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15 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 are
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 designed to perform well 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 produce a higher rate code. S.
Kallel, “Complementary Punctured Convolutional (CPC) Codes and Their Applications,”
IEEE Trans. Comm., Vol. 43, No. 6, pp. 2005-2009, June 1993, described a technique for
producing complementary codes, which employs a sort of puncturing technique to create

good component codes.
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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
20 Euclidean distances in the QAM constellation. Hamming 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 This invention provides a method of transmitting digital information

comprising the steps of forward error correcting 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.
Forward error correction can be accomplished by defining a plurality of code
30 partitions, selecting a puncture size compatible with the partitions, finding noncatastrophic
partition codes, and mapping in-phase and quadrature components of the noncatastrophic

codes to 2 QAM constellation. The modulation preferably includes the step of independently
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The invention further encompasses receivers for receiving an information
signal comprising means for receiving a plurality of carrier signals modulated by a plurality
20 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-mapped
convolutional coded bits.
The invention overcomes the limitations of prior art pragmatic trellis coded
25 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.
BRIEEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic representation of the subcarrier assignments for a
30 hybrid AM in-band on-channel digital audio broadcasting system;
Figure 2 is a schematic representation of the subcarrier assignments for an all-

digital in-band on-channel digital audio broadcasting system;
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15 Figure 9 is a block diagram illustrating the functionality of an AM IBOC

hybrid deinterleaver and FEC decoder implementation that permits rapid acquisition of the
core audio;

Figure 10 is a block diagram illustrating the functionality of another AM
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
keying (QPSK) signal.

30 DESCRIPTION OF THE PREFERRED EMBODIMENTS
This invention provides a Forward Error Correction (FEC) technique that can

be utilized in AM compatible IBOC (In-Band On-Channel) DAB (Digital Audio Broadcast)
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disclosed in United States Patent No. 5,859,876, which is hereby incorporated by reference.
20 Figure 2 is a schematic representation of the subcarrier assignments for an all-
digital in-band on-channel (IBOC) digital audio 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 subcarriers, 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 channel 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
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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 kHz AM IBOC system. A digital signal is

25 supplied on line 82 and assembled into a modem frame core containing, for example, 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

illustrated by block 88.
30 Punctured convolutional codes are derived from a rate 1/N “mother code”, by

removal of some of the code bits. The punctured code bits can be identified in a puncture

pattern, which repeats periodically. The puncture period P is the number of information bits
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nodem frane core containing, for exanple, 3000 bits, as illustrated by
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backup-lower bits are delayed as illustrated by blocks 98 and 100, and the bits are mapped
into a core interleaver as shown by block 102.
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 a 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
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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 converter 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 multiplier 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



24-bit output. The 24-bit groups are then partitioned into |DS-upper and

| DS-1 ower partitions as illustrated by bl ocks 158 and 160, for exanple by
al | ocati nyoIBx943se s of each 12-bit group to each of the pamtisvd/mre4 The

| DS-upper and IDS-1ower bits are then mapped into an 20 enhancenent
interleaver as shown by block 162. Figure 8 is a sinplified block diagram
of relevant portions of an | BOC DAB recé&iver 170 which can rece| ve signal s
coded in accordance with the nethod of the present invention.
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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. %
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 quadrature (Q) components 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 lower
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 the core data on line

260.



produce the enhancenent data on line 232. The interleaved and forward error
corrected IDS signal is input on line 234 and denodul ated into in-phase
(1) and owadsatasse (Q conponents as illustrated in bl ockP23a1So3/B2ock 238
shows that soft decisions for the I and Q conponents are determ ned, and
the I and 20 Q soft decisions are deinterleaved in block 240. The

deinterl eaved forward error corrected |5 signals are decoded as

illustrated by block 242 to produce the integrated data service_ .data on
line 244. Figure 101he inteleaved;gddorwid geragicagestst snhancemenkesignaliiydnpyyansoc
hybrid dej I : C WA N=Ys r

corr ect ed o S8 YRofithel shid BERAET @) AR o kR e 8 A e AP

i n- phase blopk @nd. Mlack 26GiswWsQhatcwiipdecesids fas thel 1l amslt @ abegbohentdh headet@dined

Bl ock 250 shgows_that soft decisions for the | an onponents ar.e

det er ni nef! ﬁmle Q sefhdeeriont Bie QAR SIS df STetds ACB Thed] drePRFCBY Pk sTigs 2
and 5254 H&ﬁf&ﬁ%f.\}e\ﬂeé&’adréliﬁﬁ, g6hPérhlse for e AR Bhpdr Carf OB €& p&Hiti A€ afRl N
upper and main | owe partitions are delayed as illustrated by bl ock 256,
and t he dé¢layesr dsciflustdatéd bydnlabke2 20 and thec deintedt @t d cmheneignabignas eredfocweleld
as illustrated by .blqck 258 t roduce.th ore data.on lLine 26Q. WO..

03/ 094 350° BesToRurRbgn 5o g 1sBR B BE B A armuo iR i epaiesnend Bhun s ting
enhancemeptg signal is input on |ine 262 and denodul ated into in-phase (1)
and quadrature (Q conponents as illustrated in block 264. Block 266 shows
that soft deci si onsThernteeavedgnd [Qwadpoive sogeeed IBSt vgnal e thpubad linge278

and,Q soft cisions,are.dei nterl eaved. in cks 268 and.270 res td y.
% dei R RN RGERHPS TR SRR Lt Rt § 2 HBER LR AP B 80 e

partiti onBl®keg2drbay et asft tedidishy fat €@ Ieydl)) eelipehedts @ detthgindgiant eid Eavded
enhancenment signals are forward _error_ correction decoded as illustrated by

bl ock 274Q ¥lpdesiniens arp deayierigavedinblogh 284 o hei deinterjepged forwardh egey eqiastpdand
forward e . C 5 LS.l ! dul at ed
ot - pBSkisfik BEFROIER (L ANRG LbibPMe ObrbaRe difths da BRESERC,
280. Bl ock 282 sho®esighaly thefGPTHEMI ideris afroultitdtep prozast. (Fic o panitidons ae
det %rn‘i negéfia dthe I and .Q.so eci sions_are deinterl ea\{led in block 284.

t
Thd>dei nt 8¢finedy &4 ¢3 Maé}’r]%ﬂC{(%r etnd VpREIPAHEPTS- alndthg cedideorthpgonal

il liack : ithd - | G h
B Lt Ry Tt

subcarriers that are affected together as a group by an interference scenario. 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.



15 defined, for exanple Miin, Backup, Lower, and Upper partitions. In the
coded orthogonal frequency division nultiplexing (COFDM exanple, the
partiti orwOoaseI4ed i ned as groups of subcarriers that arepPafffSot/ext24 oget her
as a group by an interference scenario. Specifically, if coded subcarriers
are placed on both the | ower 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 shoul d not
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each partition may not be consistent with the bit mapping in other partitions. For example,

20 not 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 technique is applied to a QAM symbol by treating 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 clearly different from either the set partitioning

suggested by Ungerboeck in “Channel Coding with Multilevel/Phase Signals,” IEEE



components of the QAM synbol are treated individually as ASK synbol s. Each
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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 contrast, 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 number 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 observed 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



The 16- QAM synbol is created by nodulating the I or Q conponents with

i ndependent 4- ASK signals. The 4-ASK synbols are generated fromspecially
sel ect ed WOWB094367r oups whi ch are then used to address thePGragsossped
constellation points. The mapping of the code bit pairs to the 4 |evels of
the 4-ASK synbols is presented in Table 2. 10 Table 2. Mappi ng of
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is that a good Hamm ng di stance can
of TCM or PTCM.
CPTCM requires an assessment of the relative value of the various code bits
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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(50 complementary subcarrier pairs for the Hybrid system, and 25 in each the lower 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
partitions 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 a rate 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 toi produce better punctured codes. The FEC
code requires appropriate puncture patterns and code-bit mapping to provide good results in

both the Hybrid system and All-Digital system. For the Hybrid system, the puncture pattern



of the code. When code partitions overlap, generally a conprom se nust be
made for the 10 bit mapping. This is because one partition may prefer a
parti cul awolBwnI438® be mapped to a MSB nodul ati on synbol addramssi/izzki | e t hat
sanme bit in an overlapping partition may prefer an LSB mapping. Both
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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 Rate [ de|a |c
Main 56 14 |5 |54
Backup 56 |5 |19 168
Lower 5/6 |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.



be distributed between a Main audi o channel and a Backup audi o channel. The
Backup channel is used for fast tuning and provides tinme diversity to
mtigate whasedf3exts of intermttent bl ockages. The Mi npramdSBacleep
channel s each can be coded at a rate of 5/6 resulting in a conbi ned code
rate of 5/12. The Upper/Lower partition pair overlaps the 10 Mi n/Backup
partition pair. A good code including th& two overl apping pairs of
partitions was found using the Core FEC Conposite Puncture Pattern
generator pol ynoni al s G=[ G1=561,Tabe=57 53mctueg ¢¥¥PS The conbi ned Mai n,
Backup, Upper, and Lower puncty Gore FEC code is defined
in Table 3. Sone exanpl es of sggg;ggg mco-g§ "regﬁéd using these 15

t echni ques are descri bed next. TﬁbIBOS. Runct lpe Pﬂttern. BLC MUB BLB BUA
MLC BUB 3LA M.B MLABUC C0 MUAQ Q n Tahle 31 B =|Backup, M= Main, L =
Lower Sideband, U = Upper Si debdild pgh E@bs fid ¢ are the bit positions.
Tabl e 4 provides a summary of t-he—ecere—<code—parareters. Table 4. Core FEC
summary oin frablarfe ke esEx teftbdt iLItdEbv%tSidéHand, U Mippeb/Stdebatd, F4= IBPKH) PE6 5
19 168 Lower 5/6 5 19 168 P per .5/6 4 Conposite_5/12 20 The over al
rate of tRuaRES anddpand Bk R%nsEﬁﬁﬁﬁ@@ﬁﬁtﬁnhﬁE@%EEp@OmEﬂsée Ppncturgne

puncture I L&-d

D57 oaas0r g s FPuES] S ilg spBRRl S CRAGL L o LIRIANSS, G3TAT, MaBle foiges »
EUQA 0 OsinBaryefChOh Fin@nhahcenieabledeypardmetefsxt ended, L = Lower Sideband, U
= Upper Sideband, | El“ak)f'e_(f ?—ﬁ/%%’d ]%h?mcement FEC summary of parameters.

Partition Rate | d¢ a lc

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 modification required in the interleaver for framing and
delay. This modification is described below with respect to the All-Digital Enhancement

10 inter]leaver.

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 O

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 correspond to the Hybrid
inner and outer IDS complementary subcarrier pairs, respectively, of the Hybrid. Table 7

illustrates the all-digital IDS puncture pattern.



Quadrature, and A and B = bit positions. The Hybrid Enhancenent FEC
Conposite Puncture Pattern was produced using generators G=[ G1=561,
&X=753, BOMYDY435Mable 6 provides a 5 summary of the hybPCcd/usnhaneenent
code paraneters. Table 6. Hybrid Enhancenment FEC sunmary of paraneters.
Partition Rate df a ¢ Upper 1 1 4 38 Lower 2 NNA Conposite 2/3 7 20 96
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| DS puncture pattern. WO 03/ OEFR ~PCI 37 127 7 Table 7. Puncture
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I n- phase, Q = Quadrature, and %o‘h”ﬁosﬁe“'?/? 7 positijons. The 1 DS FEC

An interleaver block can be comprised of 32 COFDM symbols (bauds). 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 Enhancement 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
interleaver block holds a total of 800 QAM symbols (750 data + 50 Training).

15 The scalable 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 complementary 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{l 1-mod(9-%,25)+16- ﬂoor(ik—s—) +11- ﬂoor(—s%]BZ]

col(k)=mod[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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and p = QPSK bit mapping within each QPSK symbol, (I=0, Q=1).
Table 11. Hybrid Enhancement Interleaver Mapping.

Partition | N k b P
X kbp n=0..N-1 | index in block b block # 1&Q,
ASK
mapping
EU pp | 24000 mod[n+floor(n/6000), | mod[3*n+floor(n/3000)+ mod(n,4)
750] 2*floor(n/12000), 8]
EL xpp, | 12000 mod[n+floor(n/6000), | mod[3*n+floor(n/3000), 8] | mod(n,2)
750]
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Enhancenethhe CafeoBarktip dHodk merbewpg ispamsghehGh-pirasts ﬂAMaqmmnent Wbdewedeln
assenbl ed_i n grou bltsfr t h C atterns,, as ,defi ned
o a0 oust Gt RS Bebd e Ordyiialhd) ‘QHBE BRpb g re Rl mmaeis
t he Enhanpef¥nHahtahdR anefleisigd) ghe BE@uEmrrﬁpms@mte@rem n§ fRdé Mehaddl €o ik
10 The Enhancenent Interleaver 1ndices and p are defined as: k
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are transmitted simultaneously.
15 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 xbp 0..N-1 index in block b block # 1&Q, ASK
mapping

BU xpp | 18000 mod[n+floor(n/3000)+2, 750] mod(3#n,8) mod(n,3)
BL pp | 18000 mod[n+floor(n/3000)+3, 750] mod(3*n+3,8) | mod(n,3)
MU ypp | 18000 mod[n+floor(n/3000)+2, 750] mod(3*n,8) 3+mod(n,3)
ML pp | 18000 mod[n+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 into the Enhancement Interleaver using the expressions

presented in Table 13.
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The index k points to one of the 32 16-QAM symbols within the IDS

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 deinterleaver 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 each of the QAM symbols, which have been demodulated and normalized to the

constellation grid. Channel State Information (CSI) is associated with each I and Q value to

permit subsequent soft-decision detection of the bits. The purpose of the delay elements in

the figure is to time-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

deinterleaving with the BU and BL blocks of bits. Blocks 208, 210, 212, 218, 236, 238, 240

and 242 in the figure indicate functions that must be processed on interleaver block

boundaries (as opposed to modem frame boundaries) in order to minimize delay in

processing the Backup or IDS data.
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10 is the probability density function of the noise, assuming AWG noise. The above formula for

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

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

S R
mxallsjl"‘ EXp Y; Sj
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Max , or €XPH ———5 )i =,
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1,k 0,k Lk 2 0k 2
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1
0O;

In

15
where irrelevant terms and constants are dropped and s'*, denotes the symbol closest to y;
that has 1 in the k-th bit position (and similarly for s in).  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 lost in

20 performance.
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The above nbﬁnﬁeahaesf ®r 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 metric for bit B. In

Figure 13, line 300 represents the output soft metric for bit A.
Based on the value of received noisy signal we construct soft metrics by
15 processing the received samples through the different ﬁonlinearities 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,
soft _out, = —(—yz—’l
Gi
20 where y represents the received noisy symbol, F(.) is the desired nonlinearity from Figures 11

through 13, and © is the standard deviation of the noise.
This invention uses “Complementary Pattern-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.
Furthermore, 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



the soft bit nmetric applies for any constellation. The main di sadvant age of
this approach is that it requires conputations of exponentials. An

appr oxi mewe me9435c can be obtained by approximating the ®amush3/i12224
exponential s by the maxi num exponential, so that 1llaxall s Lk exp - 1 26 2
(yl S1 1,k 1 kk =In, k=1,...,K [/ 12 (yl - s Ok maxan s;, k exp _
2,71 12 1Ji (Sl,kmin - SO kmn)- O5(SI2k n - SOkmn2 6l 15 where
irrelevant terns and constants are dropped and sl'k,,;n denotes the synbol
cl osest t @mpodimagigs witheutidepartimgdram e sfope fo dha ingentiaana dafiwed &y (the fdlowing

s' kmn). IEH by neans of this approximtion (so called |og-mx

approxi mation) the cal culation of exponentials is avoided. However, as a
consequence of using this approximation a fraction of dB can be lost in 20
performance. W) 03/094359 PCT/ US03/ 12224 23 Consi der now possi bl e

i nprovenents of soft netric for the inpulsive noise scenario. Let us
assune that the noisy synbol sanple is passed through a nonlinearity of the
form (soft limter or linear clipper). It is desired to construct a soft
metric 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 |imt 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 line 292 represents the output soft nmetric 10
for bit B, and line 294 represents the output soft netric 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 netric for bit A
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each of higher rate fohesrdt &ieorocogeanalg aopleralifhefcbitp @i edigitalo dfsrmadtien2bsing
designed to performwel|l under certain interference conditions or fading in
the channéPMPlemEHPAcE mepRedcopwlpional ¢ofeshe ef ficiently mapped onto

bandwi dt h-efficient ghanai Rialit§ 3F E¥fZP5i8ndi0 ANCME Biviar® SfrofbSRIE ;
(QAM for exanple). Vﬁl{ie 1-t?gn?lig ?anlvgnti on algn%)een described |fr(r)1 ternscfg[%ltsi’ts
preferredapdbodi nents, it will be apparent to those skilled in the art

t hat various changes can. he de to the described WO 03/094359

PCT/ US03/ 12224 24 &HISHHBAIN RsistE2eparting from the scope fo the

i nvention as defined by tAenéiabl Q¥tR8ingClodtidhn 1VQVIR3EAIASIR PO ALRAR LAdL4
25 WHAT IS CLAIMED IS: 1. A nethod of transmtting digital information

conpri si ngotreting thp ditp¢omprises weer depsrafor correcting a plurality of bits of
digital information in Q enent.ar at t er n- mapped convol uti onal
codes; nodul ating a%ﬁﬂ?%l%@?fr%y@%d? ﬂglioaﬁal s with the forward error
corrected bits; andiddimnsstichtabtighhidgarGab E®lesSdn@nal s. 2. A met hod
according to claim1, wherein the step of forward error_ correcting the
bits conprises the dhpéngthe noncatastrophic codes to a QAM constellation.

3. A method according to claim 2, wherein the step of modulating a
plurality of carrier signals with the forward error corrected bits comprises the step of:

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.

5. A method according to claim 4, further comprising the steps of:

assessing the relative 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.

7. A method according to claim 1, 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 overlaps first portions of both the upper main partition and the lower main
partition, and the lower backup partition overlaps second portions of both the upper main

partition and the lower main partition.



defining a plurality of code partitions; finding noncatastrophic partition
codes; and mappi ng the noncatastrophic codes to a QAM constellation. 3. A
met hod acworidiopngst o cl aim 2, wherein the step of nodul ati mgTassopiazeal ity of
carrier signals with the forward error corrected bits conprises the step
of : independently anplitude shift keying in-phase and quadrature
conponents of the QAM constellation. 4.2 nmethod according to claim 3,
wherein the step of anplitude shift keyi ng] in-phase and quadrature
conponents of the Q&M corstredthed iaeeprdizesto@laipn doddhersinppe dtapols famaed eoar

poi nts coryr onding..t o lL.ur.al it f anplitude levels. 5. A nethod
accordi ng Cpﬁg‘%n%q%gg{té?oﬁg Sé’?{hc?osrt%%éiog'i ng the steps of: assessing the

relative value of caeERtibptFedstefndtpiedn tthe tpderalignst eith abi@ddudeos mbdifiedd
assigning nore valuable bits to nost significant bits in the constellation
points. @Aty §8% according to claim2, wherein the partition codes

compri s punctur ed ety ol nAaRENAAGTRTMS Bch 5 h LT br JARGRLD. L1

code partitions conprise “an upper In partition, owe In partition,
an upper backup par thdpping ingphdsaandywadrativeclotpopantt bf themodified gliuralithef bper
main partitiaon and th? | ower main partition do not overlap, the upper

backup part® AQUH ORSCHHIOY ower backup partitions do not overlap, the upper

backup partition ovegd Qﬁdécnitlzsatmgﬁgﬁc%eihéem? gggipggg~?&5§éeanﬂftﬁﬁﬁraﬂﬁé RoR@bhddtd 8P

and the lower main partitio up partition overl aps
second porthde €rsMoéorstilhtiorhesingp@rayneide mpppedi tomstellatich phmtd omeespmading to a
partition. .03/ 0943?9 PCT/ US03/ 12224 26 8. A nmethod according to claim
1, wherei PYTREYH ABPHRdEdeNET d error correcting the bits conprises the

steps of: deleting F&l’s@;‘é‘ﬁh%rﬂﬁ@ RV {Sub Bf tdage Mitd't8! b daPpedid thet micPdlGE 2
modi fied plurality of bits; allocating the nodified plurality of bits
anong a plpaimds;iang of partitions; mapping in-phase and quadrature

conponents of the mgilled RiLALASY bR tohbs sigdnfiAnfitd SNSESIlAUG points.

0. A method according to claim 8, 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 overlaps first portions of both the upper main partition and the lower main
partition, and the lower backup partition overlaps second portions of both the upper main
partition and the lower main partition.

10. A transmitter comprising:

means for forward error correcting a plurality of bits of digital information
using complementary pattern-mapped convolutional codes;

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, wherein the complementary
pattern-mapped convolutional codes comprise:

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:



i ndependently anplitude shift keying in-phase and quadrature conponents of
the QAM constellation using Gray code napped constellation points
corresporong/opsa  plurality of anplitude | evels; assessipeg/usagined ative
val ue of code bits to be mapped to the constellation points; and assigning
nore val uable bits to nost significant bits in the constellation points.

9. A nethod according to claim8, whereir*’the code partitions conprise an
upper main partition, a lower main partition per backup partition,

and a lower backup P& farofdepgndentin a@ﬂf&it‘éﬁpg&ﬁﬁgﬁﬁn&dﬂtﬂh@ﬁ%ﬁn‘érﬁil&ﬂf?éure
| ower ”aiWxﬁﬂkh%&k%FﬂQQQQR}amg%ﬁﬁﬁ , the upper backup partition and the
S

| ower backup "partition 0 not overlap, the upper backup partition
overlaps first portiths oA beihbmitiee aqoedingraion dqbdnt i 12, owhareih t the |nteags foai n

partition, and the |ower backup partition overlaps second portions of both
the upper REFRFIIgRib: Pmphwdan%linf? HeYIngwEr Phass rindadttadeate. coraponsnisy einiei (Yl

conpri si NGsonGRAMFor Aes! fg%h b edC Qs RAR S0 pinkd UbALDbYaiRE B! i
digital i nfogr mat | (?n elis(?na cor?p e%nt ar; patlt epnplr%appedépc%%g%l utalt glr?g{hty of
codes; neaamsplitode lewpelsll ating a plurality of carrier signals with the forward

error corrected bits, and neans for transmtting.the carrier sigpals. 1

A transmtter accor df‘%g t t&%fﬁ%t%oﬁccma}gei%clﬁmq&ﬁ%ﬁ%H%eamans R Biward
pat t er n- MeRRRGEOMMR tHE bRNSdmERdes conprise: a plurality of noncatastrophic
partition codes nmapped to a M constellation. 12. Atransmtter according

to claim10, wherei nmedns fosaledetingrpredadenminéchits an phephirdlity offbitsator prexduce a
signals with.th or.war rror corrected bits conprises: W 03/094359

PCT/ US03/ 1?3%1;168%”%\,{%8?}3?% i ndependent|y anplitude shift keying in-phase
and quadrature conp@egit foroflldchendrhé GasEtied IpRirhy. ofl Bits AurhdrnNa NplutaBity of
according to claim 12, wherein the means for independently anplitude shift
keyi ng i n-REEE@satel quadr at ure conponents of the QAM constel lation uses

Gray code mapped congteldl g1 ARy ARk ThHnGQ hEeRAEATe ' BnboRbME &' ¥ Rbdified

anplitude | evels.
plurality of bits to a QAM constellation.

15. A method of receiving an information signal comprising the steps of:

receiving a plurality of carrier signals modulated by a plurality of
complementary pattern-mapped convolutional coded bits;

demodulating the carrier signals to recover the complementary pattern-mapped
convolutional coded bits; and

producing an output signal based on the complementary pattern-mapped
convolutional coded bits.

16. A method according to claim 15, wherein the step of demodulating the
carrier signals comprises the steps of:

passing the complementary pattern-mapped convolutional coded bits through a
nonlinear limiter.

17.  Areceiver for receiving an information signal comprising:

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 pattern-

mapped convolutional coded bits.



14. Atransmitter according to claim 10, wherein the neans for forward
error correcting the bits conprises: neans for deleting predetermned bits
in the plwpaBiog4sof bits to produce a nodified pluralityPofi/usoy/s32241reans
for allocating the nodified plurality of bits anmong a plurality of
partitions; and neans for mapping in-phase and quadrature conponents of the
nodified plurality of bits to a QAWM coegstellation. 15. A nethod of
receiving an information signal conprising the steps of: receiving a
plurality of carriigr siAndksereivkdihg dyinalp) whatintthe ofeans omdbmedniating
pattern-mapped convol uti onal coded bits; denodul ating the carrier signals

t o recovks CERY LM CFRMISEFy pattern- mapped convol utional coded bits; and
produci ng an outp i I %ﬁ?ge 0 t SuABiA edded
convol utional code a%%?ﬂsa?pf : A%&?%%@gggg@d?%%gﬁ?pg?ﬁg wherein the
step of wenmduiiad hogidehelim@tar.ri er signals conprises the steps of: passing
the conpl enentary pattern-nmapped convol utional coded bits through a
nonlinear limter. 17. A receiver for receiving an information signal
conprising: neans for receiving a plurality of carrier signals nodul ated by
a plurality of conplenentary pattern-nmapped convol utional coded bits;
means for denodulating the carrier signals to recover the conplenentary
pattern- mapped convol utional coded bits; and neans for produci ng an out put
signal based on the conplenentary pattern- nmapped convol uti onal coded bits.
WO 03/ 094359 PCT/ US03/ 12224 28 18. A receiver according to claim17,
wherein the neans for denodulating the carrier signals conprises: neans
for passing the conplenentary pattern-mapped convol utional coded bits
through a nonlinear limter.



