoud omat i ¢

gai n contr f eeds a.multi |er 88 in the
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the digitall ated portion of e conpl baseband si g After
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resulting DAB stereo signal on |1ne anal og sig 'on |ine 200
—are bl erewef, backup-ippgs @mchb@aumiomr pmt@@zas lbispated by bloahs hﬂdﬂ%ﬁ dé8pud on line
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guadr at onents.  as illustrat d ock 208. Block 210 shows t hat
sof t de%ﬂ@ﬁ%%@#ﬁwwlﬁ?&le@e& ﬁY °§f£‘16determ ned and the | and Q
seht deci sions argga@iNises raruGithl 'b[bcfé'cﬁ’a%k&'m AR Shvard @5BL T8y . The
dei nterl| eaved quadrature conponents for the nmain upper and nain | ower

‘partiti ¢HECKHios an inseeagtedidata service SIS dnterlagyer J48 dor amaM kb dIROCawstemer | eaved
f d db
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error cdoreeinpl, %hmweﬂhmrated lgmh]lock $513. anlhb medem| franee i2 2en alinddeicimodal at ed

220, b BRHARD 6 hsfaios FAMowe ok SACMRGR Hgroe 150 EGHIRENDR o o

. deser ni @edded inddert BBitlgraupd. Phs efdu Pﬁ%lﬂ%n(%ﬁﬁjeété&tdjﬁhﬂér&rehsﬁéiﬁﬂdlh@mﬂ ock 228.

The dei nterl eaved 15 , enhancenen nals are forward error correction
decoded pagctyring as diluptraigd by binckdr6.2 Bothe @xmmlwa@bo tthe Sdifreienne festils B a on

line 2324 pit output. The 24-bit groups are then partitioned into IDS-upper and IDS-lower partitions
as illustrated by blocks 158 and 160, for example by allocating six bits of each 12-bit group

to each of the partitions. The DS-upper and IDS-lower bits are then mapped into an
20 enhancement interleaver as shown by block 162. |
Figure 8 is a simplified block diagram of relevant portions of an IBOC DAB

receiver 170 which can receive signals coded in accordance with the method of the present
invention. The composite broadcast signal is received by antenna 172 and converted to an
intermediate frequency (IF) signal on line 174 by front end circuit 176. The IF signal is then

25 -processed by a digital down converter 178 that includes an analog to digital éonverter 180
and a processor that performs mixing, decimation and filtering as illustrated by block 182 to

produce a complex baseband signal on line 184. An automatic gain control 186 feeds the
‘baseband signal back to a ﬁulﬁp]jer 188 in the digital down converter. Demodulator 190
demodulates the analog modulated portion of the complex baseband signal and demodulator

30 192 demodulates the digitally modulated portion of the complex baseband signal. After
~ deinterleaving, FEC decoding, and audio decoding as illustrated by blocks 194 and 196, the




- The interleaved and forward error corrected |IDS signal js input I ne 234
and denodul ated into in-phase (1) and quadrature (Q CE)%%SWQ&?]?%@O&
illustrated in block 236. Block 238 shows that soft decisions for the I

and Q ceyp@nepts are determned, and the | and 20 Q sefduse9hsl ons are
deinterl eaved in block 240. The deinterl eaved forward error corrected |DS

signals are decoded as illustrated by block 242 to produce the integrated
data service data on line 244. Figuree 10 is a functional block diagram of
an alternative AMIBOC hybrid deinterleaver and FEC decoder. The
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corrected core S|égnal s are decoded as illustrated by bl ock 258 to produce

t he cor &08aBlchAl( shews tipgentt degisiap fas tirdrand QhepmpatedSie Jagsungaend g3/ 12224
10 Theyi gte and. f ; r. CQrI1ec C .8l g IS I nput
on 1ind SHOCLEA GRelith o WBhicnBiol i BONETHEF oA A HRRCD). O he
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deci sions, far the | d C onegnts.are defermned and the | .and Q soft
dect o1 ot diRref PEbireEth At feloles e B SireBtrsd i Bt s

- dep nt er lapaiéestied donihatadbyIISERPIL B SrodiRe tHeltOrdttabnipie@R0.2and nai n | over
partitions are delayed as illustrated by block 272, and the deinterl eaved

enhancenent si gnalhs iatedesvsdl wiad dorvaidy espor CorPpaied erbaneEeBEgNah S MPYLAR r at ed by
Forvar d s 72 BOSAERLR i BRIERERIND ad Blliehli (O Somblys b BBl b L0 ot e
i nt o i nblskkg24. (BlockR2b shoswd izt sofedécidions dosbe bandQasmpbneuttarcadetaiminedpl ock
280, a8 ? P02 s B BRRA AL PG e SRR 5.5 S
The dei siiRhéR@Me dighas Way fhrediid Girot @biatibe decddel 2§ Iinaked Byehlsacosies as |
illustrated by block 286 to produce the IDS data on |ine 288.
produce the enhancement data on line 232.
The interleaved and forward error corrected IDS signal is input on line 234
and demodulated into in-phase (I) and quadrature (Q) components as illustrated in block 236.
Block 238 shows that soft decisions for the I and Q components are determined, and the I and
20 Q soft decisions are deinterleaved in block 240. The deinterleaved forward error corrected
IDS signals are decoded as illustrated by block 242 to produce the integrated data service
data on line 244, N
Figure 10 is a functional block diagram of an alternative AM IBOC hybrid
' deinterleaver and FEC decoder. The interleaved and forward error corrected core signal is
25 - -input on line 246 and demodulated into in-phase (I) and quadratﬁrc Q cbmponcnts as
illustrated in block 248. Block 250 shows that soft decisions for the I and Q components are
determined, and the I and Q soft decisions are deinterleaved in blocks 252 and 254
respectively. The deinterleaved quadrature components for the main upper and main ower
partitions are delayed as illustrated by block 256, and the deinterleaved forward error
.30 - corrected core signals are decoded as illustrated by block 258 to produce thie core data on line
260. '




Designing the CPTCM code is a multi-step process. First %he IE)qgrtitions are
15 defined, for exanmple Main, Backup, Lower, and Upper '$HapptPPen2008 i  he
coded orthogonal frequency division multiplexing (CO-DM exanple, -the

partitiwm@gﬁspefi ned as groups of subcarriers thatp&?[}%os?{zgﬁ(?t ed toget her
as a group by an interference scenario. Specifically, 1 ed subcarriers

are placed on both the | ower and upper sidebands, one of these sidebands
can be corrupted by an interferer whiibe the other sideband is expected to
survive on its own. 20 In other words, the code in each sideband shoul d not
be cat astrophic, ZEmdlintdrleeved dnd\fervgoberrorarrmected enhragcdmenh signad peeinpiresn on it's

own. Therefore ch rtjtion nust,.constitute code rate .less, than or
equal t nf.zggiapﬁfﬁ%f?? aéedplgkormmhas&épt i%ﬁ@%@@oﬂp?@ngia\?éﬁ? ,teévf'fére one
partiti tlockiZzbat Baskk6h sBstvd thhtSdoft (@eiSions\Madk the.] a0 Q) EdigpoatAie bre Platetrhintdn i S
transmtted several seconds |ater .g... B n this case the signal

r (e.g. . Backup). | _
can expeif dhcbang Qoioftfseisions ag deinésplaaveddn plocks Bég PR (A pegtivebasdb® under a
br gldge) c@ﬁ%rﬁh@eﬁeﬁw?aﬁﬁlrg%&lﬁﬂ&e% ﬂé(ﬁ'tlﬂa Rt LifpgeP A hdin SoWeH ﬁ}ﬁ?ﬁtﬁb@%‘%e they
don't experience the outage over the same content I nformation due to tine
di ver si tdglayeds illosteated hyablock 242, amsl the deinfedleavied icobmsicepant sigadld s .foPard exanpl e

t he Upper/Lower. .an I nlk.Backu rt.t4.0n pajrs.can overl each ot her.
Vor e parPrE gt Soentiied AR Hr b Bhch 2708 SRRlobe uf IheBiienl By Bi g™ (e
Mai n pargetion bits plus half of the Backup partition bits, 30 while the

Upper partition conprises the remaining bits. Next, a puncture ttern size
(code rate and purﬁl,?f’(WFeélei‘)‘@Fiiaﬁﬁfomydsmépﬁ'@t?%m%é’gﬁ%ﬁgmte% ﬁ%é)g—é?rtitions.

| fipa COQRd hemGRIAd iﬁﬁQn-gBasESB aﬂ'ﬁd&ﬁfaﬂe %fdoﬁ%bﬂﬁlt&ﬁriﬁﬁshh@@ﬁ] K16ckpspl 3
- Sept enber 2006 WO 03/094359° PCT/US03/ 12224 11 Main, Backup) each of code
‘rate R Biepk2821kowschselt decidongdor the F andd ppmponghis angrsleterpined aed the £ ard whi ch
the partdt] . 0 Ll r4a]9 St r t han
Rz, " TR AR et 20 TR R Rl R BRBBR e
partiti aDS sipasislae@kcoded ad illdsratd by bivkk 286l groduse thedDS date omlihe288. y excl usi ve.

The Period of {neppucl e SAATLNSl 05 S LIRS o for
1; gsnd, igesld] Yor"@xhﬁgl%ﬁ[lﬁﬁcklﬁp, LoRer, dhé Wﬁ&?mﬂ{oﬁ@.em fhBicsdedHhdgdnay ol ve a
nput er search, with possibly nmultiple goo results and conbinations from
whi Ch t dreatner fivis mHGiplsRRa(GOFBYD SsTplkoiie PaEFoRsH SEied 68 B9t ofrappi ng
for the s!%)cﬁﬁ'le@ ffat are affected together as a group by an interference scepario. Specifically, if
coded subcarriers are placed on both the lower and upper sidebands, one of these sidebands
can be corrupted by an interferer while the other sideband is expected to survive on its own.
20 In other words, the code in each sideband should not be catastrophic, and should have good
. error correction properties on its own. Therefore each partition must constitute a code rate
less than or equal to 1. Similarly a pair of partitions may be time diverse, where one partition
is transmitted first (e.g. Main), and the other partition is transmitted several seconds later (e.g.
Backup). In this case the signal can.experience an outage for a second (e.g. as a receiver
25 passes under a bridge) and either the Backup or Main partition will survive because they
don’t experience the outage over the same content information due to time diversity.
‘Different pairs or sets of partitions can overlap. For example the Upper/Lower and
‘Main/Backup partition pairs can overlap each other. More particularly, the Lower partition
can be comprised of half of the Main partition bits plus half of the Backup partition bits,
30 while the Upper partition comprises the remaining bits.
| Next, a puncture pattern size (code rate and puncture period) is selected to

- accommodate the partitions. If a code is comprised of two mutually exclusive partitions (e.g. .




- 10 noncatastrophic partitions would be determ ned. Bin dul at | such
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code bits formng an mary ASK synbol of m=26 anplitude |evels which 15 are
G ay-coded. This involves placing vanious soft weights on the bits, instead
of hard- decision (1). A nethod of determning a relative "soft" free
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| nf or mati on . Theor
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ars i cl e aRyGrayicb@doi Thik idbolved PRaciBPRINBES sn‘ft %@h@qﬂﬁm@bﬁmtlﬁst@d&&ﬁhm the 8
| evel s of the 8-ASK synbols is presented in Table 1. 5 Table 1. Mapping of

“CPTOM ¢ Serisionhly 4 gnegfiodef determiring pzelaiva&iofis fien istance is described below.

The best mappings compatible with the partitioning that vield the maximum
“soft” dfree are then selected. Unfortunately, the ideal mappings of bits to symbols within
each partition may not be consistent with the bit mapping in other partitions. For example,

20. - ot all partitions can use the bits with the greatest average Euclidean distance. There are
additional restrictions when partitions overlap. These restriction will likely result in a
compromise in the bit mapping for each of the partitions. In some cases it may be desirable
that one partition have a better mapping than another (e.g. Backup can be improved at the
expense of Main performance).

25 The CPTCM techmque is applied to 2 QAM symbol by treatmg the I and Q
components as independently coded ASK signals. Specifically the 64-QAM symbol is
created by modulating the I or Q component with independent 8-ASK signals. The 8-ASK

~ symbols are generated from specially selected 3-bit groups which are then used to address the

Gray-mapped constellation points. ‘The Gray mapping maximizes performance by

30 - minimizing the number of decision boundaries in the ASK mapping. This maximizes the

- average Euclidean distance. This is clearlly different from either the set partitioning
suggested by Ungerboeck in “Channel Coding with Multilevel/Phase Signals,” IEEE
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0 The 16- QAM synbol is created by nodulating the I or Q conponents with

I ndepeng®idsnds:4SK signals. The 4-ASK synbol s are gengighres26Qm special ly
selected 2-bit groups which are then used to address the G ay-nmapped
constellation points. The mapping of the code bit pairs to the 4 | evels of
the 4-ASK synbols is presented in Tabte 2. 10 Table 2. Mappi ng of
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“bit (LSB) 0 éilc Gay=1ap ed—r-ASKsy b c—OonNTY ansi tion
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significant pit (NoSB). Therefore the LSB 1S nore prone to errors caused by
fhe sheier {'sy L

noi se than t TRUSOA K WRSd &Y nBpdiiating; HIS| b O hanCqopRoneds Wilhd t he
ot her Dbifidpdiient 364 ¥R 8iniIl € PR 4-ASK symbols are generated from specially selected 2-bit

groups which are then used to address the Gray-mapped constellation points. The mapping

of the code bit pairs to the 4 levels of the 4-ASK symbols is presented in Table 2.
0 . Table 2. Mapping of CPTCM-coded bits to 4 levels of the 4-ASK symbols.
| MAPPING | Level | Level | Level | Level
-1.5 105 405 | +15
A 0 0 1 i
B 0 1 1 0

The mapping of the code bits to ASK levels is described next. Gray-code
mapping is used to assign ASK levels to bit triplets or bit pairs. Gray mapping is a well-
known method of assigning bits to address levels (ASK levels in this example) where the
ordering of the levels requires the minimal number of changes of bits. Specifically, exactly

15 one bit changes between the address of successive levels. In coﬁtrast, a binary number
assignment of addresses has no such restriction. In the 8-ASK example, Gray coding results
- in 7 bit changes between the 8 levels, not counting the end points. A binary nwmber ordering

of levels involves 11 bit changes, not counting the endpoints.

Gray coding is known to be beneficial upon detection of the ASK signals in

20 " noise since the most likely bit estimation errors are made when the level is near a bit
transition. It is further obéewed that more transitions (m/2) occur in the least significant bit
(LSB) of the Gray-mapped m-ASK symbol, while only one transition occurs in the most
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within the puncture pattern. For example assume there are 6 code bits in a partition

20 remaining after puncturing the others, and these 6 bits are to be mapped to the bit triplets of
the 8-ASK. symbols used to create 64-QAM symbols. Then the 6 code bits are placed into 3 |

categories of reliability, where the most valuable 2 bits are associated with the 2 MSBs, the

least valuable 2 bits are associated with the 2 L.SBs, and the 2 middle bits are associated with

the middle ASK address bits. It is not necessary that the bits are grouped within the same

25 symbols since bit interleaving would be desirable to scatter the burst errors within a symbol.

Next the value of each code bit in a puncture pattern is assessed for subsequent

mapping of the code bits to the modulation symbols. Either a code partition is identified or

the entire code is used, depending on whether the mapping is to be optimized over each

~ partition individually, or if it is more important to optimize the mapping over the entire code.

30 - These two different optimizations will generally yield different mapping results. In a case

‘where it is preferred to optimize the individual partitions, the assessment of the value of the

code bits can be done in several ways.
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- through puncturi ny VSIFJ & plf/%odgcé?‘?%fu?r?oq?é‘fn-[’(%lﬂg %mlga&‘@ ?L’ze@"&@de
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rate 5/ 12 code used in the exanple described above. Al though it is possible

to use ArsEt Thainteisaver ganbe dasigneg BIrFdiGM vath ascalable (Flaxerd apdio sedeet t he
search i tirﬁel’fb%@ert»p&ﬂd be comprised of 2 parts: . a Core Interleaver spanning 50 subcarriers
.(25 Upper plus 25 Lower sideband) and an Enhancement Interleaver spanning 50 subcarriers
(50 complementary subcarrier pairs for the Hybrid system, and 25 in each the fower and
20 upper "wings” for the All-Digital system). Two additional subcarrier pairs (+27 & +-53) in
the Enhancement region can be used for IDS information and are independent of the |
-Enhancement coding. In this example, subcarriers 2 through 82 on either side of the main
carrier are utilized in the 30 kHz system. Figure 1 illustrates the location of the interleaver
_ partitidns for the Hybrid system, while Figure 2 illustrates the location of the interleaver
25 partitions for the All-Digital system. - | ,
The CPTCM codes can be created through puncturing of rate 1/3
convolutional codes. A rate 1/3 code provides a sufficient number of bits in the puncture
‘pattern to form arate 5/12 code used in the example described above. Although it is possible
to use almost any code generator polynomials, a good place to start the search is to use the
30 standard polynomials since they are more likely to- produce better punctured codes. The FEC
~ code requires appropriate puncture .patterns and code-bit mapping to provide good results in
bot_h_ the Hybrid system and All-Digital system. For the Hybrid system, the puncture pattern .




- 30 standard polynom als since they are nore likely to produce better
punctured codes. The FEC code requires appropriate puhdtapiempat 2&bhs and
code-bit mapping to provide good results in both the Hybrid system and

Al'l - D giglfdsosmsd em For the Hybrid system the punct pegRadbhein 13
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created using.these_ 15 techniques _are descrjbed next. Table 3. Puncture

" Pat t er nfesulfipg A COQ@QGWBBSQB‘%@C @ézl nibpalPReBowes pArgien. pT ofrlepjien, L =
Leyer - ShaghBRGup bt 1 Sideband and A, and C are the bit positions.
Table 4 provides a sunmary of the core code paraneters. Table 4. Core FEC
summary of par angk gewtcodPmelniling dhe tRatoxertipping paikeofpagitionyws feund Wingkup 5/ 6 5

19 168 the Core FEC Composite Puncture Pattern generator polynomials G=[G1=561, G2=753,
G3=711]. The combined Main, Backup, Upper, and Lower puncture patiern for the Core
FEC code is defined in Table 3. Some examples of some good codes creafed using these
15 techniques are described next.
- " Table 3. Puncture Pattern.
LC fBLB BUAIMLG
, BUB [BLA IMLB MLABUC
. cp lMUAO 0
In Table 3, B = Backup, M = Main, L = Lower Sideband, U = Upper Sideband and A, B, and -
C are the bit positions. Table 4 provides a summary of the core code parameters.
Table 4. Core FEC summary of parameters.
Partition |Rateldf|a |c
Main 56 1415 |54
Backup 56 |5 |19 168
Lower 56 [5|19|168
Upper 56 |45 |28
Composite | 5/12

20 The overall rate of the Hybrid Upper plus Lower Enhancement FEC code is

rate 2/3. The puncture pattern and code-bit assignment is defined in Table 5.




Lower 5/6 5 19 168 Upper 5/6 4 5 28 Conposite 5/121 1 20 The overall rate
of the Hybrid Upper plus Lower Enhancenent FEC code i s138gplembes206fe
puncture pattern and code-bit assignnent is defined in Table 5. 13
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ELI EUE EUB; EUQA 0 0 0 0 ELQO EUXB O In Table 5, E = Extended, L =
Lower Sideband, U = Upper Sideband, | = In-Phase, Q = Quadrature, and A
and B = bit positions. The Hybrid Enhancement FEC Conposite Puncture
Pattern was produced using generators G=[ GL=561, (=753, G3=711]. Table 6
provides a 5 sunmary of the Tablesi ®uneimaRetterent code paraneters. Table 6.
Hybrid Enhancenent FEC sumraty—eaf—par “Ft o s Partition Rate dr a c Upper
11438 Lower 2 NA Conpcglfe B17-E0 Qgrqﬂﬁe FEC coding for the

Al'l -Digital Enhancenment can [Re T[@entigal {g the Core " code design. However
there is a nodification required in {he ihterl eaver for fram ng and del ay.
This nodification is descrihddoldl ow| Wllin| Bespect to the All-Digital
Enhancenent 10 interl eaver .—Fhe—+BS-stubearr+efs can be nodul ated using
16- QAM dyiilfabless, & =\lxtandtd) 4. =Hrivan Salebaid, Fub dper Sidsbandube dni-PhaeesQ2y and 53

-27 and,-53 are I nt ar are | ) carriers in the Hybrid system
: (Su bcarr i gfaﬂ’?e Qﬂgggéﬁg‘é‘t% 8&@&@%’&%?@@%&%&%&%@8&6 Hetuge Y
- Al - Di giFaftbrnS¥sS tpesiluceihRing e%mfse@eﬁeni:ssﬁ,z}z&ysﬂ;@ﬁﬂgngraﬁﬁw@ebiaesoa 15

t hrough 31) and associated with a block Iength of 32 OFDM synbols in the
pafti culsammarypfdhe hyhiid pnhasesanepreodp paremgiamipl e.  Symbol s |ocations 10 and 26

are assigned as Tr i) §S1ybrid Enhancement FEC summary of parameters.
| Partition |Rate|dr |[a |¢
Upper 1 1 4 |38
‘| Lower 2 N/A
Composite | 2/3 |7 20 {96

The FEC coding for the All-Digital Enhancement can be identical to the Core
code design. However there is a modiﬁcationr required in the interleaver for framing and
delay. This modification is described below with respect to the All-Digital Enhancement

10 interleaver. |

The IDS subcarriers can be modulated using 16-QAM symbols as were the

Enhancement subcarriers. Subcarriers 27 and 53 (-27 and —53 are complementary) are IDS

~ subcarriers in the Hybrid system. Subcarriers 27 and -27 are noncomplementary IDS

subcarriers in the All-Digital system. The IDS Sequence is 32 symbols long (symbols 0O

15 through 31} and associated with a block length of 32 OFDM symbols in the particular

interleaver used in this example. Symbols locations 10 and 26 are assigned as Training

Symbols. The. remaining 30 symbols carry 120 bits of rate 2/3 coded information. Hence

each IDS Sequence carries 80 information bits, including an 8-bit CRC. A rate 1/3 code can

be employed with rate 2/3 complementary components. The Upper and Lower

20 ‘complementary code components of the All-Digital IDS subcarriers comrespond to the Hybrid

inner and outer IDS complementary subcarrier pairs, respectively, of the Hybrid. Table 7
illustrates the all-digital IDS puncture pattern.



- Synbol s. The remai ning 30 synbols carry 120 bits of rat / od
I nformati on. Hence each |IDS Sequence carries 80 infor éegﬁenﬁ:ietr?a(}ﬁ
including an 8-bit CRC. Arate 1/3 code can be enployed with rate 2/3
conpl ey nmponents. The Upper and Lower 20 conp)Sh&i code
conponent s@% 43tgﬂe All-Digital IDS subcarriers coriesngllond t%@z{zﬁ‘e Hybri d
I nner and outer |IDS conplenentary subcarrier pairs, respectively, of the
Hybrid. Table 7 illustrates the all-digital IDS puncture pattern. 13
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| nt egr at eq 158E 2, PADITEE} IDSLa: DS Uy SOG40, 5. VB! |Q§§§@, | =
| n- phase, Q= %J dratlgore gfr‘]‘ﬂA agg? are gi t]]b%g%ﬁ tgﬁls?;? he | FEC
Conposi t e |PUAULnf B> ¥as;t eiDSUsay IDSbde :BBSMH@%%E&DSUGB:G{[)%EL &X=753,

&B=711]. S5—-Fable8—provides—asurmraty—of—the—t+DBS—<code—parareters. Table 8.
Core FEC sunmary bf Tade 3yEISeE dntegritad Datal Sepvitg Te= Gowar SideBdp@dll =2Uder 6 26
Lower 2/ 6. 26 _Copposite 1/3 17 An_interl eaver. bl ock ¢ C ri sed of
52" COF OV S o™ (B AE) © TPt dpd band o s DoSTas o der e

(I nt er | egutBfosidPiktir® PatteRPwhPhrodieed ulile odrbhadié GERM=56Pani-758,ams71The Backup

partition can be interleaved over only one block span to permt rapid 10
t ui ng. Table dppedes wpmeagy efthe BRY epde parameteper si deband and a | ower

si deband (25 subcarrie C = , terl eaver al so includes
an upper sideband and a t(’)lgvg'r @)Isci%ietg%lnc @&Fé%%%eaulfr?i ers each, excluding the
Th | OF

| DS subcarriers) for the Al|lpaBitipnt al R#y sde
Qut er Enhancenent partiti or—forthelbhhridl sy bm  Each interl eaver bl ock
holds a total of 800 QAM syimwes (7543 dhal 186 Tr ai ni ng).

Lower 23 |7 |6]26
Composite { 1/3 | 17

An interleaver block can be comprised of 32 COFDM symbols (bands). There
. would be 8 blocks in a Modem Frame (Interleaver span) for the Main and the Enhancement
partitions. The Backup partition can be interleaved over only one block span to permit rapid
10 tuning. The Core Interleaver includes an upper sideband and a lower sideband (25
subcarriers each). The Ephancement Interleaver also includes an upper sideband and a lower
sideband (25 subcarriers each, excluding the IDS subcarriers) for the All-Digital system, or
equivalently an Inner and Outer Enhancement partition for the Hybrid system. Each
Jinterleaver block holds a total of 800 QAM symbols (750 data + 50 Training).
15 - Thescalable audio codec in this example is comprised of two layers (Core and
Enhancement). “The Core layer is mapped onto 50 QAM subcarriers (25 subcarriers on each
 sideband) while the Enhancement layer is mapped onto 50 QAM co:ﬁplementary subcarriers
- (pairs for Hybrid) . The Core and Enhancement Layers are coded separately. In addition
there are some subcarriers assigned to carry 16-QAM IDS data.
20 ' Interleaving within each block spanning 25 subcarriers and 32 OFDM symbols

can be performed using the following expressions for the row and column indices:

row(k) = mod[ll -mod(9-£,25)+16- ﬂoor[—z%) +11- ﬂo'or(g%)ﬁz]

col(k)=mod[9-%,25] -
k =0...749

equi valently an Inner and




- 15 The scal abl e audio codec in this exanple is conpri se g of tv}%] @é&
(Core and Enhancenent). The Core | ayer is napped onto 14 riers
(25 subcarriers on each sideband) while the Enhancenent Iayer i s mapped

onto 50w Mespep! enentary subcarriers (pairs for Hylgcrfsesaifie Core and
Enhancenent Layers are coded separately. In addition there are sone

subcarriers assigned to carry 16-QAM I DS data. 20 Interleaving wthin each
bl ock spanning 25 subcarriers and 3210FDM synbols can be performed using
the follow ng expressions for the row and colum indices: romk) = nodrl1
nod( 9 4,25)+16 floor 251+11 floor(501,32) col(k) = nmod[9 k,25] k=0...749
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The 30000 Core information bits comprising each modem frame are coded
and assembled in groups of bits from the puncture patterns, as defined previously and
functionally illustrated in Figure 4. These groupings are mapped into the Core Interleaver

using the expressions presented in Table 10.
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The Enhancement Interleaver indices k, b, p and p are defined as: k = Block
Index, 0 to 750 symbols in each Core block; b = Block number, 0 to 7 within each Modem
Frame; p = 16-QAM bit mapping within each 16-QAM symbol, (1A=0, IB=1, QA=2, QB=3);
and p = QPSK bit mapping within each QPSK symbol, (I=0, Q=1).

Interleaver Mapping.

Table 11. Hybrid Enhancement
Partition | N K | b p
Xxpp |n=0.N-1 |index inblockb block # 1&Q,
| ASK
mapping
EU g, | 24000 mod[n+loor(n/6000), | mod{3*n+floor(n/3000)+ | mod(n4)
750] 2*floor(n/12000), 8]
EL xpp, | 12000 mod[n+floor(n/6000), | mod[3*n+loor(n/3000), 8] | mod(n,2)
7501




synbols in each Core block; b = Block nunber, 0 to 7 F{%gl n e Sﬁbq_:,
Frame; and p = PTCM bit napping within each 64- QAM sy Fpem

| C=2, QA=3, (B=4, QC=5) Table 10. Core Interleaver Mapping Partition N n=
kK b p Xwdespoldse - - index in block b block # 1&Q ASKcrlysiBPRRisNg BU kbp
18000 nod[ n+f 1 oor(n/750), 750] floor(n/2250) nod(n,3) (see note 1) BL kbp
18000 nod[ n+fl oor(n/750)+1, 750] floor(n/2250) nod(n,3) (see note 1) MJ

k, b, p 18000 nod[ n+fl oor (n/3000)+2, 7%0] nod(3*n,8) 3+nod(n,3) M. kbp 18000
nod[ n+f | oor (n/ 3000) +3, 750] nod(3*n+3,8) 3+nod(n,3) 5 A diversity delay of
three modem fr anmed diwrsitydeldy 002 ModerBEuimep issiddedito theTBrekeplggl.Enhancenent

i nf ti bi t d ded. and | ed
aroups of bits 1O 1900 AR EHH ERRep R A Tl pif e g
i || ustr diagst ard chbieguim Ssentbled @ BlodPPbNBEs AHM ﬂmamnﬁduﬁerﬁaﬁembl&asﬁlﬂﬁ@meﬁent

I nterl eaver usg}g t he expre55| ons resented in Table 11. 10 T
Enhanc e REfiousiy 209 illuspeted; diigws Tk, These grolipings 2k @apeed; ilgthg Al Pletalm ock

| ngex, lteck number, O to 7 within
Last m%gn%czéggﬁmb&dSﬁ ppieRiichs ?fé%%*%&‘? Teech e QAM synbol , (1 A=Q

| B=1, QA=2, B= 3)Thc M:g:tal—‘ﬂmmm mmbe\reny W&ﬂxampba&:ﬁ:rmaﬂastprﬂml (1=0
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10 Frame interleaving spans the Q (quadrature) QAM component. In order to accommodate

Frame Enhancement interleaving, the Backup I (in-phase) interleaver is made identical to the

© Main Q interleaver expressions. Then the Enhancement Backup Frame must be transmitted
one frame ahead of the Core Backup Frame, while the Main Core and Enhancement Frames
are transmitted simultaneously.

5 The All-Digital Enhancement Interleaver indices k, b and p are defined as:
k = Block Symbol Index, 0 to 749 symbols in each block; b = Block number, 0 to 7 within
each Modem Frame; and p = PTCM bit mapping within each 64-QAM symbol, (IA=0, IB=1,
IC=2, QA=3, QB=4, QC=5).
Table 12. All-Digital Enhancement Interleaver Mapping.

Partition { N, n= k b p
X kbp 0..N-1 index in block b block # 1&Q, ASK
mapping

BU kpp | 18000 mod[n-+loor(n/3000)+2, 750] mod(3*n,8) | mod(n,3)
BLypp [ 18000 mod[n+floor(n/3000)+3, 750] mod(3 *n+3?8) mod(n,3)
MU, | 18000 mod[n+floor(n/3000)+2, 750] mod(3*n,8) 3+mod(n,3)

| MLypp | 18000 modfn+floor(n/3000)+3, 750] mod(3*n+3,8) | 3+mod(n,3)

- 20 , A diversity delay of 2 or 3 modem frames is added to the Backup signal.
The 80 IDS information bits comprising each block are coded and assembled
in groups of bits from the puncture patterns, as defined previously and illustrated in Figure 7.
These groupings are mapped 1nto the Enhancement Interleaver using the expressions

presented in Table 13.
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added to the Backup signal. The 30000 All-Digital Enhaﬂg%ﬁmﬂ“qeﬁgg&?mtl on
bits conprising each nodem frane are coded and assenbled in groups of bits
from t heudpsnedssy € patterns, as defined previously angqdshiphiated in
Figure 7. These groupings are mapped into the All-Digital 5 Enhancenent

I nterl eaver using the expressions presented in Table 12. The All-Digital
Enhancenent interleaver in this exanple is very simlar to the Core

interl eaver, except that the Backup portion interleaves on frane (not

bl ock) boundari esTh¢ Hb%liﬂtefh:hvwdmﬁmkl‘mﬂrp o definod as: Thi~Bloekcladexi, Dacb @2 a minor

di ficat to t er
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spans t @Aﬂ Wit Ayt witlep eﬁi%@ﬂﬂ@pﬁﬂél (IABO,ABeErQAL, @Bgimodat e Frane

Enhancenent interl eaving, ackup | (i n-phase) interleaver is nmade
identical to the Min Q |rﬁftb§ﬂ3ea¥9§|h’t%¥@s¥?%§ Then t he Enhancenent
Backup Frane {lmp«ﬁrems R Ited —one frame ar eE Backup Frane,
while the I\/a and EnhHancenent Franes arfe transmtted $i multaneously.
15 The Al - @ktpal _nh&mbérnmdexllmﬂErdeqmw i ne |B&A18Kmamng p are defined

as: k = Bloc Q%‘rex, O—+-6—49—S¥ glo f h—btoetk—bh = Bl ock
nunber, 0 to ]PW 20 eacH ﬂi\%%‘b“rﬁlmﬁﬁ“l#?% pm— bit mappi ng within
each 64- QAM syieIo], [ 1207=0 'nﬁ'ﬁ{rnmobl@ﬂ@@H@%@) Ghodtn 4C=5) . Table 12.

Al |l -Di gi tal Enhancebent |ntlerl eaver Mapping PF]I‘TITID_D_N_n:kprkbp
0.3.N-1 index in block b block # |&Q ASK mappi ng BU k, b, p 18000

m)d[ n+f | oor ( n/ 300§

mod[ n+f | oor ( n/ 3008 "r%?a"‘%gg‘}“hmo%%@ﬂs %‘)’%’538 %’Fg‘}‘%% %ﬁ’ﬂf?ﬁ%ﬁ@g%@ be

mod[ n+f [perfofmed 3eiQ feXopllovang exprebtion orBe dwivebior) djlex: MLk, bp 18000
nod[ n+f | oor (n/ 3000) +3, 750] nod(3*n+3,8) 3+nod(n,3) 20 A diversity del ay of
2 or 3 nodemfranes is$ added to the Backup signal. The 80 IDS information

bits conprising each blo %re coc’j(pgeﬁnd assenbled in groups of bits from

the puncture pat i@¥(bEs mod 10¢ ki #@ustly and illustrated in Figure 7.

k=0..29

The index k points to one of the 32 16-QAM symbols within the 1DS
10 sequence. Each of the 16-QAM symbols carries 4 code bits. Of the total of 32 symbols, 30
carry IDS information while the remaining 2 symbols are used for training symbols (locations

8 and 24).
A functional block diagram of the deinterléaver and FEC decoder portions of a
_ receiver is shown in Figure 9. The constellation data at the input is comprised of the I and Q
15 values for sach of the QAM symbols, which have been demodutated and normalized to the
- constellation grid. Channel State Information (CSY) is associated with each T and Q value to
: permit subsequent soft-decision detection of the bits. The purpose of the delay elements in
the figure is to timé-align the Backup audio information with the Main and Enhancement
.audio information, since the Main and Enhancement have been delayed at the transmitter.
20 The MU and ML blocks of bits are accumulated in an entire modem frame prior to
dcinterleaving with the BU and BL blocks of bits. B_locks 208, 210, 212, 218, 236, 238, 240
and 242 in the figure indicate functions that must be processed on interleaver block
boundanes (as opposed to modem frame boundaries) in order to Immmxze delay in

processing the Backup or IDS data.



- These groupings are nmapped into the Enhancenent Interl| eaver usi ng t he
expressions presented in Table 13. 13 Septenber 2006 19\8eptenher 388

PCT/ US03/ 12224 21 The IDS Interl eaver Indices k and p are defined as: k =
Bl ock | Retesrmeissé © 29 synbols in each block, skippi ngdfiRedi¥e4t rai ning
synbols (8 and 24) of 32 total; and p = 16- QAM bit mappi ng w thin each

16- QAM synbol , (1 A=0, |B=1, QA—Z, B=3). Table 13. IDS Interl eaver Mappi ng.
Partition Nk p X k,P n=0 .N1 index 22n I DS sequence | &Q ASK nmapping |DSU
k,p 120 nmod(n +fl oor(n/60),30) nod(n,4) IDSL k,p 120

mod( n+f | oor ( n/ 60) $inee 3’0)31')‘719@&681 arg) usel fon CRATCHE withgnonbinaiynmeddtionDB isequence

spanni n C e, .n he | i.Ng _expressi on
For ¢ he BT R bR P et s piop oot RS MEST puBtel® SyRag R PS°) Py
JJ JJ kqﬁerecaiQedeSymﬁeMsk points to one of the 32 16- QAM synbol s within
the DS 10 sequence. Each of the 16- QAM synbols carries 4 code bits. O
the total of 32 synbols, 30 garsy-#D3=Fhf.dNmation while the remaining 2
synbol s AdsGmbirpadinfénati brbitsi pafsypibal) SlebitdrP mtic ¥hiSthe Bapbifis 2fkn b functi onal
bl ock di agramof the deint erI eaver and C decoder portions of a receiver
is showmn in Figure 9. The constell ation ata at the input is conprised of
the I and Q 15 val ues for each, of t @A ol s, which have been

denodul ated and nogmali féé Fél)t.)lg @n‘étel I atl onkgrll d. g Channel State

| nf ormati on (CSI) ‘§ as h_ L sBfid"QVarle to permit
subsequent soft-deci si on et ectl on %a e b’lts The purpose of the del ay
elgments in the figure is to tine- allgn the Backup audio information wth
thé Mai n and Enhancenent audio information, since the Main and Enhancenent
have beewhetes;Hy etindstfot the jii synsbul fit ¢ constellation that has bit value 1 in the k-th bit

position (and similarly for s , the j-th symbol in the constellation that has bit value 0 in the

k-th bit) and
1 x°
X) =~ gXp| ———
O
10 - is the probability density function of the noise, assuming AWG noise. The above formula for

the soft bit metric applies for any consteilation. The main disadvantage of this approach is
that jt requires computations of exponentials. An approximate metric can be obtained by

approximating the sum of exponentials by the maximum exponential, so that

max ;. exp[— 5 ; - (ys _ Sjl,ﬂ
TR s e OXP l:_ > ;_ 2 (yi - "'jo'k )!:|
= B’; (Sl'k“ﬂﬂ = 5™ i )— O-S(VI'kmina - So'kminz)]

]
o,

Arsn

15
‘where irrelevant terms and constants are dropped and sl’kmin denotés the symbol closest to y;
that has 1 in the k-th bit position (and similarly for s o). Thus, by means of this
approximation (so called log-max approximation) the calculation of exponentials is avoided.
However, as a consequence of using this approximation a fraction of dB can be Jost in,

20  performance.
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- 20 The MJ and M. -bl ocks of bits are accunulated in an entire nodem frane

prior to deinterleaving with the BU and BL bl ocks of K9 5eptembseRe0®0g,
210, 212, 218, 236, 238, 240 and 242 in the figure indicate functions that
must bevﬁj@gﬁ@g@d on interleaver block boundaries (ggraRR9Res to nodem
frame boundaries) in order to minimze delay in processing the Backup or

| DS data. 13 Septenber 2006 WD 03/094359 PCT/ US03/ 12224 22 Since binary
codes are used for CPTCM wi th nonbi nasy nodul ation, it is beneficial to
obtain some sort of soft binary netrics fromnoisy Mary synbols. Suppose
that the recei ve§onvdgaoyypdssiblei igproypmeits- o soff meiric. foNﬂmsimpnisivg iiise
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of the nol se, assum n noi se. The above formul a for the soft
metric aipp peréymenge in Ganmti@ lirpiti rogtric Seweplesewhen dinpulsive noisgis pmsenthws
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maxi- mum goepeoneides the 8-ASK tdmtellationland honljnearities shown in Flgure 11. In Figure 11,

Iine 290 represents the output soft metric for bit A, line 292 represents the output soft metric

10 for bit B, and Jine 294 represents the output soft metric for bit C. Figures 12 and 13 illustrate
nonlinearities for 4-ASK and QPSK, respectively. In Figure 12, line 296 represents the
output soft metric for bit A, and line 298 represents the output soft meiric for bit B. In
Figure 13, line 300 represents the output soft metric for bit A.

Based on the value of received noisy s1gnal we construct soft metrics by

- 15 . processmg the received samples through the different nonlinearities shown in Figures 11
through 13. The constructed soft bit values are further divided by the corresponding values

of average noise power estimated for the symbol. In summary, the soft metric can be

represented by:

F(y,)
3

i

soft _out, =

20 . where y represents the received noisy symbol, F(.) is the desired nonlinearity from Figures 11
', through 13, and G is the standard deviation of the noise. '
- This invention uses “Complementary Pattem—Mapped Convolutional Codes”
(CPCC). These codes have the property that the original code can be segmented into multiple
component codes, each of higher rate than the original code. The component codes are
25 | “designed to perform well under certain interference conditions or fading in the channel.
.Furthen‘nore, the code bits can be efficiently mapped onto bandwidth-efficient signals that
carry more than one bit per dimension (QAM, for example).
While this invention has been described in terms of its preferred embodiments,

it will be apparent to those skilled in the art that various changes can be made to the described
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where irrelevant terms and constants are dropped and sl1'k n;a denotes the
synbol @lPsRedssd 0 ¥y that has 1 in the k-th bit posipbirmgm(,ﬁm simlarly
for s'kaun) Thus, by neans of this approximation (so called | og-nmax
approxi nmation) the cal cul ation of exponentials is avoided. However, as a
consequence of using this approxinati2en a fraction of dB can be lost in 20
performance. 13 Septenber 2006 WO 03/094359 PCT/ US03/12224 23 Consi der
now pos sentodimanps wittent departing foof the wedpe ife thednvenkbien aswiafined b thedoBewingcenari o.-
Let us qﬁsune that the noisy synbol sanple is passed through a nonlinearity
of the (soft limter or linear clipper). It is desired to construct a
soft netric that perforns approxinmately the sane in AWGN as previously
considered netrics, yet that will have 5 smaller degradation in'inpulsive
noi se. That is, it has to have enough "softness"” to maxim ze the
performance in AWGN and to limit nmetric sanples when inpul sive noise is
present, i.e. to prevent the excessive netric growh when | arge noise
sanples are present. Toward that goal consider the 8-ASK constellation and
nonlinearities shown in Figure 11. In Figure 11, line 290 represents the-
out put soft netric for bit A Iine 292 represents the output soft nmetric 10
for bit B, and |ine 294 represents the output soft metric for bit C
Figures 12 and 13 illustrate nonlinearities for 4-ASK and QPSK,

respectively. .In Figure 12, line 296 represents the output soft netric for
bit A and line 298 represents the output soft netric for bit B. In Figure
13, line 300 represents the output soft metric for bit A Based on the

val ue of received noisy signal we construct soft netrics by 15 processing
~the recelved sanpl es through the different nonlinearities shown in Figures
11




t hrough '13. The eonstructed soft bit values-are further_divided by the
correspondi ng val ues of average noi se power esti mated!? SEPEAREE . In
sumary, the soft nmetric can be represented by: F2) sof outt = 6r 20
where y represents the received noisy synbol, F(.) is the desired
nonlinearity fromFigures 11 through;33, and a is the standard deviation-
of the noise. This invention uses "Conplenentary Pattern-Mpped

Convol utional Codes" (CPCC). These codes have the property that the

ori gi nal wideIscebADGERB Eynent ed into nultiple conponent codes, each of

hi gher rate than the orj gi pal de. .The conponent .codes ar.e .25 desjgned to
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channel . of: Furthernore, the code bits can be efficiently mapped onto

bandw dt h-efficient signals that carry re.than._one bit . per dinension
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t hat vari ous changes, ¢can beupagde to the descri e{j 13 ,Sept enber, 2006 . WO
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fo the invention m&h@%&ﬁ&g?ngmllow ng clainms. 13 Septenber 2006 25
WHAT IS CLAIMED IS: 1. Anethod of transmtting digital information

characterized by the stfepiethodsaccordingatogelain dy vhgreite dhe sfep of foraard esror

pl ural i tyr@ttidaichSodity tH BitslcBiptindt HeiRpd 0 using 5 conpl enentary
pat t er n- mapped convgl utional codes; nodulating a plurality of carrier
signl s with the fdsfipiag ariralistofcedensgtitionssbits; and transmitting the

carrier signals. Zindf\sHBhdaOGrphkPaflitBl cddes;Gh@i M 1, wherein the step of
forward error correctgi on encodi n%]t he bits conprises the steps of
: mapping the noncatastrophic codes to a QAM constellation.

3. Amethod according to claim 2, wherein the step of modulating a plurality
of carrier signals with the forward error corrected bits comprises the step of:
15 independently amplitude shift keying in-phase and quadrature components of the
QAM constellation. : '
' 4. A method according to claim 3, wherein the step of amplitude shift
keying in-phase and quadrature components of the QAM constellation uses Gray code mapped
constellation points corresponding to a-plurality of amplitude levels. _
20 5. A method according to claim 4, further characterized by the steps of:
| assessing the value of code bits to be mapped to the constellation points; and

assigning more valuable bits to most significant bits in the constellation points.

6. A method according to claim 2, wherein the partition codes comprise
punctured codes.
25 7. A method according to claim 2, wherein the code partitions comprise an

upper main partition, a lower main partition, an upper backup partition, and a lower backup
partition, wherein the upper main partition and the lower main partition do not overlap, the upper
backup partition and the lower backup partitions do not overlap, the upper backup partition
oveﬂaps first portions of both the upper main partition and the lower main partition, and the

30 | lower backup partition overlaps second portions of both the upper main partition and the lower
main partition.

8. A method according to claim 1, further comprising the steps of:




10 defining a plurality of code partitions; finding noncgatastrophic
partition codes; and mappi ng the noncat astrophic codes1?§eate@ﬁf 006
constellation. 3. A method according to claim 2, wherein the step of

nodul ating a plurality of carrier signals with the forward error corrected
bits conprises the step of: 15 indepengently anplitude shift keying

i n- phase and quadrature conponents of the QAMconstellation. 4. A nethod
according to claim 3, wherein the step of anplitude shift keying in-phase
and quadr at ur e congxunegpedaémiited HPAM ©o piatatity Ebito o ptodBe hiyifio ghirdlipped
constel |l ati.on points corresponding to aplurality of anplitude |evels. 20 5.
A net hod® '?ﬁ?ordi ng to claim4, further characterized by the steps of

as;essi ng the val L@lo@d‘tilngﬂiglendaif_iea phiathe of iR p&dngd ?pIEﬂﬁng@&ﬁﬁbﬂsat ihon poi nt s;
an assigning nore valu e.pi to t significant bits in the

constel | ati on poi rﬁ’@’.pm@.ﬂ?eﬁin?fkg‘?‘iiémé]été’g?gfﬂﬁam%‘?smhét}"%ere_i n the

pfir tig i20n codes ctqhﬁwpbﬁlgnﬂpﬁﬁ;?ﬁ%&e%ﬁiM§ in-Bhasd andéqumtaﬁe@c@%ﬁmét a?hé 0
claim 2, rein e code partitions conpri.se an upper main partition, a

| ower mﬂmgl%ﬁevmﬁ using Gippeade BRBRIG SO sitlasion BRIIS SPIEPSRONIHIRLP awimrb of
partiti ogmpliMi®eel; t he upper nain partition and the |ower main partition do
not overlap, the upper backup partition and the |ower backup partitions do

not overlap, the S{FETnghe Kl ¢fards bitsdhbe mRnped ijhe gqnsteatin ppintin@dof  pot h

the upper main parddiflifiiméRdahitle bies oBighi RBAMHIS iR cRBElIoR pddis! ower
backup partition overlaps second portions of both the upper main partition
and the | over maith part ingthed. aggordmentsr plgian Se et dha slugalify ©f Partfigns her

conpr I si Mpﬁ‘l@@s aﬁtuS?k? nPdﬁn pali%:io%?zpfo%pﬁﬁin%gl%on,%ﬁ uﬂ;%,lr gﬁdk[}? pﬁ'ﬁﬁ&lﬁ" b zm_o()/@p bits
in the plurality of bits to produce a nodified plurality of bits;
al | ocat i brgkurearifion; Whesein shawmees moingertigiop gnd s dejva s pariitian/dapot gyeriapt i ons;
To2EL10 S ERACLBls itoh Bh ik BN RIS Sty
the QANPaEWtestorerlaps fishperdonspf bpth yhecupiier maip patitianomd ihel Ipwer main patiiens and
corrgspofd ilcﬂﬂeﬁb%cl@pﬂlaﬂftﬂﬂo%ﬂa% second-portions of both the upper main partition and the
lower main partition. _
10. A transmitter characterized by:
means for forward error cormrection encoding a plurality of bits of digital
information using complementary pattern-mapped convolutional codes; _ _
20 means for modulating a  plurality of carrier signals with the forward error
corrected bits; and
means for transmitting the carrier signals.
11. A transmitter according to.claim 10;swherein the complementary pattern-
mapped convolutional codes comprise: |
25 | a plurality of noncatastrophic partition codes mapped to a QAM constellation.
12. A transmitter according to claim 10, wherein the means for modulating a
plurality of carrier signals with the forward error corrected bits comprises:
means for independently amplitude shift keying in-phase and quadrature
components of the QAM constellation.
30 | 13. A transmitter according to claim 12, wherein the means for independently
amplitude shift keying in-phase and quadrature components of the QAM constellation uses Gray
code mapped constellation points corresponding to a plurality of amplitude levels.

14. A transmitter according to claim 10, further comprising: -




anplitude | evel s; assessing the value of code bits to gg mapped é& he
constel | ation points; and assigning more val uabl e bit3986P r i ficant
bits in the constellation points. 10 9. A nethod according to claim 8,
wherein the plurality of partitions conprises an upper main partition, a

| ower main partition, an upper backupzpartition, and a | ower backup
partition, wherein the upper main partition and the |ower nain partition do
not overlap, the upper backup partition and the | ower backup partitions do
not overlap, the umgoey fivaddleting edetarmingd bty dn | thg plurality tof s ttp amedugé abot h
the uppey, 4Rl Mgﬁt‘s;iopi%n and the lower main partition, and 15 the | ower

- backup partiti'on overl'aps second portions of both the upper main partition
and the | ower naimeapsfot altacating tiOmodified plwshitytof bits ahangagiwality efipdsiitionsreans
for for ’;Jd error correction encoding a plurality of bits of digital

i nformation using conplementary pattern-nmapped convol uti onal codes; 20
means f or nodul at immgnssfopmapphg ihyphade aodquadmturs cammnentswof the hdifibdplvalig er r or
correcte its; for transmtting the carrier signals. 11. A
transm t%eb?‘sg’cac &glldcr?g&%g%’f'ai m 10, wherein the conplenentary pattern-
mapped convol uti onél cadmsthednPrecaeing b idfomationkighyl chiracterined tbyxshe atpdsi C
partition, codes nmapped to a QAM constellation. 12. A transmtter according
to clai 10, wherein the neans for modul ati ng-a plurality of carrier
signals with the taewinge phurslity of cirtierigaals modatedbps phedity ofeamplefoontary

i ndependent!ly anplitude. shif eying in-phase and quadrature conponents of
t he M%‘ffr’g}tﬁ?—ﬁpp ‘iOBYP?“ Bgfgaa&&l%’r ansmitter according to claim 12, wherein

the nmeans for i nddgpeniifing Yhe eufidrisigngie 16 fécbber ki toipledientdia pattanehappeddr at ur e
conmponent s of. tBEHe %IX% conétel | ation uses Gray code mapped constell ation
ERBH AP THY 1"

poi nts ¢GRYC O &%plurality of anplitude levels. 14. Atransnitter
-according to clal B?oaﬁbin%l&ht betputC QiFRAll 5as8d: onl IheSRPIPIERRALaR0 bttere mapans f or
del eti ng p‘{r??d_eterrn' n%d its in the plurality of bits to produce a nodified
pl ural i toprefutigpglgoded bits.

15 16. A method according to claim 15, wherein the step of demodulating the

carrier signals comprises the step of:
passing the complementary pattém-mapped convolutional coded bits through a
nonlinear limiter. _
17. A receiver for receiving an information signal characterized by:
20 means for receiving: a plurality of carrier signals modulated by a piura_lity of
| complementary pattern-mapped convolutional coded bits;
means for demodulating the carrier signals to recover the complementary pattern-
‘mapped convolutional coded bits; and | |
means for producing an output signal based on the complementary pattern-
25  mapped convolutional coded bits. |




means for allocating the nodified plurality of bits a”?@%eﬁmﬂk%F§6&§y of
partitions; and 5 neans for mapping in-phase and quadrature conponents of

the nodified plurality of bits to a QAMconstellation. 15. A nmethod of
receiving an information signal characterized by the steps of receiving a
plurality of carrier signals nodul ated®8by a plurality of conplenentary 10
pattern-mapped convol utional coded bits; denodulating the carrier signals
to recover the conplenentary pattern-naPped convol utional coded bits; and
produci ng an out putd- si ghatceiyasagodmgtth slaza i) whepinahs meanst fer _

convol ut hRR&kCOFEH cBnpdses: 1> 16. A nethod according to claim 15, wherein
the step, of denodulating the carrier signals conprises the step of

passi ng the conpl anesns forypapsing e somplopentary artiehumappedhtonyeliienabpadsd bls ough a
'nonlinea&m&%ﬂgggﬁﬁw&]mﬂémreceiver for receiving an information signal
characterized by: 20 neans for receiving a plurality of carrier signals
modul®ated by a plurality of conplenentary pattern-mapped convol utiona
coded bits; nmeans for denodul ating the carrier signals to recover the

conpl ementary pattern- nmapped convol uti onal coded bits; and nmeans for
produci ng an out put signal based on the conplenentary pattern- 25 mapped
convol utional coded bits. 13 Septenber 2006 28 18. A receiver according to
claim17, wherein the neans for denodulating the carrier signals
conprises: means for passing the conplenentary pattern-mapped convol utiona
coded bits through a nonlinear limter. 5




