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(57) L invention concerne un procede de diffusion
permettant de coder un mat€riau de programme, a 1’aide
de codes a convolutions possedant des bits poingonnes
ou non, et de moduler des signaux de porteuse
multiplexés a répartition orthogonale de fréquence, a
I’aide de codes a convolutions. Les bits non poingonnes
sont portes par un premier groupe de porteuses, et les bits
poingconnes sont port€és par un second groupe de
porteuses, le premier groupe de signaux de porteuse ctant
moins susceptible d interférence avec le second groupe
de signaux de porteuse. Les signaux de porteuse sont
ensuite diffuses a des recepteurs qui determinent s1 les
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(57) A broadcasting method encodes program material
using convolutional codes having non-puncturable bits
and puncturable bits and modulates orthogonal
frequency division multiplexed carrier signals with the
convolutional codes. The non-puncturable bits are
carried by a first group of the carriers and the puncturable
bits are carried by a second group of the carriers, where
the first group of carrier signals 1s less susceptible to
interference than the second group of carrier signals. The
carrier signals are then broadcast to receivers which
determining 1f the carriers 1n the second group have been
corrupted and erase puncturable bits carried by any of the
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porteuses de second groupe ont ¢te alterées et effacent
les bits poingonnes portes par une porteuse designee
comme ¢tant altéree, ce qui produit des codes
poin¢onnes qui sont ensuite décodes de fagon a récuperer
le matériau de programme.
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carriers which have been determined to be corrupted.
This produces punctured codes which are subsequently

decodes to recover the program matenal.
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(57) Abstract

A broadcasting method encodes program material using convolutional codes having non-puncturable bits and puncturable bits and
modulates orthogonal frequency division multiplexed carrier signals with the convolutional codes. The non—puncturable bits are carried by a
first group of the carriers and the puncturable bits are carried by a second group of the carriers, where the first group of carrier signals is less
susceptible to interference than the second group of carrier signals. The carrier signals are then broadcast to receivers which determining if
the carriers in the second group have been corrupted and erase puncturable bits carried by any of the carriers which have been determined
to be corrupted. This produces punctured codes which are subsequently decodes to recover the program material.
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DIGITAL AUDIO BROADCASTING METHOD USING PUNCTURABLE
CONVOLUTIONAL CODE

BACKGROUND OF THE INVE ON

This invention relates to radio broadcasting, and more particularly, to forward
ervor correction in FM In-Band-On-Channel (IBOC) Digital Audio Broadcasting (DAB) and
broadcasting systems utilizing such forward error correction.

5 Digital Audio Broadcasting is a medium for providing digital-quality audio,
supenor to existing analog broadcasting formats. Both AM and FM IBOC DAB can be
fransmitted in a hybrid format where the digitally modulated signal cocxists with the
currently broadcast analog signal. IBOC requires no new spectral allocations because each
DAB signal 1s simultaneously transmitted within the same spectral mask of an existing

10  channel allocation. IBOC promotes economy of spectrum while enabling broadeasters to
supply digital quality audio to their present base of listeners. ¥M IBOC broadcasting systems
using e hybrid modulation format have been the subject of several United States patents
mcluding patents no. 5,465,396; 5,315,583; 5,278,844 and 5,278,826. In addition a
commonly assigned United States Patent No. 5,956,624 discloses an FM IBOC DAB system.

15 An orthogonal frequency division multiplex (OFDM) technique has been
described for IBOC DAB. OFDM signals consist of orthogonally spaced carriers all

modulated at 2 common symbol rate. The frequency spacing for rectangular pulsc symbols
(e.g., BPSK, QPSK, 8PSK or QAM) 15 equal to the symbol rate. For IBOC transmission of
FM/DAR signals, a redundant sct of OFDM sub-camiers is placed within about 100 kHz to
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200 kHz on etther side of a coextsting anslog FM carrier. The DAB power (upper or lower
sideband) is set to about -25 dB relative to the FM signal, The level and spectral occupancy
of the DAB signal is sct to limit interference to its FM host while providing adequate signal-
to-noisc ration (SNR) for the DAB sub-carriers. First adjacent signals spaced at +-200 kHz
5  from the FM carrier can corrupt the DAB signal. However, at any particular location within a
station’s coverage area, it is unlikely that both first adjacents will significantly interfere with
DAB. Therefore the upper and lower DAB sidebands carry the same redundant information
such that only one sideband is needed to communicate the information. Inherent advantages
of OFDM include robustness in the presence of multipath interference, and tolerance to non-
10  paussian short term noise or notches due to selective fading.
| Forward error correction (FEC) and iuterleaving improve the reliability of the
transmitted digital information over a corrupted channel. Forward error correction using
punctured codes has been suggested by others. For example, United States Patent No.
5,197,061 suggests using puncturing techniques for different error protection levels. Also see

15 S. Kallel, “Complementary Punctured Convolution (CPC) Codes and Their Applications,”
IEEE Trans. Comm., Vol. 43, No. 6, pp. 2005-2009, June, 1995, Complementary Pair
Convalution (CPC) FEC code techniques were developed for Automatic Repeat Request
(ARQ) schemes where retransmissions were coded using complementary codes instead of
simply retransmitting the same coded sequence. CPC codes can be constructed according to

20  previously published puncturing tcchniques, e. g. Y. Yasuda, K. Kashiki, Y. Hirata, “High-
Rate Punctured Convolutional Codes for Soft Decision Viterbi Decoding,' JEEE Trans.
Comm., Vol. 32, #3, Mar. 1984; and J. Hagenauer, “Rate-Compatible Punctured
Convolutional Codes (RCPC Codes) and Their Applications,” IEEE Trans. Comm., Yol. 36,
No. 4, pp. 385-400, April, 1988.

25 It is known that the periodic puncturing of bits from a convolutional code
using Viterbi decoding is an effective means of creating higher rate convolutional codes.
Rate compatible punctured convolutional (RCPC) codes have been conceived as a
mechanism to adjust coding gain and bit energy as a function of channel capacity in a
practical efficient marmer, see the above Hagenauer reference or M. Kim, “On Systematic

30 Punctured Convolutional Codes,” IEEE Trans. Cotum., Vol 45, No. 2, pp. 133-139, Feb.
1997. This is uscful in a point-to-point (non-broadcast) automatic repeat request (ARQ)
system where an the intended receiver assesses its signal to noise power ratio (Eb/No) and
communicates its desire to the transmitter (via a return path) to increase or decrease energy
per bit (Eb) and cading gain, The transmitter responds by adjusting its code rate R. This is

35 accomplished with a punctured convoluﬁt;nal code where the trapsmission of all the bits
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typically employs an “industry standard” K=7, R=Y2 rate code, for example. It is assumed in
this nonpunctured case that the maximum Eb and coding gain is achieved. To improve
spectral and/or power efficiency, the transmitter may elect to eliminate (puncture at the
receiver's request, for example) the transmission of some of the coded bits, resulting in a
higher rate code. This puncturing has the effect of lowering the effective Eb and coding gain

relative to the oniginal unpunctured code; however, this punctured code may still be sufficient

L

to successfilly communicate the information over the channel in a more efficient manner.
For best performance at 2 given code rate, a particular pattern of bits in the
coded sequence is punctured.  Unfortunately, the puncture pattern for higher rate codes does
10  not include all the bits punctured for lower rate codes. Haganauer showed that the puncture
patterns for his RCPC codes can include all punctures for lower rate codes wath little loss
compared to the optimal, but rate-incompatible, puncture patterns. Therefore the code rate
can be increased from the original R=1/2 code simply by puncturing more of the puncturable
bits of the same pattern. The higher rate codes are a subset of the bits of the lower rate codes.
15 The taterfersnce environment in VHF FM-band IBOC DAB channels is
generally such that a DAB channel can be dichotomized into the following two subsets of
subchanoels: (a) a reliable part composed of regions of spectrum relatively free of
interference from other stations' signals, characterized as being thermal or background noise
Hmited, with multipath fading as an impairment; and (b) an unrsliable part composed of
20 regions of spectrum with intermittent inter}rals of heavy interference which corrupts the bits
transmitted during those intervals, but 1s at other times (or for most geographical locations)
similar to the reliable part described above. AM band IBOC DAB can be similarly
characterized.
The prior art utilizes one of two fundamental strategies to transmit data in this
25 enviromment: (1) simply do not utilize the wnreliable part of the channel, thus those times
during which the unreligble part is clear and usable are essentially wasted; or (2) utilize a
sufficiently low tate code (and appropriately increased coded bit rate) to guarantee the
required bit error rate (BER), and spread the increased bandwidth across both the reliable and
unreliable parts of the spectrum evenly. This is done by uniform allocation of bits to OFDM
30 carriers in an OFDM system, or increasing the raw bit rate of a single carrier system. This
utilizes the unreliable part of the channel, but also incurs a BER penalty (possibly
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catastrophic) when severe interference occurs in the unrcliable part of the chanmel

Depending on the mterference, the second altemative may or may not be better than the first.
JMMARY OF THE INVENTIO]

This invention addresses non-uniform interference through special coding and
error handling to achieve more robust performance. The broadcasting method of the
invention encodes program material using convolutional codes having non-puncturable bits
and puncturable bits and modulates orthogonal frequency division multiplexed carrier signals
with the convolutional codes. The non-puncturable bits are carried by a first group of the
carriers and the puncturable bits are carried by a second group of the carriers, where the first
group of carrier signals is less susceplible to interference than the second group of carrier
signals. The carrier signals are then broadcast to receivers which determipe if the carmiers in
the second group have been corrupted and erase puncturable bits camicd by any of the cammiers
which have been determuined to be corrupted. This produces punctured codes which are
subsequently decoded to recover the program material.

The tnvention also encompasses transmitters and receivers which operate in
accordancc with the method of the invention. This invention provides an FEC coding
technique that results in an mmproved bit error rate in the interference environment of an in-
band-on-channel digital audio broadcasting system using orthogonal frequency division
multiplexing. This mitigates the effects of interference from non-uniform interference in
orthogonal frequency division multiplex broadceast systems.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic representation of the frequency spectrum of a host FM
radio stafion broadcasting a DAB signal, with 2 first adjacent channe] interferer;

Figure 2 is a schematic representation of a K=7, R=1/2 convolutional encoder;

Figure 3 1s a simplified functional block diagram of a transmitter and receiver
which opcrate in accordance with the method of the invention;

Figure 4 is a functional block diagram showing the mapping and processing of
bits through a receiver, deinterleaver, and forward error correction decoder;

Figure 5 is a schematic representation of 2 K=7, R=1/3 convolutional encoder;
and

Figures 6 and 6a are schematic representations of an array of block codes

which may be used in the iInvention.
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DESCRIPTION OF THE PREFERRED EMBODIME

The particular application of the preferred embodiment is for an In-Band On-

Channel (TBOC) Digital Audio Broadeast (DAB) systemn where the outer OFDM sub-carriers
furthest from the host FM carrier are sometimes subjected to destructive interference from the

5§ first adjacent and, possibly, the second adjacent channels. An illustration (not to scale) of the

interference environment in a typical FM-band DAB scenario 1s shown in Figure 1. Figure 1

is a schematic representation of the frequency allocations (spectral placement) and relative
power spectral density of the signal components for a h};’orid FM IBOC DAB sigual 10 which
can utilize the present mvention. The bybrid format includes the conventional FM stereo
10 analog signal 12 having a power spectral density represented by the tnangular shape 14
generally positioned in a central, or central frequency band, 16 portion of an FM-band
channel 18. The Powsr Spectral Density (PSD) of & typical analog FM broadcast signal is
nearly triangular with a slope of about -0.35 dB/kHz from the center frequency. A plurality
of digitally modulated evenly spaced sub-catriers are positioned on either side of the analag
15 FM signal, in an upper sideband 20 and a lower sideband 22, and are transmitted concurrently
with the analog FM signal.
Signals from an adjacent FM channel 24 (i.e. the first adjacent FM signals), if
nresent, would be centered at a spacing of 200 kHz from the center of the channel of mterest.
The in-band and first adjacent FM station carriers spectrally overlap the DAB channel, on the
20 average, as their respective FM carriers sweep into and out of the DAB chammel. This
potential spectral overlap can result in the corruption of orthogonal frequency division
multiplexed carriers which are located in the portion of the spectrurn subject to the overlap. It
is therefore apparent that the carriers lying near the ends of the upper sideband (in regions 26
and 28) are more susceptible to interference than those carriers lying near the center of the
25 upper sideband (in region 30). The lower sideband would be subject to similar speciral
overlap from the analog FM signal and the first adjacent FM signal on the other side of the
channe] of interest. Even the carriers lying within the interfered with regions could be made
use of to improve the overall chaunel. In the hybrid system the total DAB power in the
OFDM modulated sub-carriers in each sideband is set to about -25 dB relative to its host
30 analog FM power.
The method of this invention employs a puncturable code and segregates the
puncturable bits from the non-puncturable bits by putting the puncturable bits in the
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unrehable part of the channel. Puncturable codes are codes which employ bits, called

puncturable bits, which, if erased, still permit recovery of the encoded data but with reduced
error correctability compared to the original unpunctured code. The other bits, the ones
which cannot be erased without substantial loss of coding gain, are called non-puncturable
bits.

The puncturable bits are segregated from the non-puncturable bits by putting
the puncturable bits in the unreliable part of the channel. Thus, when those bits get erased at
the receiver, the performance of the overall channel is no worse than that of the reliable part of
the channe] by itself But when they do not get erased, they can contribute to reducin g the
BER of the rehiable part of the chammel, improving its performance above that of the reliable
part of the channel alone. In effect, this scheme dynamically allows clear periods of time in

the unrehiable part of the channel to be utilized in improving the BER performance of the
overall channel, without being penalized with increased BER during interfered periods.

The technique described here allows the receiver to adaptively erase the soft
symbols from particular OFDM carriers after the receiver has determined that the interference
is sufficiently high to corrupt them. The particular FEC coding technique employed here
exploits the ability to puncture or erase particular bits without excessive loss in coding gain.

The RCPC code technique of the above referenced paper by Hagenaner can be
modified for application in. an OFDM broadcast channel where the interference over the
subcharmels is not uniform, but predictable through estimation of non-uniform (nonwhite)
nterference or noise at any individual receiver. In this case the transmitter broadeasts all the
coded bits (unpunctured). However the convolutionally encoded bits are arranged such that
the possible puncturable bits will be transmitted on OFDM sub-carriers which would be most
vuinerable to corruption. The non-puncturable encoded bits would be transmitted on the
generally most reliable sub-carriers. Any particular receiver would assess its individual
interference situation, particularly at the most vulnerable sub-catriers. If the receiver
estmates sufficiently high interference to these sub-carriers, then it would decide to erase the
bits from these corrupted sub-carriers before decoding. The erasure consists of setting the
soft-decision magnitudes of the erased bits to zero. Since the erasures are performed on the
puncturable bits, the same effect as puncturing is achieved, but without the mvolvement of
the transmitter. The selective eraswre at the receiver of corrupted bits using 2 prioT

interference assessment information can significantly improve performance. QFDM
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transmssion is unique in this respect where knowledge through estimation of non-uniform

(nonwhite) interference or noise can bc used to adaptively improve FEC decoder
performance.

Further improvements or variations on this concept are possible. Somc

5 1mprovement m performance may be achievable through appropriate “weighting” of the
puncturable bits instead of erasing to zeto magnitude. This is possible in the prescat
invention for the broadeast system compared to prior art non-broadcast systems where the
bits are punctured at the transmitter. Ideally the appropriate weights on the sofl bits coming
from each subcarrier should bc in proportion to the signal-to-noise ratio (SNR) for each

10  subcarmer (assuming additive white gaussian noise, AWGN). However, estimation errors in a
dynamic nov-gaussian interference environment may reduce the potential effectiveness of this
technique. Flexibility on bit usage is increased since the “broadcaster” may wish to use the
puncturable bits for some kind of in-band signaling. In this case, some of the sub-carriers
carrying puncturable bits would be replaced with other data. This modification in format

15 must also be broadcast to all the recervers (e.g. via a mode control bit within the message
formnat) so that the receivers would puncture these bits vpon decoding. Obviously this option
would reduce the robustness of the resulting punctured data, but the broadcaster must
cousider this trade-off.

A special type of puncturable code includes some systematic codcs.

20 Systematic codes mclude the input data sequence as part of ths output sequence, plus
additional party bits. Clearly, with systematic codes, all of the parity bits could be erased
apd the encoded data would have a bit error rate (BER) no worse than employing no code at
all. Bul when the parity bits are not all punctured, the overall code has coding gain which
results in 2 BER performance better than employing no code at all.

25 Although 1t s well known that nonsystematic codes outperform systematic
codes for low rates {(e.g. R=1/2), it has been shown that high rate systematic codes appear to
perform better than high rate noosystematic punctured convelutional code§ (see the above
cited paper by Kim). Systematic codes are characterized by having one output being a replica
of the mformation sequence input. A systematic feedback encoder can be constructed from a

30 nonsystematic feedforward encoder with identical distance properties (i.e. the same error

carrecting perfornmuance) of the nonsystematic fesdforward encoder where the feedback is
implemented with a binary polynomial division operation.
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A schematic representation of a rate 1/2 convolutional encoder is preseuted in
Figure 2. Shift register 32 receives input data bits on line 34. These input data bits are
received at a rate B and are representative of program material to be transmitted. Such
prograw material may include, for example, audio information representative of talk or music

5  signals, and/or data. Taps are used to direct the bits of information in the shift register to
modulo 2 adders 36 or 38. The taps chosen are for illustration only. A seven stage shift
register with appropniate tap points would be used for a K=7, R=1/2 code. The output of
modulo 2 adder 36 on line 40 contains puncturable coded bits and the output of modulo 2
adder 3% on line 42 contains non-puncturable bits. A switch 44 cycles at 2 rate 2B for a rate

10 “acode. This produces the coded output bits on line 46 at a bit rate of 2B,

Figure 3 is a simplified block diagram of a transmitter 48 and receiver 50. The
transmifter receives program material, which may include, for example, sterco audio signals
on lines 52 and 54 and data on line 56. The program material is encoded by encoder 58 to
produce punciurable code on line 60. The puncturable code includes both non-puncturable

15  Dbits and puncturable bits. A plurality of carriers are produced by oscillator 62 and these
carriers are then modulated by the code bits by modulator 64 to produce an orthogonally
frequency division multiplexed signal o line 66 which is transmitted by way of antenna 68 to
the receiver. The receiver antermma 70 receives the OFDM carriers. Demodulator 72 extracts
the code from the OFDM carriers and decoder 74 converts the code back to program material

20  that may be delivered to an output device such as speaker 76 or display 78.

Figure 4 1s & more detailed functional block diagram showing the mapping and
processing of bits through a portion of a receiver that operates in accordance with the method
of the invention. A plurality of OFDM carricrs 80 are reccived and converted to bit streams
on lines 82 by receiver circuit 84. Circuit 84 includes a digitizer, carricr

25  synchronization, symbol synchronization, and matched filters all operating in accordance
with weil known techniques to prodace the bit streams on line 82. Editor 86 detects the bits
and erases certain puncturable bits (or reduces the weights of those bits) according to the
interference level of the carriers used to transmit the bits, to produce cdited bit streams on
lines 88. Block 90 shows that the bit streams are deallocated from the carriers and delivered

30 to several deintetleavers 92, 94 and 96. Block. 98 shows that a sync word is allocated to the
most reliable carriers. The outputs of tbe deinterleavers are multiplexed to a single bit stream
as shown m block 100. A Viterbi decoder 102 decodes the single bit stream. A calibrated
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delay is added in block 104 to permit blending of the FM digital audio broadcast signal. The

delayed signal is then passed to modem deframing block 106 for further processing. Soft-

decision Viterbi decoding with (ncar) optimum sofi-decision weighting for maximum ratio

combining (MRC) for differentially detected QPSK sub-carrier symbols is employed to
5 minimize losses over the channel.

A CPC code that can be used in this invention can be constructed by starting
with an industry standard rate 1/3 convolutional code, A schematic representation of a rate
1/3 convolutional encoder is presented in Figure 5. Shift register 108 receives input data bits
on hme 110. These mput data bits are received at a rate B and are representative of program

10 matenial to be tramsmitted. Such program material may include, for example, audio
information representative of talk or music signals, and/or data. Taps are used to direct the
bits of mformation in the shift register to modulo 2 adders 112, 114 or 116. The taps chosen
are for 1]lustration only. A seven stage shift register with appropriate tapoff points would be
used for a K=7, R=1/3 code. The output of the modulo 2 adders contains puncturable coded

15 bits and non-puncturable bits. A switch 118 cycles at a rate 3B for a rate 1/3 code. This
produces the coded output bits on line 120 at a bit rate 0of 3B.

The rate 1/3 convolutional encoder of Figure 5 can be viewed as producing 3
encoded bit streams (G1, G2 and G3), each at the same rate as the input. The combination of
these 3 bit streams produces the R=1/3 coded output sequence, To create a complecmentary

20 code pair, for sxample, a subset of the oufput code bits is assigned to the lower DAB
sideband and a different (complementary) subset is assigned to the upper sideband. Each
subset must contain at least the same rate of bits as the information input rate, plus some
additional bits to provide some coding gain.

The coded bit mask of a Puncture Pattern matrix is shown as:

1 7
(Gl GI, GL, Gl,]

2 Gz, G2, G2, 62,
|G3, G3, G3, G}

The Puncture Pattern matrix represents the encoder output symbols over each
set of 4 information bits. Therefore the output symbols are identified and indexed modulo 4.

A logic 1 in any of the 12 locations of the mask indicate that that particular bit is used.
Otherwise, a logic zero indicates that the bit is not used.
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This bit pattern may be chosen based on a known optimal R=4/5 puncture
pattern, or from a RCPC code pattern. However, after one sideband is defined 1n this manner,
there is little flexibility on choosing the bits for the opposite sideband since they should be
chosen from the punctured (complementary) bits to achieve maximum coding gain when

5 combined to form the base code. Fortunately, analysis and computer simulation have veritied
that good complementary codes do exist. For example the bit patterns shown above yield
very good performance when G1=133, G2=171, and G3=165 where the generator
connections are represented by standard octal notation.

A pair of complementary puncture patterns, one for the upper DAB sideband

10  and one for the lower DAB sideband, can be shown as:

1

011 0 100 I}
; ]; | i
PPL={1 0 0 1, PPU=\0110i
001 0 1100 0]

Individually, these Puncture Patterns define the pair of rate 4/5 codes. The
pair of complementary rate 4/5 codes can be combined to form the rate 2/5 base code as
shown below. Each of the rate 4/5 codes has a free distance of d=4 with information error

15 weight c;=10. The combined rate 2/5 code yields d=11 with ¢,=8. Notice that only half the

G3 bits are used in this CPC code. The puncture pattern for the original 2/5 code 1s:

R I A O
PPL+PPU=1] 11

-

|
\1 0 1 0

Optionally the punctured bits of the rate 2/5 code can be transmitted to yield a
pair of rate 2/3 CPC codes with d=6, can be shown as:

20

/0110‘1 1001}
PPLop =1 0 0 1} PPUop = 0 1 1 0

0110 1001/
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Of course, the base code is the unpunctured rate 1/3 code with d=14. A rate
4/5 code on each sideband requires 25% additional bits. One method of allotting bits to the
sidebands can be represented as:.
Lower Sideband Upper sideband
G3, G2, G2, Gl, Gl, Gl, Gl; G2, G2, G3,

The above representation shows the relative spectral locations of the coded
bits. These spectral locations are maintained after interleaving by channelizing the interleaver
into distinct partitions which are mapped to the appropriate sub-carriers on each sideband.
The most expendable code bits are placed on the outer OFDM sub-carmers. The expendable
bits contribute least to the free distance or coding gain of the combined code. The optional
G3 bits can be placed on the inner carriers closest to the host FM spectrum. Analysis and
simulation have demonstrated that this partitioned interleaver outperforms random
interleaving under typical interference scenarios.

The use of CPC code techniques as well as interleaving over time can further
improves performance. A 255 row by 456 column interleaver array can be established to
hold the bits produced by the convolutional encoder. A pictorial diagram of the interleaver
array is presented in Figures 6 and 6a. Each row of the interleaver array 122 holds the code
bits to be modulated in a paralle]l OFDM symbol. The 256" row is reserved for the modem
frame sync word. Each pair of columns is assigned to the in-phase and quadrature QPSK
modulation of one of the 228 sub-carriers. Additional sub-carriers outside the interleaver
may be used for transmission of the pilot or other data applications. Code bits are written
into the interleaver array in a particular pattern. The array is read, row by row, providing the
data source for the parallel OFDM symbols. The interleaver partition assignments can be

shown as:

‘7 3 4 8\
partition__assignment'—‘l; 1 910 2,l
11 6 0 5

partitions=(0 1 2 3 4 5 FM 6 7 8 9 10 11)




10

15

WO 99/50981

CA

02326531 2000-09-26

12

PCT/US99/04329

The interleaver can be implemented by first assigning the code bits (modulo

12 index) of the puncture pattern to the 12 sub-carrier column partitions. This 1s illustrated 1n

above using the partition index to identify the interleaver partitions corresponding to puncture

pattern bits. The ordering ranges from 0 through 11 over the lower frequency sub-carriers to

the higher frequency sub-carriers to represent the 12 sub-carrier partitions.

Each partition is comprised of 38 columns and carries code bits intended for

19 sub-carriers, where the real and imaginary components of a particular sub-carrier are

identified as separate adjacent columns. The entire interleaver consisting of 12 partitions has

456 columns.

The outermost sub-carriers are identified as columns 0,1 and 454,455.

Columns 190 through 265 carry the optional punctured bits closest to the FM host spectrum.

A portion of the interleaver array (rows 0 through 17, and columns 0 through 8) showing the

spacings of the k" partition index can be shown as:..

-

0

2280
2850
3420
3990

4560
5130
5700
6270
6840
7410
7980

| 8550

9120

]

by

15

2295
2865
3435
4005
4575
5145
5715
6285
6855
7425

7995

8565
9135
16

30

2310
2880
3450
4020
4590
5160
5730
6300
6870
7440
8010
8580
9150
31

45

2325
2895
3465
4035
4605
5175
5745
6315
6885
7455
8025
8595
9165
46

60

2340
2910
3480
4050
4620
5190
5760
6330
6900
7470
8040
8610
9180
61

75

2355
2925
3495
4065
4635
5205
5775
6345
6915
7485
80355
8625
9195
76

90

2370
2940
3510
4080
4650
5220
5790
6360
6930
7500
8070
8640
9210
91

105

| 570 585 600 615 630 645 660 675 690 |
1140 1155 1170 1185 1200 1215 1230 1245
1710 1725 1740 1755 1770 1785 1800 1815

2385
2955
3525
4095
4665
5235
5805
6375
6945
7515
8085
8655
9225
106

120
|
1260
1830
2400
2970
3540
4110
4680
5250
5820
6390
6960
75301
8100
8670
9240
121 .

Each partition is further divided into 15 blocks of 17 rows each. These blocks

facilitate the interleaving over time by separating code bits, corresponding to adjacent coded

information bits, by the number of rows 1n a block.
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The interleaver array row and column indexes, row and col , respectively, are

calculated using the following expressions.

< [in{ o) Jmed cors + 38
col = int| = - % m o + - part,

ROWS v
BLOCKS

k
COLS-BLOC&S’) mod ROWS,

+[(4- parr)mod BLOCKS]

row = | int(

5  where the interleaver size constants are ROWS = 255,COLS = 38, BLOCKS =15, and part
is the partition (part = 0,],..11) of the £ ™ puncture pattern. A portion of the interleaver array

(Figure 6) shows that consecutive values of the puncture pattern index & are spaced apart in
both time and frequency.
This invention permits a receiver to mitigate the effects of interference from

10 non-uniform interference in an orthogonal frequency division multiplex broadcast system.
The preferred embodiment of the invention relates to an in-band on-channel ({BOC) digital

audio broadcast (DAB) system where the outer OFDM sub-carriers furthest from the host FM
carrier ar= sometimes subjected to destructive interference from the first adjacent and,
possibly, the second adjacent channels. The technique described bere allows the receiver to
15 adaptively erase the soft symbols from particular OFDM carriers after it has deteomined that
the interference is sufficiently high to corrupt them. The particular FEC coding technique
employed here exploits the ability to puncture or erase particular bits without excessive loss
in coding gain.
IBOC DAB is 2n ideal candidate for the application of CPC codes since the
20  digital DAB transmission is accomplished over two sidebands (upper sideband and lower
sideband) which are potentially impaired by nearly independent interferers with independent
fading. If one sideband is compietely corrupted by a strong first adjacent FM signal in the
vicinity of the receiver, the opposite sideband must be independently decodable at the
receiver. Therefore each sideband must be coded with an independently decodable FEC
25 code. However, when both sidebands contamn useful information that is not completely
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corrupted by an interferer, then CPC codes provide additional coding gain above that
achieved by power combining the two sides. Furthermore, OFDM interleaving techniques
have been developed to deal with the unique interference and selective fading characteristics
of the FM IBOC DAB channel.

This invention exploits interleaving over time to mitigate the effects of flat (or
wideband) fades over multiple symbol times, and exploits a priori knowledge of nonuniform
sub-channel interference statistics. The latter has resulted in careful placement of the code
bits over the sub-carriers, and the selection of the CPC codes for the FM hybrid IBOC DAB
application.

While the present invention has been described in terms of what are at present
believed to be its preferred embodiments, it will be apparent to those skilled in the art that
various changes may be made to the embodiments described above without departing from

the scope of the invention as set forth in the following claims.
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‘What is claimed is:
1. A broadcasting method comprising the steps of sncoding program material

using convolutional codes having nonpuncturzble bits and puncturable bits and characterized
by the steps of:

modulating a plurality of orthogonal frequency division multiplexed carrier
signals (80) with said convolutional codes, whereby said non-punciurable bits are carried by a
first group (30) of said carmrier signals and said puncturable bits are carried by a second group
(28) of carrier signals, said first group of carrier signals being less susceptible to interference
than said second group of carrier signals; and |

broadcasting said carrier signals.

2. The method of claim 1, further characterized by the steps of:

rece1ving said carrier signals (80);

determining if carrier signals in said second group have been corrupted;

erasing puncturable bits carried by any of said carrier signals which have besn
determined to be corrupted to preduce punctured codes: and

decoding said convolutional codes.

3. The method of claim 2, wherein the step of determining if cartier signals in
said second group have been corrupted is characterized by the step of:

estunating the non-uniform interference to which the carrier signals in said
second group of carrier signals have been subjected.

4. The method of claim 1, wherein different portions of said program material
are encoded in said puncturable bits and said non-puncturable bits.

5. The method of claim 4, wherein one of said non-puncturable bits is 4 mode
control bit,

6. The method of claim 4, wherein said puncturable bits contain audio
mformation and said non-puncturable bits contain data

7. The method of claim 1, wherein said convolutional codes are rute

compatible convolutional codes.

AMENDED SHEET

, . . . .n 2 R L A T PR TP R L, TR T, VE TP 1Y Mm;“g TR PO B o TR EE T
, B b N e N e TN PEACCAMLLT Y v s T IS D L ms R T 2 e et MR TN O e © W Y D MR DR PR RO 1A R |t A Ll v ad et A e b N ) S MM AN D N 3 31 W A HR



CA 02326531 2000-09-26

1 4-03-2000 US 009904329

WWS87001
16

8. The method of claim 1, further characterized by the steps of:

recelving said carrier signals (80);

determining if carrier signals in said second group have been corrupted;

weighting said puncturable bits in accordance with a signal-to-noise ratio for

5  each carrier signal in said second group of carrier signals; and

decoding said convolutional codes.

9. The method of claim 1, wherein said convolutional codes are systematic
codes.

10. The method of claim 1, further characterized by the step of:

10 interleaving said convolutional codes among said carrier signals.

11. The method of clatm 10, wherein the step of mterleaving said convolutional
codes among said carrier signals is characterized by the step of:

partitioning said convolutional codes.

12. The method of claim 11, further characterized by the step of

15 mappmg partitioned convolutional codes onto said carrier signals.

13. The method of claim 1, wherein said plurality of orthogonal frequency
division multiplexed carrier signals (80) lie in an upper sideband of a broadcasting channel
and further characterized by the steps of:

further encoding said program material using complementary convolutional

20 codes having nonpuncturable bits and puncturable bits:

modulating a second plurality of orthogonal frequency division multiplexed
carrier signals (80) in a lower sideband of said broadcasting channc] with said complementary
convelutional codes, whereby said non-puncturabie bits of said complementary convolutional
codes are carried by a first group (30) of said second plurality of carrier signeals and said

25  puncturable bits are carried by a second group (28) said second plurality of carrier signals,

sad first group of said second plurality of carrier signals being less susceptible to interference
than said second group of said second plurality of carrier signals; and

broadcasting said second plurality of carrier signals.

t4. A radio frequency transmitter (48) characterized by:

30 means (58) for encoding program material using convolutional codes having

non-pﬁncturable bits and puncturable bits;

means (04) for modulating a plurality of orthogonal frequency division
multiplexed carrier signals (80) with said convolutional codes, whereby said non-puncturable
bits are carricd by a fust group (30) of said carrier signals and said puncturable bits are
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carried by a second group (28) of carrier signals, said first group of carrier signals being less
susceplible to interference than said second group of carrier signals; and
means (68) for broadcasting said carrier signals.
15. The radio frequency transmitter (48) of claim 14, further characterized by:
5 means (38) for encoding said program material usmg complementary
convolutional codes having non-puncturable bits and puncturable bits:
means (64) for modulating a second plurality of orthogonal frequency division
multiplexed carrier siguals (80) with said complementary convolutional codes, whereby said
nou-puncturable bits of said complementary convolutional codes are carried by a first group
10 (30) of said second plurality of carrier signals and said puncturable bits of said
cornplementary convolutional codes are carried by a second group (28) of said second
plurality of carrier signals, said first group of said second plurality of carrier signals being
less susceptible to interference than said sscond group of said second plurality of carrier
signals; and
15 means (68) for broadcasting said second plurality of carrier signals.
16. A radio frequency receiver (50) characterized by:
means (70) for receiving a plurality of orthogonal frequency division
multiplexed carrier signals with convolutional codes contaming puncturable and non-
puncturable bits, wherein said non-puncturable bits are carried by a first group of said carrier
20  signals and said puncturable bits are carried by a sccond group of carrier signals, said first
group of carrier signals being less susceptible to interference than said second group of said
carrier signals;
means (86) for determining if catrier signals in said second group of carrier
signals have been corrupted:
25 means (86) for erasing puncturable bits carried by any of said carrier signals .
which have been determined to be cornupted to produce punctured codes; and
means (74) for decoding said punctured cades.
17. The radio frequency receiver (50) of claim 16 further characterized by:
means (70) for receiving a second plurality of orthogonal frequency division
30  multiplexed carrier signals with complementary convolutional codes containing puncturable
and non-puncturable bits, wherein sazid non-puncturable bits of said complementary
convolutional codes are carried by a first group of said second plurality of carrier signals and
said puncturable bits of said cotaplementary convolutional codes are carmied by a second
group ol second plurality of carrier signals, said first group of said second plurality of carrier
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signals being less susceptible to interference than said second group of said second plurality
of carrier signals;

means (86) for determining if carrier signals in said second group of said
seccnd plurality of carrier signals have been corrupted:;

5 means (86) for erasing puncturable bits carried by any of said second group of
said plurality of carrier signals which have been determined 1o be cormupted to produce a
second group of punctured codes; and

means (74) for decodrag said second group of punctured codes and said
complementary convolutional codes. .
10 18. A radio frequency receiver (48) characterized by:
means (70) for receiving a plurality of orthogonal frequency division
multiplexed carrier signals with convolutional codes containing puncturable and non-
puncturable bits, wherein said non-puncturable bits are carried by a first group of said carrier
signals and said puncturable bits are carried by a second group of said carrier signals, said
15 first group of said carrier signals being less susceptible to interference than ssid second group
of said carrier signals;

means (86) for determining if cartier signals in said second group have been
corrupted;
means (86) for weighting puncturablc bits carried by any of said carrier signals
20 which have been determiined to be cornipted fo produce weighted convolutional codes; and
means (74) for decoding said weighted convolutional codes.
13. The radio frequency receiver (50) of claim 18 further characterized by:
means (70) for receiving a second plurality of orthogonal frequency division
multiplexed carrier signals with complementary convolutional codes containin g puncturable
25 and non-puncturab le bits, wherein said non-puncturable bits of said complementary
convolutional codes are carried by a first group of said second plurality of carrjer signals and
said puncturable bits of said complementary convolutional codes are carried by a second
group of second plurality of carrier signals, said first group of said sccond plurality of carrier
signals being less susceptible to interference than said second group of said second plurality
30 of carrier signals;
means (86) for determining if carrier signals in said second group of said
second plurality of carrier signals have been corrupted:;
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means (80) for weighting puncturable bits carried by any of said second
plurality of carrier signals which have been determined to be corrupted to producc a second
group of punctured codes: and

means (74) for decoding said second group of punctured codes and said
complementary convolutiopal codes.

20. A method of receiving a radio frequency signal characterized by the steps
of:

receiving a plurality of orthogonal frequency division multiplexed carrier
signals (80) with convolutional codes containing puncturable and non-puncturable bits,
wheretn said non-puncturable bits are carried Dy a first group (30) of said carrier signals and
sayd puncturable bits are carried by a second group (28) of said carrier signals, said first group
of said carrier signals being less susceptible to interference than said second group of said

carrier signals;

determining if carrier signals in said second group of said carrier signals have
been corrupted;

crasing puncturable bits carried by any of said carrier signals which have been
determined to be corrupted to produce punctured codes: and
decoding said punctured codes.

21. The raethod of receiving a radio frequency signal of claim 20 fixther
characterized by the steps of:

receiving a second plurality of orthogonal frequency division multiplexed
carrier signals (80) with complernentary convolutional codes contaming puncturable and non-
puncturable bits, wherein said non-puncturable bits of said complementary convolutional
codes are carried by a fArst group (30) of said second plurality of carrier signals and said
puncturable bits of said complementary convolutional codes are carried by a second group
(28) of said second plurality of carrier signals, said first group of said second plurality of
carner signals being less susceptible to interference than said second group of said second
plurality of carrier signals;

determining if carrier signals in said second group of said second plurality of
carrier signals have been corrupted:

crasing puncturable bits catried by any of said carrier signals of said second
plurality of carrier signals which have been determined to be corrupted to produce a sccond
group of punctured codes; and
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decoding said second group of punctured codes and said complementary
convolutional codes.

22. A method for receiving a radio frequency signal characterized by the steps
of:

5 receiving a plurality of orthogonal frequency division multiplexed cartier
signals (80) with convolutional codes containing puncturable and non-puncturable bits,
wherein said non-puncturable bits are carried by a first group (3 0) of said carrier signals and
said puncturable bits are carried by a second group (28) of said carrier signals, said first group
of said carrier signals being less susceptible to interference than said second group of said

10  carrier signals;

deterrninmg if carrier signals in said second group have been corrupted:

weighting puncturable bits carried by any of said cander signals which have been
determined to be cormupted to produce weighted convolutional codes; and

decoding said weighted convolutional codes.

15 23. The method for recciving a radio frequency signal of claim 22, further
characterizcd by the steps of:

receiving a second plurality of orthogonal frequency division multiplexed

carrier signals (80) with complementary convolutional codes containing puncturable and non-

puncturable bils, wherein said non-puncturable bits of said complementary convolutional

20 codes are carried by a first group (30) of said second plurality of carrier signals and said

puncturable bils of said complementary convolutional codes are carried by a second group

(28) of said second plurality of carrier signals, said first group of said second plurabity of

carrier signals being less susceptible to interference than said second group of said second
plurality of carrier signals;

25 determining if carrier signals in said second group of said second plurality of
carrier signals have been corrupted; .
welghting puncturable bits carried by any of said carrier signals of said second
plurality of carrier signals which have been determined to be corrupted to produce a second
group of weighted convolutional codes: and
30 decoding said second group of weighted convolutional codes and said
complementary convolutional codes.
24. The method of claim 22, wherejn said step of determining if carrier signals
in said second group have been corrupted is characterized by the step of:
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second group (28) of carrier signals, said first group of carrier signals being Iess susceptibic
to Interference than said second group of carrier sj gnals;

means for broadcasting said carrier signals:

means for receiving said carrier signals (80):;

means for determining if carrier signals in said second group have been
cortupted;

meaps for erasing puncturable bits carried by any of said carrier signals which
have been determined to be corrupted to produce punctured codes; and

means for decoding said convolutional codes.

means for modulating a first plurality of orthogonal frequency division
multiplexed carrier signals (80) with said convolutional cades, whereby said non-puncturable
bits of sald convolutional codes are carried by a first group (30) of said first plurality of
carrier signals and said puncturable bits of said convohutional codes are carried by a second
group (28) of said first plurality of carrier signals, said first group of said Frst plurality of
camier signals being less susceptible to interference than said second group of said first
plurality of camer sxgnals and for modulating a second plurality of orthogonal frequency
division multiplexed carricr si iguals with complementary convohitional codes havin g
nonpuncturable bits and puncturable bits, whereby said non-puncturable bits of said
complementary convolutional codes are carried by a first group of said second plurality of
carrier signals and said puncturable bits of said complementary convolutional codes are
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carned by a second group of said second plurality of carrier sigunals, said first group of said
second plurality of carrier signals being less susceptible to interference thau said second
group of said second plurality of carrier signals:

means for broadeasting said carrier signals;

means for receiving said carrier signals:

means for determining if carrier signals in said second groups of said first
plurality of carrier signals and said second plurality of carrier signals have been corrupted;

means for erasing puncturable bits carried by any of said carrier signals which
have been determined to be corrupted to produce punctured codes; and

mueans for decoding said convolutional codes and said complementary

convolutional codes.

27. A broadcasting system comprising means for cncoding program material
using convolutional codes having nonpuncturable bits and puncturable bits and characterized
by:

means for modulating a plurality of orthogonal frequency division muktiplexed
catrier signals (80) with said convolutional codes, whereby said non-puncturable bits are
carned by a first group (30) of said carrier signals and said puncturable bits are carried by a
secand group (28) of carrier signals, said first group of carrier signals being less susceptibie
to mterference than said second group of carrier signals:

means for broadcasting said carrier signals;

means for receiving said carrier signals (80);

means for determining if carrier signals in said second group have been
corrupted; |

means for weighting puncturable bits carried by any of said carrier signals
which have been determined to be corrupted to produce punctured codes; and

means for decoding said convolutional codes.

29. A broadcasting system comprising means for encoding program material
using convolutional codes having nonpuncturable bits and puncturable bits and characterized
oy

means for modulating a first plurality of orthogonal frequency division
multplexed carrier signals (80) with said convolutional codes, whereby said non-puncturable
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bits of sajd convolutional codes are carried by a first group (30) of said first plurality of
carrier signals and said puncturable bits of said convolutional codes are carried by a second
group (28) of said first plurality of carrier signals, said first group of said first plarahty of
cartier signals being lcss susceptible to interference than said second group of said first

means for receiving said carrier signals (80);

means for determining if carrier signals in said second group said first plurality
of carrier signals and said second group said second plurality of carrier signals have been
cotrupted;

means for weighting pumcturable bits carried by any of said carrier signals
which have been determined to be corrupted to produce punctured codes: and

means for decoding said convolutional codes and said complementary
convolutiopal codes.
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